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I, ANNE KOCH BALAND, hereby declare the following: 

1. I am over the age of 18, have personal knowledge of the facts set forth

herein, and am competent to testify to the same.  I am a document delivery 

librarian in the library department of Fish & Richardson P.C. (hereafter “FR 

Library”). 

2. I earned a Master of Library Science (MLIS) from Dominican

University in 2007.  I have over 15 years of experience in the library/information 

science field. 

3. I am experienced in library cataloging. My responsibilities at the FR

Library include, among other things, accessing and securing copies of documents 

requested by attorneys and other staff at FR. 

I. Exhibit 1039

4. On or around September 8, 2023, I personally retrieved and viewed

ITC Inv. No. 337-TA-1276 Exhibit RX-0504, which is a copy of a document 

entitled “Optimization of Reflectance-Mode Pulse Oximeter Sensors” by Austin 

Wareing, included below as Appendix A.  I accessed the website of Lexis® 

CourtLink® at https://www.lexisnexis.com/en-us/products/courtlink.page and 

searched for and located the referenced ITC exhibit.  Comparing Exhibit 1039 to 
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the document attached as Appendix A to this declaration, I certify that Exhibit 

1039 is a true and correct copy of ITC Inv. No. 337-TA-1276 Exhibit RX-0504. 

II. Exhibit 1040 

5. On or around September 8, 2023, I personally retrieved and viewed 

ITC Inv. No. 337-TA-1276 Exhibit RX-0508, which is a copy of a paper entitled 

“Stimulating Student Learning with a Novel ‘In-House’ Pulse Oximeter Design” 

by Jianchu Yao and Steve Warren, included below as Appendix B.  I accessed the 

website of Lexis® CourtLink® at https://www.lexisnexis.com/en-

us/products/courtlink.page and searched for and located the referenced ITC exhibit.  

Comparing Exhibit 1040 to the document attached as Appendix B to this 

declaration, I certify that Exhibit 1040 is a true and correct copy of ITC Inv. No. 

337-TA-1276 Exhibit RX-0508. 

III. Exhibit 1041 

6. On or around September 8, 2023, I personally retrieved and viewed 

ITC Inv. No. 337-TA-1276 Exhibit RX-0632, included below as Appendix C.  I 

accessed the website of Lexis® CourtLink® at https://www.lexisnexis.com/en-

us/products/courtlink.page and searched for and located the referenced ITC exhibit.  

Comparing Exhibit 1041 to the document attached as Appendix C to this 

declaration, I certify that Exhibit 1041 is a true and correct copy of ITC Inv. No. 

337-TA-1276 Exhibit RX-0632. 



Case No. IPR2022-01291 

Attorney Docket No.  50095-0045IP1 

 

4 

 

IV. Exhibit 1043  

7. I personally obtained and viewed an excerpt including the definition 

of “correspond” from The American Heritage Dictionary of the English Language, 

Fifth Edition (Houghton Mifflin Harcourt Publishing Company 2011), included 

below as Appendix D.  The excerpt was obtained from Retriev-It 

(https://www.retrievit.com), a document retrieval company, on or around 

September 8, 2023.  Comparing Exhibit 1043 to the document attached as 

Appendix D to this declaration, I certify that Exhibit 1043 is a true and correct 

copy of the excerpt from The American Heritage Dictionary of the English 

Language, Fifth Edition (Houghton Mifflin Harcourt Publishing Company 2011) 

obtained from Retriev-It. 

V. Exhibit 1044  

8. I personally obtained and viewed the excerpt including the definition 

of “correspond” from Collins Dictionary (HarperCollins Publishers 2010), 

included below as Appendix E.  The excerpt was obtained from Retriev-It 

(https://www.retrievit.com), on or around September 8, 2023.  Comparing Exhibit 

1044 to the document attached as Appendix E to this declaration, I certify that 

Exhibit 1044 is a true and correct copy of the excerpt from Collins Dictionary 

(HarperCollins Publishers 2010) obtained from Retriev-It. 
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VI. Exhibit 1045  

9. I personally obtained and viewed an excerpt including the definition 

of “correspond” from Merriam-Webster’s Collegiate Dictionary, Eleventh Edition 

(Merriam-Webster, Incorporated 2014), included below as Appendix F.  The 

excerpt was obtained from Retriev-It (https://www.retrievit.com), on or around 

September 8, 2023.  Comparing Exhibit 1045 to the document attached as 

Appendix F to this declaration, I certify that Exhibit 1045 is a true and correct copy 

of the excerpt from Merriam-Webster’s Collegiate Dictionary, Eleventh Edition 

(Merriam-Webster, Incorporated 2014) obtained from Retriev-It. 

VII. Exhibit 1046  

10. I personally obtained and viewed an excerpt from the publication 

titled “The Biomedical Engineering Handbook” by Joseph D. Bronzino (CRC 

Press, Inc. 1995), included below as Appendix G.  The publication was obtained 

from Research Solutions (https://www.researchsolutions.com), a document 

retrieval company, on or around September 8, 2023.  Comparing Exhibit 1046 to 

the document attached as Appendix G to this declaration, I certify that Exhibit 

1046 is a true and correct copy of the excerpt from “The Biomedical Engineering 

Handbook” by Joseph D. Bronzino (CRC Press, Inc. 1995) obtained from Research 

Solutions. 
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VIII. Exhibit 1048 

11. On or around September 8, 2023, I personally retrieved and viewed 

the paper entitled “Recent Developments in Pulse Oximetry,” by John W. 

Severinghaus and Joseph F. Kelleher published in Anesthesiology, Vol. 76, No. 6 

(June 1992), included below as Appendix H.  I accessed the website of 

Anesthesiology at https://pubs.asahq.org/anesthesiology and searched for and 

located the referenced publication.  Comparing Exhibit 1048 to the document 

attached as Appendix H to this declaration, I certify that Exhibit 1048 is a true and 

correct copy of “Recent Developments in Pulse Oximetry,” by John W. 

Severinghaus and Joseph F. Kelleher published in Anesthesiology, Vol. 76, No. 6 

(June 1992). 

IX. Exhibit 1049 

12. On or around September 8, 2023, I personally retrieved and viewed 

the article entitled “MIO Alpha BLE Review” by Jill Duffy published on the PC 

Magazine website (Jan. 28, 2013), included below as Appendix I.  I accessed the 

website of PC Magazine at https://www.pcmag.com/reviews/mio-alpha-ble to 

retrieve the referenced article.  Comparing Exhibit 1049 to the document attached 

as Appendix I to this declaration, I certify that Exhibit 1049 is a true and correct 

copy of “MIO Alpha BLE Review” by Jill Duffy published on the PC Magazine 

website (Jan. 28, 2013). 
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X. Exhibit 1050 

13. I personally retrieved and viewed the publication entitled “A Neo-

Reflective Wrist Pulse Oximeter,” by Grantham Pang and Chao Ma published by 

IEEE in IEEE Access, Volume 2 (January 12, 2015), included below as Appendix 

J.  I accessed the website of IEEE Xplore at 

https://ieeexplore.ieee.org/Xplore/home.jsp and searched for and located the 

referenced publication.  Comparing Exhibit 1050 to the document attached as 

Appendix J to this declaration, Exhibit 1050 is a true and correct copy of “A Neo-

Reflective Wrist Pulse Oximeter,” by Grantham Pang and Chao Ma. 

XI. Exhibit 1051 

14. I personally retrieved and viewed the publication entitled “A Wireless 

Reflectance Pulse Oximeter With Digital Baseline Control for Unfiltered 

Photoplethysmograms” by Kejia Li and Steve Warren published in IEEE 

Transactions on Biomedical Circuits and Systems, Vol. 6, No. 3 (June 2012), 

included below as Appendix K.   I accessed the website of IEEE Xplore at 

https://ieeexplore.ieee.org/Xplore/home.jsp and searched for and located the 

referenced publication on or around September 8, 2023.  Comparing Exhibit 1051 

to the document attached as Appendix K to this declaration, I certify that Exhibit 

1051 is a true and correct copy “A Wireless Reflectance Pulse Oximeter With 
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Digital Baseline Control for Unfiltered Photoplethysmograms” by Kejia Li and 

Steve Warren. 

XII. Exhibit 1052 

15. On or around September 8, 2023, I personally retrieved and viewed 

U.S. Patent Application Publication No. 2006/0253010 issued to Brady et al., 

included below as Appendix L.  I accessed the website of Patsnap at 

https://www.patsnap.com, accessed a user account, and searched for and located 

the referenced publication.  Comparing Exhibit 1052 to the document attached as 

Appendix L to this declaration, I certify that Exhibit 1052 is a true and correct 

copy of U.S. Patent Application Publication No. 2006/0253010 to Brady et al. 

XIII. Exhibit 1053 

16. On or around September 8, 2023, I personally retrieved and viewed 

the publication entitled “Implementation of a Wireless Pulse Oximeter Based on 

Wrist Band Sensor” by Cai et al. published for the 3rd International Conference on 

Biomedical Engineering and Informatics (BMEI 2010), included below as 

Appendix M.  I accessed the website of IEEE Xplore at 

https://ieeexplore.ieee.org/Xplore/home.jsp and searched for and located the 

referenced publication.  Comparing Exhibit 1053 to the document attached as 

Appendix M to this declaration, I certify that Exhibit 1053 is a true and correct 
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copy of “Implementation of a Wireless Pulse Oximeter Based on Wrist Band 

Sensor” by Cai et al. 

XIV. Exhibit 1054 

17. I personally retrieved and viewed International Publication No. WO 

2001/17421 by Lindberg et al, included below as Appendix N.  I accessed the 

website of Patsnap at https://www.patsnap.com, accessed a user account, and 

searched for and located the referenced publication on or around September 8, 

2023.  Comparing Exhibit 1054 to the document attached as Appendix N to this 

declaration, I certify that Exhibit 1054 is a true and correct copy of International 

Publication No. WO 2001/17421 by Lindberg et al. 

XV. Exhibit 1055 

18. I personally retrieved and viewed the publication entitled, “Optimum 

Place for Measuring Pulse Oximeter Signal in Wireless Sensor-Belt or Wrist-

Band” by Maattala et al. published for the 2007 International Conference on 

Convergence Information Technology by the Institute of Electrical and Electronics 

Engineers (IEEE) (2007), included below as Appendix O.  I accessed the website 

of IEEE Xplore at https://ieeexplore.ieee.org/Xplore/home.jsp and searched for and 

located the referenced publication on or around September 8, 2023.  Comparing 

Exhibit 1055 to the document attached as Appendix O to this declaration, I certify 
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that Exhibit 1055 is a true and correct copy of “Optimum Place for Measuring 

Pulse Oximeter Signal in Wireless Sensor-Belt or Wrist-Band,” by Maattala et al. 

XVI. Exhibit 1056 

19. I personally retrieved and viewed the publication entitled 

“Reflectance-Based Pulse Oximeter for the Chest and Wrist” by Fontaine et al. 

submitted to the Worchester Polytechnic Institute, included below as Appendix P.  

I accessed the website of the Worcester Polytechnic Institute at 

https://www.wpi.edu and searched for and located the referenced publication on or 

around September 8, 2023.  Comparing Exhibit 1056 to the document attached as 

Appendix P to this declaration, I certify that Exhibit 1056 is a true and correct copy 

of “Reflectance-Based Pulse Oximeter for the Chest and Wrist” by Fontaine et al. 

XVII. Exhibit 1058 

20. I personally retrieved and viewed U.S. Patent No. 7,468,036 issued to 

Rulkov et al., included below as Appendix Q.  I accessed the website of Patsnap at 

https://www.patsnap.com, accessed a user account, and searched for and located 

the referenced publication on or around September 8, 2023.  Comparing Exhibit 

1058 to the document attached as Appendix Q to this declaration, I certify that 

Exhibit 1058 is a true and correct copy of U.S. Patent No. 7,468,036 issued to 

Rulkov et al. 
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XVIII. Exhibit 1069 

21. I personally retrieved and viewed the publication entitled “Optical 

Oximetry Sensors for Whole Blood and Tissue” by Setsuo Takatani and Jian Ling 

published in IEEE Engineering in Medicine and Biology (June/July 1994), 

included below as Appendix R.  I accessed the website of IEEE Xplore at 

https://ieeexplore.ieee.org/Xplore/home.jsp and searched for and located the 

referenced publication on or around September 8, 2023.  Comparing Exhibit 1069 

to the document attached as Appendix R to this declaration, I certify that Exhibit 

1069 is a true and correct copy of “Optical Oximetry Sensors for Whole Blood and 

Tissue” by Setsuo Takatani and Jian Ling. 

XIX. Exhibit 1076 

22. I personally retrieved and viewed the web page entitled “Beam 

Shaping with Cylindrical Lenses” published by Newport Corporation at 

https://www.newport.com/n/beam-shaping-with-cylindrical-lenses, included below 

as Appendix S.  I accessed the web page https://www.newport.com/n/beam-

shaping-with-cylindrical-lenses of Newport Corporation’s website and retrieved 

the referenced web page on or around September 8, 2023.  Comparing Exhibit 

1076 to the document attached as Appendix S to this declaration, I certify that 

Exhibit 1076 is a true and correct copy of “Beam Shaping with Cylindrical 

Lenses,” by the Newport Corporation. 
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XX. Exhibit 1077 

23. On or around September 12, 2003, I personally retrieved and viewed 

the publication entitled “Laser Beam Shaping Theory and Techniques, Second 

Edition” by Fred M. Dickey published by Taylor & Francis Group, LLC (2014).  I 

accessed the website of Amazon at www.amazon.com, accessed a user account, 

and searched for, located, and purchased the Kindle version of the referenced 

publication; a receipt of the purchase and screenshots of the Kindle version are 

attached as Appendix T.  Comparing Exhibit 1077 to the document attached as 

Appendix T to this declaration, Exhibit 1077 is a true and correct copy of “Laser 

Beam Shaping Theory and Techniques, Second Edition” by Fred M. Dickey. 

XXI. Exhibit 1078 

24. On or around September 8, 2023, I personally retrieved and viewed 

the publication entitled “Micro-LED Technologies and Applications” by Lee et al. 

published in Information Display (June 2016), included below as Appendix U.  I 

accessed the website of The Society for Information Display at 

https://sid.onlinelibrary.wiley.com and searched for and located the referenced 

publication.  Comparing Exhibit 1078 to the document attached as Appendix U to 

this declaration, I certify Exhibit 1078 is a true and correct copy of “Micro-LED 

Technologies and Applications” by Lee et al. 
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26. I hereby declare that all statements made herein of my own 

knowledge are true and that all statements made on information and belief are 

believed to be true; and further that these statements were made with the 

knowledge that willful false statements and the like so made are punishable by fine 

or imprisonment, or both, under Section 1001 of Title 18 of the United States 

Code. 

  Respectfully submitted, 

 

/Anne Koch Baland/ 

Date:  September 12, 2023        

 Anne Koch Baland 

   

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

APPENDIX A 

14

APPENDIX A



O
pt

im
iz

at
io

n 
of

 R
ef

le
ct

an
ce

-M
od

e 
Pu

ls
e 

O
xi

m
et

er
 S

en
so

rs
A

us
tin

 W
ar

ei
ng

, B
.S

.
Sp

on
so

r:
 N

at
io

na
l S

ci
en

ce
 F

ou
nd

at
io

n 
R

es
ea

rc
h 

Ex
pe

rie
nc

es
 fo

r U
nd

er
gr

ad
ua

te
s 

Pr
og

ra
m

; A
dv

is
or

: S
te

ve
 W

ar
re

n,
 P

h.
D

.

Pr
ev

io
us

D
es

ig
n

M
ea

su
re

m
en

t S
ite

 C
om

pa
ris

on

�O
ne

 p
ho

to
di

od
e 

co
lle

ct
s 

re
fle

ct
ed

 re
d 

an
d 

in
fra

re
d 

 s
ig

na
ls

, 
re

su
lti

ng
 in

 p
oo

r e
ffi

ci
en

cy
 a

nd
 a

 s
m

al
le

r s
ig

na
l-t

o-
no

is
e 

ra
tio

.

�H
ar

d 
pl

as
tic

 m
at

er
ia

l d
oe

s 
no

t c
on

fo
rm

 to
 m

os
t s

ki
n 

su
rfa

ce
s.

�M
or

e 
am

bi
en

t l
ig

ht
 n

oi
se

 d
ue

 to
 h

ol
es

 in
 p

la
st

ic
 a

nd
 in

ab
ilit

y 
to

 
m

ol
d 

to
 a

 c
ur

ve
d 

su
rfa

ce
.

�S
ig

na
l-t

o-
no

is
e 

ra
tio

 is
 h

ig
hl

y 
de

pe
nd

en
t o

n 
se

ns
or

 m
ov

em
en

t.

�S
ig

na
l i

s 
of

te
n 

di
ffi

cu
lt 

to
 o

bt
ai

n,
 re

qu
iri

ng
 

se
ve

ra
l a

tte
m

pt
s 

to
 c

ol
le

ct
 v

ia
bl

e 
da

ta
.

Fi
ng

er
M

id
dl

e 
Te

m
po

ra
l A

rt
er

y

Vi
ab

le
 a

nd
 U

no
bt

ru
si

ve
 M

ea
su

rin
g 

Si
te

s

�M
id

dl
e 

te
m

po
ra

l a
rte

ry
 (i

n 
fro

nt
 o

f e
ar

)
�F

ro
nt

al
 b

ra
nc

h 
(a

lo
ng

 h
ai

r l
in

e)
�W

ris
t

Pu
ls

e 
O

xi
m

et
er

 S
en

so
r

�S
m

al
l, 

Li
gh

tw
ei

gh
t c

om
po

ne
nt

s 
ar

e 
un

im
po

si
ng

 to
 th

e 
w

ea
re

r.

�P
ro

vi
de

s 
tim

e-
do

m
ai

n 
pl

et
hy

sm
og

ra
m

s 
th

at
 c

an
 b

e 
us

ed
 

to
 c

al
cu

la
te

 d
iff

er
en

t p
hy

si
ol

og
ic

al
 

pa
ra

m
et

er
s.

�
M

ea
su

re
m

en
ts

 fr
om

 s
ite

s 
on

 th
e 

he
ad

 a
re

 s
im

ila
r t

o 
th

os
e 

co
lle

ct
ed

 fr
om

 s
ite

s 
on

 th
e 

fin
ge

r.

�
H

ea
d-

m
ou

nt
ed

 s
en

so
rs

 h
av

e 
al

so
 p

ro
ve

n 
to

 b
e 

le
ss

 o
bt

ru
si

ve
 s

in
ce

 th
ey

do
 n

ot
 im

pe
de

 
m

ov
em

en
t o

r u
se

 o
f t

he
 h

an
ds

.

O
pt

im
iz

ed
 D

es
ig

n

�M
ul

tip
le

 p
ho

to
di

od
es

 c
ol

le
ct

 m
or

e 
of

 th
e 

re
fle

ct
ed

 li
gh

t, 
fo

rm
in

g 
a 

ra
di

al
 p

at
te

rn
 a

ro
un

d 
th

e 
so

ur
ce

(s
).

�P
lia

bl
e 

m
at

er
ia

l a
llo

w
s 

th
e 

se
ns

or
 to

 c
on

fo
rm

 to
 th

e 
m

ea
su

re
m

en
t s

ite
.

�L
es

s 
su

sc
ep

tib
le

 to
 a

m
bi

en
t n

oi
se

 d
ue

 to
 o

pa
qu

e 
m

at
er

ia
l a

nd
 fl

ex
ib

le
 d

es
ig

n.

�O
ut

pu
t s

ig
na

l e
xh

ib
its

 g
re

at
er

 s
ig

na
l-t

o-
no

is
e 

ra
tio

.

�S
ig

na
l i

s 
al

so
 m

or
e 

re
lia

bl
e 

th
an

 w
ith

 th
e 

pr
ev

io
us

 d
es

ig
n;

 le
ss

 e
ffo

rt 
is

 re
qu

ire
d 

to
 

co
lle

ct
 v

ia
bl

e 
da

ta
.

Th
is

 m
at

er
ia

l i
s 

ba
se

d 
up

on
 w

or
k 

su
pp

or
te

d 
by

 th
e 

N
at

io
na

l S
ci

en
ce

 F
ou

nd
at

io
n 

un
de

r g
ra

nt
s 

BE
S�

04
40

18
3 

an
d 

BE
S�

00
93

91
6.

 O
pi

ni
on

s,
 fi

nd
in

gs
, c

on
cl

us
io

ns
, o

r r
ec

om
m

en
da

tio
ns

 
ex

pr
es

se
d 

in
 th

is
 m

at
er

ia
l a

re
 th

os
e 

of
 th

e 
au

th
or

(s
) a

nd
 d

o 
no

t n
ec

es
sa

ril
y 

re
fle

ct
 th

e 
vi

ew
s 

of
 th

e 
N

SF
. 

Pu
ls

e 
ox

im
et

er
s 

pr
ov

id
e 

ph
ys

io
lo

gi
ca

l i
nf

or
m

at
io

n 
su

ch
 a

s 
he

ar
t r

at
e 

an
d 

bl
oo

d 
ox

yg
en

 s
at

ur
at

io
n.

  T
he

se
 d

ev
ic

es
 a

cq
ui

re
 m

ea
su

re
m

en
ts

 u
si

ng
 re

d 
an

d 
in

fra
re

d 
lig

ht
 th

at
 p

as
se

s 
th

ro
ug

h 
th

e 
pa

tie
nt

s 
sk

in
 a

nd
 u

nd
er

ly
in

g 
tis

su
e.

  P
ul

se
 o

xi
m

et
er

 s
en

so
rs

ca
n 

ei
th

er
 b

e 
tra

ns
m

is
si

on
-m

od
e,

 w
he

re
 li

gh
t p

as
se

s 
co

m
pl

et
el

y 
th

ro
ug

h 
th

e 
tis

su
e 

an
d 

is
 c

ol
le

ct
ed

 o
n 

an
 o

pp
os

in
g 

sk
in

 
su

rfa
ce

, o
r r

ef
le

ct
io

n-
m

od
e,

 w
he

re
 li

gh
t i

s 
re

fle
ct

ed
 b

ac
k 

to
w

ar
ds

 th
e 

se
ns

or
 a

nd
 c

ol
le

ct
ed

 in
 th

e 
sa

m
e 

re
gi

on
 a

s 
th

e 
in

ci
de

nt
 li

gh
t. 

 R
ef

le
ct

an
ce

-m
od

e 
se

ns
or

s 
of

fe
r m

or
e 

 m
ea

su
re

m
en

t-s
ite

 
fle

xi
bi

lit
y 

si
nc

e 
th

ey
 a

re
 o

nl
y 

m
ou

nt
ed

 o
n 

on
e 

si
de

 o
f t

he
 s

ki
n.

H
ow

ev
er

, t
he

se
 s

en
so

rs
 a

re
 a

t a
 d

is
ad

va
nt

ag
e 

si
nc

e 
th

ey
 c

ol
le

ct
 o

nl
y 

a 
fra

ct
io

n 
of

 th
e 

lig
ht

 re
fle

ct
ed

 fr
om

 ti
ss

ue
, w

hi
ch

 is
 

pr
im

ar
ily

 fo
rw

ar
d 

sc
at

te
rin

g.
  I

nc
re

as
in

g 
th

e 
re

lia
bi

lit
y 

an
d 

qu
al

ity
 o

f r
ef

le
ct

an
ce

-m
od

e 
si

gn
al

s 
w

ill 
m

ak
e 

th
es

e 
se

ns
or

s 
a 

m
or

e 
at

tra
ct

iv
e 

al
te

rn
at

iv
e 

to
 tr

ad
iti

on
al

 tr
an

sm
is

si
on

-m
od

e 
de

si
gn

s.

0
2

4
6

8
10

12
14

-1

-0
.50

0.
51

O
rig

in
al

 D
at

a

IR AC

tim
e 

(s
ec

)

0
2

4
6

8
10

12
14

-0
.6

-0
.4

-0
.20

0.
2

0.
4

RED AC

tim
e 

(s
ec

)

0
2

4
6

8
10

12
14

16
-1

.5-1

-0
.50

0.
51

O
rig

in
al

 D
at

a

IR AC

tim
e 

(s
ec

)

0
2

4
6

8
10

12
14

16
-4-2024

RED AC

tim
e 

(s
ec

)

0
5

10
15

20
25

-2-1012
O

rig
in

al
 D

at
a

IR AC

tim
e 

(s
ec

)

0
5

10
15

20
25

-2-1012

RED AC

tim
e 

(s
ec

)

0
1

2
3

4
5

6
7

8
9

10
-1

-0
.50

0.
51

1.
5

O
rig

in
al

 D
at

a

IR AC

tim
e 

(s
ec

)

0
1

2
3

4
5

6
7

8
9

10
-3-2-1012

RED AC

tim
e 

(s
ec

)

APL_MAS_ITC_00377841
RX-0504.0001

RX-0504

15



APPENDIX B 

16

APPENDIX B



Proceedings of the 2005 American Society for Engineering Education Annual Conference & Exposition 
Copyright © 2005, American Society for Engineering Education 

Stimulating Student Learning with a Novel “In-House”  
Pulse Oximeter Design 

Jianchu Yao, M.S. and Steve Warren, Ph.D. 
Department of Electrical & Computer Engineering, Kansas State University 

Manhattan, KS 66506, USA 

Abstract 

This paper addresses the design of a plug-and-play pulse oximeter and its application to a 
biomedical instrumentation laboratory and other core Electrical Engineering courses. The low-
cost, microcontroller-based unit utilizes two light-emitting diodes as excitation sources, acquires 
reflectance data with a photodiode, and sends these raw photo-plethysmographic data to a 
personal computer via an RS-232 serial link. A LabVIEW interface running on the personal 
computer processes these raw data and stores the results to a file. The design of this pulse 
oximeter is unique in two ways: the excitation sources are driven just hard enough to always 
keep the photodiode active (meaning the sensor can be used in ambient light), and the hardware 
separates out the derivatives of the red and infrared photo-plethysmograms so that it can amplify 
the pulsatile component of each signal to fill the range of the analog-to-digital converter. Unlike 
commercial pulse oximeters whose packaging hides the hardware configuration from the 
students, the open, unpackaged design stimulates student interest and encourages dialogue with 
the developer; the in-house nature of the design appeals to students. Moreover, most pulse 
oximeters on the market are expensive and provide users with a front panel that displays only 
percent oxygen saturation and heart rate. This low-cost unit provides unfiltered pulsatile data, 
allowing students to investigate tradeoffs between different oxygen saturation calculation 
methods, test different filtering approaches (e.g., for motion artifact reduction), and extract other 
biomedical parameters (e.g., respiration rate and biometric indicators). Time-domain data from 
these units have been used in linear systems and scientific computing courses to teach filtering 
techniques, illustrate discrete Fourier transform applications, introduce time-frequency 
principles, and test data fitting algorithms. 

I. Introduction

An optical pulse oximeter measures the intensity of light passing through heterogeneous tissue 
and uses variations in this light intensity (primarily resulting from the fractional volume variation 
of arterial blood) to calculate blood oxygen saturation. Due to its non-invasive nature, high 
precision in its operational range, and reasonable cost, optical pulse oximetry is widely adopted 
as a standard patient monitoring technique. Although its foundations date back more than fifty 
years,1 many facets of this technology still attract researchers. Current interest areas include 
motion artifact reduction,2, 3 power consumption optimization,4 low-perfusion measurements,5, 6 
and issues germane to various application environments (e.g., wearability for battlefield and 
home care monitors).7-9  It is important for biomedical engineering students to understand the 
principles of pulse oximetry, hardware/software design issues, and signal processing approaches.  
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Pulse oximeter design addresses engineering areas such as optical component selection, 
mechanical layout, circuit design, microprocessor control, digital communication, and signal 
processing. Therefore, a pulse oximeter not only serves as an excellent study vehicle that allows 
students to learn techniques such as photoplethysmographic signal processing; it also provides a 
platform where students can acquire hands-on experience in practical device design. In addition, 
the real-time data that a pulse oximeter offers gives instructors flexibility when assigning 
projects and homework to students of various educational levels (graduate and undergraduate) 
and backgrounds (e.g., electrical engineering or biology).  
 
Many commercial pulse oximeters display calculated parameters (i.e., percent oxygen saturation 
and heart rate) on their front panels, hiding the original unfiltered data from which these 
calculations were made. In this paper, we present an “in-house” pulse oximeter that provides raw 
sensor data for use in the classroom.  The device is utilized in bioinstrumentation laboratory 
sessions, and its data provide real-world signals to other core Electrical Engineering courses.  
 
This paper first briefly describes the theory behind photoplethysmographic (PPG) pulse oximetry. 
It then presents the development of a pulse oximeter, emphasizing design features that enable its 
application to education. These features include (a) a stand-alone pulse oximeter module with a 
novel circuit design, an open form-factor, and multiple signal outputs, (b) a personal computer 
station with a flexible, user friendly LabVIEW interface and a variety of signal processing 
options, and (c) the production of raw data that can be used for parameter extraction exercises. 
The paper describes how this device and it features have been applied in classroom environments 
to stimulate student learning. Several examples are introduced in detail, including (a) a pulse 
oximetry laboratory/lecture pair for a bioinstrumentation course sequence, (b) data sources for 
course projects in Linear Systems (EECE 512) and Scientific Computing (EECE 840), and (c) a 
platform upon which undergraduate honors research students can build. This approach can be 
extended to other devices and classes. 
 

II. Theory – Principles of Pulse Oximetry 

PPG pulse oximetry relies on the fractional change in light absorption due to arterial pulsations. 
In a typical configuration, light at two different wavelengths illuminating one side of tissue (e.g., 
a finger) will be detected on the same side (reflectance mode) or the opposing side (transmission 
mode) after traversing the vascular tissues between the source and the detector.10 When a 
fingertip is simplified as a hemispherical volume that is a homogenous mixture of blood (arterial 
and venous) and tissue, the detected light intensity is described by the Beer-Lambert law: 11 

 ( )( )( )AVT
t

aaavat eeeII µµµ −−−= 0  (1) 

where I0 is the incident light intensity, It is the light intensity detected by the photodetector, and 
µat,  µav, and µaa are the absorption coefficients of the bloodless tissue layer, the venous blood 
layer, and the arterial blood layer, respectively, in units of cm-1. 
 
The heart’s pumping action generates arterial pulsations that result in relative changes in arterial 
blood volume, represented by dA, which adds an “ac” component to the detected intensity: 

 ( )( )( )dAeeeIdI AVT
aat

aaavat µµµµ −−−−= 0  (2) 
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Multiple elements contribute to the attenuation of light traveling through tissue, and arterial 
pulsation has only a small relative effect on the amount of light detected (on the order of one 
percent or less; see Figure 1). 

 

1 

10 

100 
Absorption due to 
skin, bone and tissue 

Absorption due to 
pulsatile arterial blood 

Absorption due to 
venous blood 

Absorption due to non-
pulsatile arterial blood 

 

Figure 1. Breakdown of the components in the detected photo-plethysmographic signal.12 

 
Dividing this change by the dc value normalizes this variation: 

 
dA

I

dI

I

I
aa

t

t

dc

ac µ−==
 (3) 

The ratio of the above ratio for two wavelengths (‘r’ for red, ‘IR’ for infrared) is given by 

 

( )
( ) IRa

ra

IRtt

rtt

IdI

IdI
R

,

,

/

/

µ
µ

==
,  (4) 

where µa,i can be expressed as a function of 2OSa ,13 arterial oxygen saturation: 

 
( )[ ]%0

2
%100

2, 1 aaaa
i

ia OSOS
v

H σσµ −+=
 (5) 

Here, IRri ,= , while %100
aσ and %0

aσ are the wavelength-dependent optical absorption cross 
sections of the red blood cells containing totally oxygenated and totally deoxygenated 
hemoglobin, respectively. One can therefore calculate arterial oxygen saturation using 

 ( ) ( )%100
,

%0
,

%0
,

%100
,

%0
,

%0
,

2
IRaIRarara

raIRa
a R

R
OS

σσσσ
σσ

−+−
−

=
 (6) 

 
Equation (6) provides the desired relationship between the experimentally-determined ratio R 
and the arterial oxygen saturation SaO2. Researchers assume this relationship applies to 
monochromatic light sources. In reality, commonly available LEDs are used as light sources and 
typically have spectral widths of 20 to 50 nm. Therefore, the standard molar absorption 
coefficient for hemoglobin cannot be used directly in (6). Furthermore, the simplified 
mathematical description above only approximates a real system that incorporates 
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inhomogeneities and mechanical movement. Consequently, (6) is often represented empirically 
by fitting clinical data to the following generalized function: 

 212 kRkOSa +=  (7) 
where, e.g., k1= -25.6, k2= 118.814 or k1= -25, k2= 110.15 
 
III. Methods 

A. Pulse Oximeter Development 

As shown in the functional block diagram in Figure 2, a pulse oximeter consists of three main 
units: (1) an optical probe, (2) a circuit module that hosts an analog amplifier, signal 
conditioning element, and microcontroller, and (c) a personal computer that receives data from 
the circuit module and processes, displays, and stores these data. 
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Light-feedback 
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Storage 
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Digital signal 
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Figure 2.  Functional block diagram of the pulse oximeter. 

 
The analog portion of the pulse oximeter consists of a light-feedback amplifier and an analog 
differentiator with a specialized sample and hold circuit. The current feedback design adjusts the 
light level at the excitation LEDs such that the detected light intensity is constant, keeping the 
photodiode centered in its active region. To improve the stability of this feedback loop, a 
photodiode with smaller gain, rather than a phototransistor, is used as a photodetector. Two 
LEDs with wavelengths of 660 nm and 940 nm were selected as excitation sources.   
 
As discussed earlier, the “ac” component resulting from arterial blood volume variation is very 
small. If A/D conversion is performed on the overall signal, this tiny “ac” component will be 
buried in the “huge” “dc” component after conversion. A differentiator addresses this issue. It 
removes the “dc” component by subtracting the previous signal voltage-level from the present 
signal voltage-level and amplifies this difference, yielding the “ac” component. A hold circuit is 
added to store voltage-levels from the previous sample cycle. The differentiator improves signal 
resolution by allowing one to take advantage of the full range of the A/D converter. 
 
This circuitry is coordinated by a PIC microcontroller. Three output lines control the operation of 
the circuitry, and two A/D inputs sample the desired signal. Two outputs modulate the two light 
sources and switch the charging and discharging of their corresponding hold capacitors. The 
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other output operates the differentiator. The two A/D inputs acquire and digitize two signals: the 
“dc” signal when the differentiator is turned off (it is actually the original signal that includes 
both “dc” and “ac” components) and the amplified difference of the present and previous voltage 
level when the differentiator is turned on. 
 
The PIC microcontroller also operates an RS-232 port to a personal computer running a 
LabVIEW interface. Digitized data are sent to the PC over this RS-232 interface. Because the 
sensor module and personal computer communicate asynchronously, and 8 bytes (two bytes for 
each signal) are sent in each RS-232 packet, a handshaking protocol is used to synchronize the 
two devices. The PC generates an acknowledgement after successfully receiving each data 
packet so that the pulse oximeter module can transmit the next data packet. 
 
On the PC, LabVIEW virtual instruments (a) reconstruct the differentiated data, (b) filter the 
pulsatile signal with motion artifact reduction algorithms, (c) display the differentiated and 
reconstructed waveforms, (d) compute and display values for heart rate and blood oxygen 
saturation (see Figure 4), and (e) store the original and processed data to a text file for follow-up 
analysis. The data in the file are in columnar format: 

Column 1 – Time in milliseconds, 
Column 2 – d(Iac)ir/dt (derivative of the near-infrared signal) 
Column 3 – (Idc)ir  
Column 4 – d(Iac)red/dt (derivative of the red signal) 
Column 5 – (Idc)red   
Column 6 – (Iac)ir/dt (reconstructed near-infrared signal) 
Column 7 – (Idc)red (reconstructed red signal)  
 

 

Reflectance 
Sensor 

Pulse Oximeter 
Module 

RS-232 
to PC

 

Figure 3.  Pulse oximeter module and reflectance probe. 
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Figure 4.  LabVIEW virtual instrument for the pulse oximeter.   In addition to heart rate 
and blood oxygen saturation (%), the interface displays the red and infrared derivative 
data (top two waveforms) and the red and infrared reconstructed data (bottom two 
waveforms). 

 
B.  A Pulse Oximetry Lecture/Laboratory Pair 

At Kansas State University, the 4-credit-hour Bioinstrumentation course sequence (URL: 
http://www.eece.ksu.edu/~eece772/) consists of three courses instructed by faculty from the 
Department of Electrical & Computer Engineering (EECE) and the Department of Anatomy and 
Physiology (AP). These courses are EECE 772 (Theory and Techniques of Bioinstrumentation, 2 
hours), EECE 773 (Bioinstrumentation Design Laboratory, 1 hour), and AP 773 
(Bioinstrumentation Laboratory, 1 hour).  These courses can be taken for either undergraduate or 
graduate credit.  The two laboratory hours provide hands-on experience and are intended to help 
students obtain a deeper understanding of concepts learned in lectures.   
 
The pulse oximeter discussed earlier serves as a basis for a lecture/laboratory pair in the 
Bioinstrumentation course sequence. In order to improve the quality of the laboratory, the second 
author designed a laboratory session for AP 773 that uses the pulse oximeter developed by the 
first author. Four sets of devices were constructed and have been used as teaching tools in these 
laboratory sessions. The learning objectives of this laboratory (i.e., what a student should be 
able to do upon completion of the laboratory) are the following:  

• Explain the physiological origin of a photoplethysmogram 
• Describe the hardware and software components required to determine blood oxygen 

saturation using light-based sensors 
• Calculate blood oxygen saturation given a set of red/infrared plethysmograms 
• Assess the character and spectral content of the time-varying signals 
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• Extract physiological data from a photoplethysmogram 
• Describe person-to-person variations in plethysmographic signal data 
• Calculate calibration coefficients using different approaches 
• Counteract the effects of mild motion artifact 

During the laboratory, the class is divided into groups of 2~3 students. Each group is equipped 
with a collection of components:  a reflectance probe, a circuit module, a serial cable, and a 
personal computer with the LabVIEW interface installed. The students are first taught how to use 
the modules properly. They then gather PPG data from their team members at different body 
locations and save these data to files for later signal processing.  
 

 

Figure 5.  Two students acquire photoplethysmographic data in the AP 773 pulse oximetry 
laboratory (Fall 2002). 

 
These data are processed using Microsoft Excel or MATLAB. In addition to observing and 
analyzing time domain data, the students are also required to interpret and understand the 
spectral components of the signal by performing Fast Fourier Transforms (FFTs) on the data sets. 
They implement different methods for calculating the “ac/dc” ratios required to obtain arterial 
oxygen saturation. Two calculation methods are used to compute these ratios.  The methods 
correspond to Equations 3 and 4, which supply a parameter for Equation 7. The ‘peak/valley’ 
method considers the peak-to-valley amplitude of the reconstructed signal as Iac when calculating 
the “ac/dc” ratio. This method is evaluated with two different filtering techniques:  a sliding 
average filter and a sliding median filter.  The FFT method uses the spectral peaks of the red and 
near-infrared signals to represent Iac in the calculations. The students are then asked to compare 
the calculation methods and choose the best one.  
 
Students are also encouraged to experiment with other noise reduction filters. Additionally, by 
observing and analyzing waveforms acquired from different team members, students can realize 
that factors such as skin color and perfusion affect the quality of acquired PPG data. They are 
also asked to evaluate the differences between PPG signals acquired at different body locations 
(e.g., wrist, forehead, or ear lobe) that have noticeably different vascular profiles. 
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C.  Pulse Oximeter Applied to Other Educational Venues 

In addition to the lecture/laboratory pair noted in the previous section, the pulse oximeter design 
and the signal data gathered from various implementations of this design have been applied in 
multiple undergraduate (EECE 499 – Honors Research; EECE 512 – Linear Systems) and 
graduate (EECE 840 – Scientific Computing) educational venues.  The signals acquired from this 
platform have been used in the following ways: 

• data for time-domain smoothing algorithms (see Figure 6), 
• signals for time- and frequency-domain filtering projects (see Figure 7 and Figure 8), 
• waveforms for Fourier series reconstruction projects (see Figure 9), and 
• signals for time-frequency spectrogram projects (see Figure 10). 

The modules have also been used as starting points for various undergraduate honors research 
projects, as depicted in Figure 11. 
 
Course Projects.  In the smoothing exercises (see Figure 6), students are asked to perform signal 
processing exercises to ‘smooth out’ variations in signals corrupted with noise.  Two of the 
common techniques are illustrated here.  Polynomials, by their nature, are smooth curves whose 
numbers of peaks and valleys correspond to the order of the polynomial.  In this figure, a 
polynomial of order 12 provides a reasonable representation of the original data set.  Note that 
the behavior of the fitting polynomial is unpredictable outside of the original bounds.  Sliding 
average and median filters are also a smoothing approach that can be implemented by a young 
student without much programming experience (the graph on the right in Figure 6 was produced 
with an Excel spreadsheet).  For this photoplethysmograph (sampled at 160 Hz), a 7-wide sliding 
window appears to provide a reasonable job of smoothing out the noise while retaining the 
fundamental shape of the waveform. 
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Figure 6.  Data smoothing algorithms (polynomial fits and sliding average filters) applied to 
photoplethysmographic data.  These exercises were assigned in EECE 772 
(Bioinstrumentation) and EECE 840 (Scientific Computing). 

In the EECE 512 project depicted in Figure 7, a student’s code (1) loads a signal from an input 
ASCII text file, (2) performs a convolution (i.e., filtering operation) between the input signal and 
a cascade of 2nd-order Butterworth lowpass and highpass filters (which can be combined to 
create lowpass, highpass, or bandpass filters), (3) saves the output signal to disk, and (4) plots the 
original and filtered signals to the screen.  Input signals for these simulations include both ideal 
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signals (e.g., pulses, square waves, and sinusoids) and real-world signals (e.g., biomedical 
signals such as electrocardiograms and light reflectance signals from the pulse oximeter modules 
presented here). 
 
 

Input Signal 
Corrupted by 

Artifacts 

 … 

Filtered 
Output 
Signal  

   

LPF HPF HPF LPF 

Lowpass Filter 
Unit Impulse 

Response

 

Figure 7.  Multi-stage filtering of photoplethysmographic data via time-domain convolution 
in EECE 512 (Linear Systems).  Stages:  2nd-order lowpass and highpass filters.  

Frequency-domain filters are also an important part of a signals and systems course.  In these 
projects, a student’s program typically (1) loads an input signal from a file and calculates its 
Fourier transform, (2) calculates the frequency response of a filter chosen by the user, and (3) 
performs a frequency-domain filtering operation on the input signal:  it multiplies the input 
signal spectrum by the spectrum of the filter and then takes the inverse Fourier transform of the 
result.  The program then saves the input/output signals, their spectra, and the filter spectra to a 
set of ASCII text files and creates a plotting script that can be called by MATLAB or GNUPLOT.  
In the example illustrated in Figure 8, an ideal bandpass filter with a low cutoff of 0.3 Hz and a 
high cutoff or 15 Hz was used to remove the drift and 60 Hz noise present in the original 
plethysmographic signal. 
 
 

 

 

Output Magnitude 
Spectrum 

Output Phase 
Spectrum Original Signal 

Filtered Signal 

 

Figure 8.  Frequency-domain filtering of pulsatile light reflectance data to remove signal 
drift and 60 Hz noise.  Course:  EECE 512 (Linear Systems). 
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Figure 9 illustrates the use of light reflectance signals in a Fourier series project.  In the left part 
of Figure 9, the top set of axes displays a PPG signal and its Fourier series reconstruction.  The 
middle and bottom axes plot the magnitude and phase coefficients, respectively, that were 
calculated for the reconstruction.  Note that 45 harmonics (or cosines with different magnitudes 
and phases) were required to replicate the shape of the initial signal.  In the canine 
electrocardiogram depicted on the right hand side of the figure, 125 harmonics produced a good 
reconstruction.  This is due to the higher frequency components present in each QRS complex. 
 
 

 

Human Pulse Plethysmogram Canine Electrocardiogram 

45 Harmonics 125 Harmonics 

 

Figure 9.  Reconstruction of biomedical signal data (human finger photoplethysmogram 
and canine electrocardiogram) using Fourier series.  Class:  EECE 512 (Linear Systems). 

 
It can be helpful to understand how a signal’s spectral character changes as a function of time.  
Figure 10 presents an example of a MATLAB interface that would be written by a student in a 
graduate scientific computing course.  In this figure, the upper left set of axes plots the time-
domain plethysmogram, while the lower left set of axes displays the spectrum of the signal 
versus time.  The plots on the right depict the magnitude and phase spectrum of the input signal 
at the time denoted by the vertical line that occurs at ~55 seconds (see the upper left trace).  The 
fields on the right side of the interface depict parameters that can be chosen by the user. 
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Figure 10.  Time-frequency analysis of reflectance data in EECE 840 (Scientific 
Computing). 

 
Honors Research Projects.  The undergraduate Electrical & Computer Engineering curriculum 
at KSU allows high achieving students to perform research for course credit.  The pulse oximeter 
modules presented in this paper have contributed to five EECE 499 (Honors Research) projects 
to date (see Figure 11).  For the project shown at the top of the figure, Ben Young developed a 
system based upon the pulse oximeter module that acquired light reflectance data from the 
forehead using sensors mounted on a firefighter helmet.  The goal of this project was to establish 
whether meaningful blood oxygen saturation measurements could be acquired continuously on 
an individual that needed to use their hands freely and could be exposed to dangerous levels of 
carbon monoxide.  The second project from the top, managed by Shelly Allison and Craig 
Nelson, involved gathering light reflectance data from normal and hypertensive elderly subjects.  
These data will be analyzed for correlations between spectral behavior and the measured blood 
pressure of the subjects.  The goal is to find a comfortable, noninvasive way to replicate the 
information normally provided by often painful blood pressure cuffs. 
 
As noted in Figure 11, Jonathan Hicks investigated a method to use a patient’s light reflectance 
data as a biometric indicator.  This capability would allow a home monitoring system to 
authenticate the identity of a patient prior to uploading the patient’s physiological data to a 
remote electronic patient record.  The benefits of this approach are two-fold:  (1) no interaction is 
required on the part of the patient and (2) the data are independently verified prior to submission.  
The plots in Figure 11 show a representative light reflectance signal for a patient and the single-
period template used to represent that time-varying signal.  Two other representative templates 
are also depicted in the figure to show how these wave shapes vary from person to person.  This 
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method uses a statistical test to determine whether a patient’s current data are similar to the 
single-period template stored for the patient.  Finally, Austin Wareing was supported by an NSF 
Research Experience for Undergraduates grant to optimize the light reflectance sensor design 
and improve the interaction between the pulse oximeter and the host LabVIEW program.  His 
radial sensor design and a resulting set of waveforms are depicted at the bottom of Figure 11.   
 

 

Ben Young:  Forehead 
Measurements of Blood 
Oxygen Saturation for 
Use with Fire Fighter 
Helmets 

 

 

Shelly Allison and 
Craig Nelson:  
Light-Based 
Indicators for 
Hypertension 

 

Jonathan Hicks:  Photoplethysmographic Signals as Biometric Authenticators 

Austin Wareing:  Optimization of Light Reflectance Sensors 

 

Figure 11. Honors research projects that have benefited from the pulse oximeter design. 
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IV. Discussion and Conclusion 

This paper presented initial efforts to apply an in-house pulse oximeter design to multiple 
secondary education venues.  These efforts have indicated that students enjoy instructional 
experiences that utilize real-world devices, especially when they can manipulate elements of the 
design such as the signal processing algorithms that would normally be hidden from the user.  
The pulse oximeter modules have been used in four Fall offerings of the AP 773 laboratory 
(2001~2004). Because these home-grown pulse oximeters offer improved data access as 
compared to commercial products, instructors can experience far greater flexibility when 
assigning homework, which is especially appreciated when the background and educational 
experiences of the students vary significantly.  
 
Each laboratory session that utilized these modules has been supported by device developers. 
Interactions between the device developers and the students (users) lead to experiences that are 
hard to replicate with packaged, off-the-shelf units. These interactions help the students 
appreciate the concepts discussed in lecture and allow them to become more familiar with the 
device development process. 
 
As noted in the body of the paper, several other undergraduate and graduate courses have 
benefited from the data availability offered by these pulse oximeters.  When asked, “What part of 
the project did you like the most” (on the survey for the Spring 2003 Linear Systems project 
depicted in Figure 7) one student responded, “Being able to see the ECG and pulse oximeter 
signals with the noise filtered out.”  Many other individuals in this class of 65 students had 
similar opinions about working with data provided by a device in a nearby laboratory. Processing 
real-world signals stimulated the students’ interest the most, followed by the excitement of 
simply getting their code to work.  The same Linear Systems student, when asked the question, 
“How could a project of this nature be improved?,” responded with, “More realistic signals to 
filter ���������������	�
��	���������������������������������������� 
 
The inexpensive hardware, plug-and-play features, and information-rich signals offered by these 
pulse oximeters have also provided starter platforms for honors students that wish to perform 
innovative research. These experiences not only help them to apply knowledge learned from 
their courses and understand recent developments;  more importantly, they may also motivate 
these capable students to pursue careers in an expanding biomedical industry. 
 
Acknowledgements 

The authors wish to acknowledge Jerry T. Love, Sandia National Laboratories (retired), for the 
original design of the light feedback circuit. Portions of this material are based upon work 
supported by the National Science Foundation under grant BES–0093916.  Opinions, findings, 
conclusions, or recommendations expressed in this material are those of the author(s) and do not 
necessarily reflect the views of the NSF.  All studies addressed in this paper that involve human 
subjects have been approved by the Human Studies Board at Kansas State University under 
protocol #2211. 

 
 
 

P
age 10.1138.13

APL_MAS_ITC_00378264
RX-0508.0013

29



Proceedings of the 2005 American Society for Engineering Education Annual Conference & Exposition 
Copyright © 2005, American Society for Engineering Education 

 

 
 

References 

[1] Brinkman, R. and W. G. Zijlstra. "Determination and continuous registration of the percentage oxygen 
saturation in clinical conditions," Arch. Chir. Neurol., vol. 1, pp. 177-183. 

[2] Swedlow, D. B. "Oximeter with motion detection for alarm modification," International Patent Application 
WO 94y22360 ~13, 1994, pp. 

[3] Yao, J., and S. Warren. "A Novel Algorithm to Separate Motion Artifacts from the Photoplethysmographic 
Signal for a Pulse Oximeter," presented at 4th Joint EMBS-BMES Conf., San Francisco, CA, 2004. 

[4] Rhee, Sokwoo, B.-H. Yang, and H. H. Asada,. "Artifact-resistant power-efficient design of finger-ring 
plethysmographic sensors," IEEE Transactions on Biomedical Engineering, vol. 48, May, pp. 795-805. 

[5] Mannheimer, P.D., J.R. Cascini, M.E. Fein, and S.L. Nierlich. "Wavelength selection for low-saturation 
pulse oximetry," IEEE Transactions on Biomedical Engineering, vol. 44, March, pp. 148 - 158. 

[6] Zonios, G., U. Shankar, and V.K. Iyer. "Pulse oximetry theory and calibration for low saturations," IEEE 
Transactions on Biomedical Engineering, vol. 51, May, pp. 818 - 822. 

[7] Warren, S., J. Yao, and G. E., Barnes. "Wearable Sensors and Component-Based Design for Home Health 
Care," presented at 2nd Joint EMBS-BMES Conf., Houston, TX, 2002. 

[8] Johnston, W.S., P.C. Branche, C.J. Pujary, and Y. Mendelson. "Effects of motion artifacts on helmet-
mounted pulse oximeter sensors," presented at Proceedings of the IEEE 30th Annual Northeast 
Bioengineering Conference, 2004, 2004. 

[9] Crilly, P.B., E.T. Arakawa, D.L. Hedden, and T.L. Ferrell. "An integrated pulse oximeter system for 
telemedicine applications," presented at Proceedings of the IEEE Instrumentation and Measurement 
Technology Conference, 1997, 1997. 

[10] Bronzino, Joseph D. IEEE Biomedical Engineering Handbook: CRC Press, IEEE Press, 1995, 0-8493-
8346-3. 

[11] Yoshiya, Y. Shimada, and K. Tanaka. "Spectrophotometric monitoring of arterial oxygen saturation in the 
fingertip," Med. Biol. Eng. Comput., vol. 18, pp. 27-32. 

[12] Peck, Y., S. Cheang, and Peter R Smith. "An Overview of Non-Contact Photoplethysmography," 
Electronic systems and control division research, pp. 53~59. 

[13] Schmitt, J. M. "Simple photon diffusion analysis of the effects of multiple scattering on pulse oximetry," 
IEEE Transaction on Biomedical Engineering, vol. 38, December, pp. 1194-1203. 

[14] Mendelson, Yitzak, Peter W. Cheung, Michael R. Neuman, David G. Fleming, and Stephan D. Cahn. 
"Spectrophotometric Investigation of Pulsatile Blood Flow for Transcutaneous Reflection Oximetry," 
Advances in Experimental Medicine and Biology, vol. 159, pp. 93-102. 

[15] Love, Jerry T., S. Warren, G. R. Laguna , and T. J. Miller. " Personal Status Monitor," Sandia National Lab 
SAND97-0418, 1997. 

 
Biographical Information 
 
Jianchu Yao is a doctoral candidate in Electrical Engineering at Kansas State University. Prior to 
his study at KSU, Mr. Yao worked on real-time embedded controls for five years in the 
continuous manufacturing processes and robotics industry. His current research interests include 
bioinstrumentation, sensor networking, and plug-and-play devices.  
 
Steve Warren is an Associate Professor of Electrical & Computer Engineering at Kansas State 
University.  He teaches courses in linear systems, computer graphics, biomedical instrumentation, 
and scientific computing.  Dr. Warren manages the KSU Medical Component Design Laboratory, 
and his research focuses on plug-and-play, wearable systems for telemedicine. 

P
age 10.1138.14

APL_MAS_ITC_00378265
RX-0508.0014

30



APPENDIX C 

31

APPENDIX C

31



A
P

L_
M

A
S

_I
TC

_0
03

83
59

3
R

X
-0

6
3
2
.0

0
0
1

R
X-

06
32

19
32

L000°Z€90-XY€6SE8E00OLISVNIdV

oOo—

32

 

c€90-XY



APPENDIX D 

33

APPENDIX D

33



34

The

AMERICAN
HERITAGE’

PIP
of the
English
LanguageAJCUOT

 

Houghton Mifflin Harcourt
BOSTON NEW YORK

3K



35

Words are included in this dictionary on thebasis oftheir usage. Words that
are known to have current trademark registrations are shown with an initial

capital andare also identified as trademarks. No investigation has been made
ofcommon-law trademark rights in any word, because such investigationis
impracticable. The inclusion of any word in this dictionary is not, however,
an expression ofthe publisher's opinion as to whetherornotit is subject to

proprietary rights. Indeed, no definition in this dictionary is to be
regarded as affecting the validity of any trademark.

American Heritage and the eagle logo are registered trademarks of American
Heritage Inc. Their use is pursuantto a license agreement with

American Heritage Inc.

Copyright © 2011 by Houghton Mifflin Harcourt Publishing Company.
All rights reserved.

Nopart of this work may be reproduced or transmitted in any form or by any
means, electronic or mechanical, including photocopying and recording, or by

any information storageorretrieval system withoutthe prior written permission
of Houghton Mifflin Harcourt unless such copyingis expressly permitted by

federal copyright law. Address inquiries to:
Reference Permissions, Houghton Mifflin Harcourt,

222 Berkeley Street, Boston, MA 02116.

Visit our website at www.ahdictionary.com

or www.youareyourwords.com.

Library ofCongress Cataloging-in-Publication Data

The American Heritage dictionary of the English language.-- Sth ed.
p.cm.

Previous ed.: 2000.
ISBN 978-0-547-04101-8

1. English language--Dictionaries.
PE1628.A623 2011

423--de22 2011004777

Manufactured in the United States ofAmerica

123456789 10-QGV-15 14131211

35



36

411

Navy, serving either with the Navy or the Marines, who has been trained
to give first ald and basic medical treatment, especially in combat situ-
ations. 2, A member of a government-sponsored group designated as 2
corps: Peace Corpsmen.
cor-pu-lence (kér/py2-lons) n. The condition ofbeing excessively fat;

obesheDude English, < Latin corpulentia, corpulence <corpulentus, corpulent < corpus, 5 see krep- in App. 1]
cor-pu-lent (kér/pya-tnt) adj. Having an abundance or excess offlesh or fat. See Synonyms at
cor pul-mo-na-le (kor! poolma-nilé,-nilfé, pal'-) n. Acute strain
or of the right ventricle caused by a disorder of the lungsorofthe blood vessels. [New Latin cor pulmdndle : Latin cor.
heart + New Latin pulmdndle, neuter ofpulmdndlis, ofthe lungs.)
COF-PUS (kér’pos) n., pl. -posra (-por-2) 1. A large collection of writ-
ings ofa specific kind or on a specific subject. 2. A collection of writings
or recorded remarks used for linguistic analysis. 3. Economics a. The
capital of principal amount, as of an estate or trust. b. The principal of 3bond. 4. Anatomy a. The main part of a bodily structure or organ. b. A
distinct bodily mass or organ having a specific function. 5, The overall
length of a violin. [Middle English < Latin; see k”rep- in App. |.]
corpus al-bi-cans (il/bi-kinz’) n. The white fibrous scar tissue in
an ovary that results after the involution and regression of the corpus
luteum. [New Latin corpus albicans : Latin corpus, body + New Latinalbicans, whitening}
corpus cal-lo-sum (k>-16/som) n., pl. corpora caleloesa (ka-16/s9)‘The arched bridge ofnervous tissue that connects the two cerebral hemi-

SeeSmemaaion beiyeen tie and left sides of thebrain. [New Latin callésum ; Latin corpus, + Latin callésum,
pewter fcallbats, callous |
Cor-pus Chris-ti* (kor’pas kris'té) A city of southern Texas onCorpus Christi Bay, an arm of the Gulf of Mexico at the mouth of
the Nueces River, Founded as a trading post in 1839,the city developedasa port.
Cor.pus Chris-ti? (kor’pas kris/té) n. A Christian feast in honor of
the Eucharist, observed on the first Thursday or the first Sunday after
Trinity Sunday. (Middle English < Medieval Latin Corpus Christi, body of
Christ : Latin corpus, body + Latin Christi, genitive of Christus, Christ.)
cor-pus-cle (kér/po-sol, -pis’al) n. 1a. An unattached body cell, such
asa blood or lymph cell. b. A rounded globular mass of cells, such as
the pressure receptor on certain nerve endings. 2. A discrete particle,such as a photon or an electron. 3. A minute particle. [Latin
corpusculum, diminutive of corpus, body; see in App. 1] —core
pus/curlar (kér-pis/ky>-lor) adj.
corpus de-lic-ti (di-lik/ti’) n. 1. Law The corroborating evidence
that shows that a crime has been committed, other than a confession
or an alleged accomplice’s statement, 2. A corpse. [New Latin corpus
délicti : Latin corpus, body, collection of facts + Latin délicti, genitive ofdélictum, crime.]
corpus lu-te-um ([s0/t2-om)n.,pl.corpora lu-tera (Id0/té-) A
yellow, progesterone-secreting massofcells that forms from an ovarianfollicle after the release of a mature Also called yellow body. [New
Latin corpus liteum : Latin corpus, body+ Latin lieu, neuter ofkiteus,
corpus stri-a-tum (stri-i/tam)n., pl corpora stri-asta (stri-d/ta)
Either of two gray and white striated bodies of nerve fibers located inthe lower lateral wall of each cerebral hemisphere. [New Latin corpus

Pppsetaebears eget cade pearaaaal
cor-rade (ko-rid’) ir. & intr, -rad-ed, -rad-ing, -rades To erode or
be eroded by abrasion,(Latin cornidere, to scrape together : com-, com- +
radere, to see réd- in App. I.] —corera’sion (-ri/zhan) m.—core
ralsive (-slv, -ziv) adj.
cor-ral(ka-ril’) n. 1. An enclosure for confining livestock. 2. An en-
closure formed by a circle of wagons for defense against attack during
an encampment. @ tv. -falled, -raleling, -rals 1. To drive into andhold in a corral. 2. To arrange (wagons)in a corral 3. To take control
of possession of. 4. To gather; gamer: “difficult for co leader.
ship to corral a majority ofvotes (Don J. Pease). | < Vulgar Latin*currdle, enclosure for carts < Latin currus, cart < currere, to run; see
kers- in App. L]
cor-rect (ko-rékt’) v. -rect-ed, -rect-ing, -rects —Ir. 1a. To make or
put right: correct a mistake; correct a misunderstanding. b, To remove theerrors or mistakes from: corrected her previous testimony. €. To indicate
or mark the errors in: correct an exam. Za. To speak to or communicate
with (someone) in order to point out a mistake or error. b. To scold or
punish so as to improve or reform. 3. To remedyor counteract (a defect,
for example): The new corrected his blurry vision, 4. To adjustso as to meet a standard or condition: correct the wheel align-

pened alySateSip arrwpeprctodpharomcompensate: correcting. isofair resistance. dj. 1. Freeerror or fault; true or accurate. 2. Conforming to si 3 Proper: cor-
rect behavior, [Middle English correcten < Latin corrigere, corréct- : com-,
intensive pref; see CoM- + regere, to rule; see reg- in App. I] —corerect/a-ble, cor-rect/i-ble adj. —cor-rect/ly adv. —cor-rect/ness n.—tor-rec/tor n.

+SYNONYMScorrect, rectify, remedy, redress, revise, amend These verbs
mean to make right what is Correct refers to eliminating faults,errors, or defects: I corrected the spelling mistakes, The new design cor-
rected theflaws in the earlier version. Rectij stresses the idea of
something into conformity with a ofwhat is right: “It is -
est to claim that we can rectify racial injustice without te cost”
(Mari |. Matsuda). Remedy involves removing or counteracting some-

 

corpulence | correspondence
thing considered a cause of harm,damage, or discontent: He took courses
to remedyhis abysmal ignorance. Redress refers to setting right somethingconsidered immoral or unethical and usually involves some kind of rec-
ompense: “They said he had done very little to redress the abuses that the
army had committed against the civilian population” (Daniel Wilkinson).
Revise suggests change that results from careful reconsideration: The
agency revised its safety recommendations in view of the new findings.Amend implies alteration of correction: “When-improvement through
ever (the people] shall grow weary of the existing ment, they can
exercise their constitutional right of amending it, or their revolutionaryright to dismember or overthrow it” (Abraham Lincoln).
cor-rec-tion (ko-rék/shan) n. 1. The act or process of correcting. 2.
Something offered or substituted for a mistake or fault: made corrections
in the report. 3a. Punishment intended to rehabilitate or improve. b.
corrections The treatmentof offenders th a system of penal in-
carceration, rehabilitation, probation, and or the administrative
system by which these are effectuated. 4, An amount or quantity addedor subtracted in order to correct. 5, A decline in stock-market activity or
prices followinga period of increases. —cor-rec/tion-al adj.cor-rec-ti-tude (ks-rék/tl-tood’, -tysod’) n. Appropriate manners
and behavior; propriety.
cor-rec-tive (ka-rek/tiv) adj. Tending or intended to correct: correc
tive lenses. @ n. An agent that corrects. —torerec’tivesly adv.
Cor-reg-gio (ko-réj"6, kd-réd’j6), Antonio Allegri da 14942-1534.
Italian Renaissance painter known for his use ofchiaroscuro. Amonghis
works are devotional pictures, including Holy Night, and frescoes, suchas those in the convent of San Paolo in Parma (1518).
Cor-reg-i-dor (ko-rég/l-dor’, kor-ré’hé-dor’) A island of the north-

fraEpathe entrance to Manila Bay. After a prolonged siege andt, Filipino and US troops surrendered the fortified island to
Japan in May 1942. US paratroopers recaptured it in March 1945.cor-re-late (kér's-lit’, kirt-) v, -lat-ed, -lat-ing, -lates —tr. To es-
tablish or demonstrate as having a correlation: correlated drug abuse andcrime. —intr, To be related by a correlation. % adj. (-Iit, -lit’) Related by
a correlation, especially having corresponding characteristics. + n. (-lit,Lit’) Either of two correlate entities; a correlative. [Back-formation <
CORRELATION.] —cor’re+lat/a-ble adj. —cor’resla’tor n.
cor-re-la-tion (kdr’s-li/shan, kér’-) n. 1. A relationship or connec-
tion between two things based on co-occurrence or pattern of change: a
correlation between drug abuse and crime. 2. Statistics The tendency fortwo values of variables to change together, in either the same or opposite

wee cigarette smoking increases, so does the incidence of lung cancer,licating a positive correlation, 3. An act of correlatingor the condition
of being correlated. [Medieval Latin correlatid, correlatiin- : Latin com-,
com- + Latin reldtid,relation, report (< relatus, past participle of referre,
to carry back; see RELATE).] —cor’re-la/tion-al adj.correlation coefficient n. A measure of the interd jence of
two random variables that ranges in value from —1 to +1, indicating per-
fect negative correlation at -1, absence ofcorrelation at zero, and perfect
positive correlation at +1. Also called coefficient ofcorrelation.
cor-rel-a-tive (ko-rél’-tiv) adj. 1. Related; corresponding. 2. Gram-
mar Indicating a reciprocal or complementary relationship: a correla-
tive conjunction. & n. 1. Either of two correlative entities; a correlate. 2.
Grammar A correlative word or jon. —corereVa-tive-ly adv,
correlative conjunction », Either of a pair of conjunctions, such
as either... or or both , .. and, that connect two partsofa sentence and
are not used adjacent to each other. The second of the pair is always a

coordinating eepleactencor-re-spond (kér'l-spind’, kér'-) intr.y, -spond-ed, -spond-
ing, -sponds 1. To be in agreement, harmony, or conformity. 2. Tobe similar or equivalent in character, quantity, origin,structure, or func-
tion: English navel corresponds to Greek omphalos. 3. To communicate
by letter, usually over a period of time. [French correspondre < Medieval

eeeeneeom + respondeére, to respond; see RE-sponp,|

+SYNONYMScorrespond, conform, harmonize, coincide, accord,
‘These verbs all indicate a compatibility between people or things.Cor.respond refers to similarity in form, nature, function, character, orstructure: “Sci statements may or not correspond to the facts
of the physical world” (George Soros). Con stresses correspondencein essence or basic characteristics, sometimes to an ideal or established
standard: “Home was the place where | was forced to conform to someone
else's image ofwho and what I should be" (bell hooks). Harmonize implies
the combination or arran; ofelements in a pleasing whole: The

print on the curtains harmonized with the stipes |. Coincide stressesexact agreement: “His interest happily with his duty”(Edward A.
Freeman). Accord implies harmony,unity, or consistency, as in essential
nature: “The creed [upon which America was founded] was seen
as both and universalistic: It accorded with the future, and it
was open to all” (Everett Carll Ladd). Agree may indicate mere lack of
incongruity or discord, although it often eae acceptance of ideasor actions and thus accommodation: Wefinally agreed on a price for the
house. See also synonyms at assent. 

cor-re-spon-dence (kér'l-spon/dans, kér'-) nm 1. The act, fact,
or state of agreeing or conforming: The correspondence of the witness's
statement with the known facts suggests that he is tellingthetruth. 2. A
similarity, connection, or equivalence: Is there a correspondence between
corporal punishment in children and criminal behavior in adults? 3a.
Communication by the exchange of letters, e-mails, or other forms of
written BGs b. The messages sent of received.
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correspondence course | cortico—
correspondence course n. An educational course offered by acorrespondence school.
correspondence principle n. The principle that predictions of
quantum theory approach those of classical physics in the limit of large
quantum numbers.
correspondence schooln. A school that offers instruction by
mail, sending lessons and examinationsto a student.
cor-re-spon-dem-cy (kér’i-spin’dan-sé, kdr’-) n., pl. -cies Cor-
respondence.
cor-re-spon-dent (kér’I-spdn/dont, kdr’-) 1. 1. One who commu-
nicates by means ofletters, e-mails, or other forms ofwritten messages. 2.
One employed by the print or broadcast media to supply news stories or
articles: a foreign correspondent. 3. One that has regular business dealings
with an , especiallyat a distance. 4. Something that corresponds; a
correlative. > adj. Corresponding. —cor’re-spon/dentely adv.
cor. ing (kér’l-spdn/ding, kér’-) adj. 1, Having the same
or nearly the same relationship. 2, Accompanying another: a high cor-

feeraand its corresponding problems. 3a. Having been assignedresponsibility of written communications: a corresponding secretary.
b. Partcipatin ata cisthocs Ses the fess of 2 pre : deomepoadingmember of the fer association. —cor're-spond/ holy adv,cor-re-spon-sive (kér'I-spin/siv, kér'-) adj. Jointly responsive.
—cor’re-spon'siverly adv.
cor-ri-da (kd-ré/ds, -di) n. A bullfight, especially a program in which
six bulls aged at least four years old are engaged. [Spanish corrida (de

toros), reeeoeee< Latin currere; see kers- in App. 1.

eeees es0°08) n., pl. -dos A Mexican ballad or folk song.tican Sp: < Spanish, ballad < past participle of correr, to run <
Old Spanish < Latin currere; see kers- in App. raeCor-ri-dor (kirli-dor, -dér’, kor?-) n. 1. A narrow hallway, passageway,
orgallery, often with rooms or apartments opening onto it. 2a. A tract
of land designated or used for a specific purpose, as for railroad lines,
highways, or pipelines. b. A route designated for a specific purpose: a

Peceneoel naieknrvHra6 wea TMAfor BONG NGS TEESA route or tract ofland used by migrating animals. 3. A ly populated
strip of land connecting two or more urban areas: people who live in the
Boston-Washington corridor. —idiom: corridors of powerThe places
or positions from which people in authority wield [French < Ital-
jan corridore < correre, to run < Latin currere; see kers- in App. L]
cor-rie (kirfé, kbr/é) mA round hollow inahillside; a cirque. (Scottish
Gaclic evire, hollow, cauldron < Old Irish, cauldron, whirlpool.)
Cor-rie-dale (kér/é-dail’) n. 1. A hornless sheep ofa breed developedin New Zealand and Australia, raised for its meat and dense wool. 2.
The wool ofthis sheep. [After Corriedale, the sheep run in New Zealand
where developmentof the breed was begun in the 18605.]
Cor.ri-gan (kér/l-gan, kie?-), Mairead Born 1944. Irish peace activ-ist. She shared the 1976 Nobel Peace Prize for work in Northern Ireland's
peace movement.
cor-ri-gen-dum (kir’2-jén’dam, kér’-) n., pl. -da (-do) 1. An error
to be corrected, especiallya printer's error. 2. corrigendaA list oferrors
in a book along with their corrections. [Latin, neuter gerundive of cor-
rigere, to correct; see CORRECT.)
cor-ri-gi-ble (kdr/i-jo-bel, kir’-) adj. Capable of being corrected, re-
formed, or improved. (Middle English < Old French < Medieval Latin
corrigibilis < Latin corrigere, to correct; see Connect.| —cor'ri-gi-bil”i-
ty n. —corfriegi-bly adv.cor-ri-val (ka-ri/val, ko-) n. A rival or opponent. [French < Latin
corrivalis : com-, intensive pref; see com- + rivalis, rival; see RIVAL.)
—cor-rifval adj, —corerifvalery (-ré) n.
cor. (ko-r5b/ar-ant) adj. Archaic Producing or stimulating
physical vigor. Used of a medicine.cor-rob-o-rate (ks-réb/s-rit’) trv. -rated, -rat-ing, -rates To
strengthen of support with other evidence; make more certain. See
Synonyms at confirm, [Latin corréborare, corrdborat- : com-, com: +
rhbondre, to strengthen (< rdbur, rébor-, strength;see reudh-in App.1).]—cor-rob’o-ration n. —cor-rob/o-ra'tive (-2-ra’ tiv, -ar-2-tiv), Core
rob/o-rasto’ry (-or-9-tbr’é) adj. —cor-rob/o-ra'tor n.cor-rob-o-ree (ka-réb/2-ré) m. 1. An Australian Aboriginal dance
festival held at night, especially in celebration of an importantevent. 2.
Australian a. A large, noisy celebration. b. A great tumult; a disturbance,
[< Dharuk garabari.]
cor-rode (k2-10d/)v, -rod-ed, -rod-ing, -rodes —tr. 1, To destroy a
metal or alloy gradually, especiallybyoxidation or chemical action: acid
corroding metal. 2, To impair steadily; deteriorate: “Doubt and mistrust
could creep into ourlives, corroding personal andprofessional relationships”
{Philip Taubman), —intr. To be eaten or worn away, [Middle English cor-roden < Latin corrédere, to gnaw away : com-, intensive pref; see COM~ +
ridere, to gnaw; see réd- in App. LL] —cor-rad’ivble, cor-rofsi-ble(-80/s9-bal) adj.
cor-ro-sion (ka-ri/zhan) n. 1a. Theact or process of corroding. b.
The condition produced by corroding. 2. A substance, such as rust,
formed by corroding. [Middle English corosioun, corrosion of tissue <
Old French corrosion < Medieval Latin corrdsid, corrdsién-, the act of
gnawing < Latin corrdsus, past participle of corrddere, to gnaw away;see CORRODE.)
cor-ro-sive (ks-r0"siv, -2lv) adj. 1. Having the capability or tendency
to cause corrosion: a corrosive acid, 2. Gradually destructive; steadily
harmful: corrosive anxiety; corrosive increases in prices; a corrosive narcot-
es trade. 3. Spitefully sarcastic: corrosive criticism; corrosive wit. @ n. Asubstance having the capability or tendency to cause corrosion, —Core
rofsive-ly adv. —cor-ro/sive-nessn.
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corrosive sublimate mn. See mercuric chloride.
cor-ru-gate (kér/s-git’, kor’-) v, -gated, -gat-ing, -gates —1, T>
shape into folds or and alternating ridges and grooves. —intr, To
become shaped into such folds or ridges and “Now the immense
ocean ... sensed the change. Its surface rippled and corrugated wheresweeping cloud shadows touched it” (John Updike). [Latin corriigare,
corriigat-, to wrinkle up : com-, com- + rigdre, to wrinkle (< riiga, wrin-
kle).| —cor’ru-gate’, cor/ru-gat’ed (-gi'tid) adj.
corrugated ironn. A structural sheet iron, usually galvanized,
shaped in parallel furrows and ridges for rigidity.
cor-ru-ga-tion (kér's-gi/shon, kér’-) n. 12. The act or process of
cory, b. The stateofbeing corrugated. 2. A groove or ridge on a
corrugated surface.
cor-rupt (ko-ript’) adj. 1. Marked by immorality and perversion; de.
praved. 2. Venal or dishonest: a corrupt mayor. 3. Containing errors oralterations, especially ones that prevent proper OF use: @
corrupt translation; a corrupt computerfile, 4, Archaic Tainted; putrid.
© ». -rupt-ed, -rupt-ing, -rupts —ir, 1. To ruin morally; pervert:
“The argument that modern life consists ofa menu ofhorrors by which we

led... is a founding idea of the critique of modernity” (Susan
Sontag). 2. To destroy or subvert the honesty or Integrity of, as by of-
fering bribes: “Ourpolitics has been corrupted by money and suffusedwith meanness” (Peter Edelman). 3a. To cause to become rotten; :
“There was a strange smell in the room, high and slightly sweet, like
corrupted in the bottle” (Bella Bathurst). b. ic To render impure;
contaminate. 4a. To alter from original or proper form: “Strangers named
them the Chippewa, which was corrupted to Oj (Paul Theroux). b.
Computers To damage (data)in a file or on a —intr. To become cor-
rupt. [Middle English < Latin corruptus, past participle of corrumpere, to
destroy : com-,intensive pref; see CoM~ + rumpere, to break; see reup-
in 1] —cor-rupt/er, corrup’tor n. —cor-rup’tive adj. —cor+
rupt/ly adv, —cor-rupt/ness n.

+SYNONYMScorrupt, debase, debauch, deprave, pervert, vitiate These
verbs mean to ruin utterly in character or quality: was corrupted by
power; debased himself by taking the bribe; a youth debauched
leda life depraved by sensualindulgence; perverted her talent byherpursuit
ofcommercial success; a laudable goal vitiated by dishonest means.
cor-rupt-i-ble (k2-rop'ts-bal) adj. Capable of corrupted: cor-
ruptible —cor-rupt'i-bil’isty n. —cor-rupt/i-bly adv.
cor-rup-tion (ko-rip’shan) n. 1a. The act or process of corrupting.
b. The state ofbeing corrupt. 2. Decay; rot.
cor-rup-tion-ist (k2-rip’sha-nist) n. One who defends or practices
corruption, in politics.
cor-sage (kér-sizh’, -sij’) m. 1. A small of flowers worn atthe shoulder or waist or on the wrist. 2. The or waist of a dress.
[Middle English, torso < Old French < cors, body < Latin corpus; see
kw"rep- in App. L}
cor-salr (kér/sir’) n. 1. A pirate, especially along the Barbary Coast. 2.
A swift pirate ship, often with official sanction. [French corsuire< Old Provengal corsari < Old It corsaro < Medieval Latin cursdrius
< cursus, plunder < Latin, run, course; see counse.]
corse (kérs) n. Archaic A corpse. [Middle English cors < Old French <
Latin see k*rep- in App. L}
cor-se-let (kér/slit) n. 1, also cors-let (kér/slit) Body armor, espe-
cially a breastplate. 2. also cor-se-lette (kér'ss-lét!) An undergarmentthat is a combination ofa light corset and a brassiere. [French, diminutive
of Old French cors, body; see corset.)cor-set (kébr/sit) n. 1. A close-fittiny often reinforced
by stays, worn to support and shapethewaistline, hips, and breasts. 2.
A medieval outer garment, especially a laced jacket or bodice. @ trv.
-set-ed,-set-ing, -sets To enclose in or as if in a corset. (Middle Eng:
lish, bodice < Old French, diminutive of cors, body < Latin corpus; see
k*rep- in App. L]
cor-se-tiere (kdr’si-tir’) n. One who makes, fits, or sells corsets, bras-
sieres, girdles, and similar undergarments. [French corsetiére, feminine of
corsetier, corset-maker < corset, corset < Old French; see corset.]
Cor-si-ca (kér/si-ko) An island of France in the Mediterranean Sea
north of Sardinia. Napoleon arte was born on theisland, which
was ceded to France by Genoa in 1768. —Corfsi-can adj. & n.
cors-let (kor/slit) m. Variant of corselet (sense 1).
cor-tege also cor-tége (kér-tézh’) nm. 1. A train of attendants, as of
a distinguished person; a retinue. 2a. A ceremonial procession. b. A
funeral procession. [French cortége < Old Italian corteggio < J
to pay hiner < corte, court < Latin cohors, cohort-, throng:eeRentin App. 1.
Cor-tés (kér-téz’, -tés’), Hernando or Hernan 1485-1547. Spanish
explorer and conquistador who conquered Aztec Mexico for Spain.
cor-tex (kir/téks’) n., pl -ti-ces (-tl-sé2’) or -tex-es 1. Anatomy a,
Theouter layer ofan internal organ or bodystructure, as ofthe kidney or
adrenal gland. b. The outer layer of gray matter that covers the surface of

the cerebral hemisphere, 2. Siting ierepich Laie La Posh oe tmlying between the epidermis and the ¥: tissue. 3. An external layer,such as bark or rind, (Latin, bark; see sker-? in App. 1.)
cor-ti-cal (kér/tl-kal) adj. 1. Of,relating to, derived from, or
ofcortex. 2. Of, relating to, associated with, or depending on the ce:
cortex. —cor'ti-calely ady,
cor-ti-cate (kér/ti-kit, -kit") also coretiecateed (-kit'id)adj. Having
4 cortex or a similar specialized outer layer.
cortico- or cortic— pref. Cortex: corticotropin. |< Latin cortex, corti¢-,bark, rind; see cortex.)
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corrective (ka'rektiv) adj 1tending or intended
tocorrect > 2 something that tends oris intended
tocorrect > correctively adv

Corregidor(ka'regi,do:) n an islandat the entrance
to Manila Bay,in the Philippines:siteof the defeat
of American forces by the Japanese (1942) in WorldWarll

correlate (korileit) vb 1 to place orbe placed ina
mutual, complementary,or reciprocal relationship
2 (tr) to establish or show acorrelation > adj
3 having a mutual, complementary, or reciprocal
relationship bn 4 eitheroftwo things mutually or
reciprocally related > ‘correlatable adj

correlation (kori‘lerfan) m 1a mutual or reciprocal
relationship between two or more things 2 the act
or process ofcorrelating or the stateofbeing
correlated 3 statistics the extent of correspondence
between the ordering of two variables. Correlation
is positive or direct when two variables move in the
samedirection and negative or inverse when they
move in opposite directions > correlationaladj

@ETYMOLOGY C16; from Medieval Latin correlatid,
from com- together + relatid, RELATION

correlation coefficient n statistics a statistic
measuring thedegree ofcorrelation between two
variables as by dividing their covariance by the
square root ofthe product oftheirvariances.
‘The closer thecorrelation coefficientis to10r-1
the greater the correlation; if it is random,the
coefficientis zero. See also Pearson's correlation
coefficient, Spearman's rank-order coefficient

correlative (ko'relatry) adj 1in mutual,
complementary,or reciprocal relationship;
corresponding 2 denoting words, usually
conjunctions, occurring together though not,
adjacently in certain grammatical constructions,
as for example neither and nor in such sentences as he
neitheratenordrank > n 3 eitherof two things that are
correlative 4a correlative word > correlatively adv
> correlativeness orcorrelativity n

correspond \(kor'spond)vb (intr) 1 (usually foll by
with orto) to conform, be in agreement, or be
consistent or compatible (with); tally (with)
2 (usually foll by to) to be similar or analogous in
character or function 3 (usually foll by with) to
communicate by letter > corre’spondingly adv

ectymovocy ci6: from Medieval Latin corréspondére,
from Latin respondére to RESPOND

correspondence (kor'spondans) n 1 the act or
condition ofagreeing or corresponding 2 similarity
oranalogy 3 agreementor conformity
4acommunication by theexchange of letters
bthe letters so exchanged

correspondence columnn asectionofa
newspaper or magazine inwhich are printedreaders’letters to the editor

correspondence school n an educationalinstitution that offers tuition (correspondence
Courses) by post

correspondent (kori'spondant) 1 1a person whocommunicates by letter or by letters 2aperson
employed by a newspaper,etc, to report on a spectal
subject or to send reports from a foreign country
3a person orfirm that has regular business
relations with another, esp one in a different part
{the country or abroad 4 something that
corresponds to another » adj 5 similar or analogous

Corréze (French korez) n adepartmentofcentral
France, in Limousin region, Capital:Tulle. Pop:
234144 (2003est).Area: 5888 sq km (2296 sq miles)

corrida (ko'rrida) 1 the Spanish wordfor bullfight
eervmoocy Spanish, from the phrase corrida de toros,

literally: a running of bulls, from correr to run,fromLatin currere
corridor (korido:) a 1a hallwayor passage

connecting parts of a building 2a strip of land or
airspace along therouteofa road orriver: theMi
corridor 3. a strip of land or airspace that affords
access, either from a landlocked country to the sea
{such as thePolish corridor, 1919-39, which divided
Germany) or fromastatetoan exclave (such as the
Berlin corridor, 1945-90, which passed through the
former East Germany) 42 passageway connecting

the compartments of a railway coach S corridors of
power the higherechelonsof government, the Civil
Service, etc, considered as the location of powerand
influence 6a flight path that affords safe access for
intruding aircraft 7 the path that a spacecraft must
follow when re-entering the atmosphere, above
which lift ls insufficient and below which heatingeffects are excessive

eetvMoLocy C16; from Old French,from Old Italian
corridore, literally: place for running, from correre to
Tun, from Latin currere

corridorof uncertainty 1 I cricket anareaof
a wicket just outside a batsman'soffstump, so
located thatthebatsman will have difficulty in
deciding whether or not to play a ball bowled into it
2 soccer an area of the pitch between the defenders
and the goalkeeper, in which itis not clear who
should take the responsibility of dealing with a ball
played into it 3 any situation in which therightcourse of action is not clear

corrie (kon) n geology another namefor cirque(sense 1) ’
e@etvmococy cis: from Gaelic coire cauldron, kettle
Corriedale (kordeil) n a breed of sheep reared for

both wool and meat, originally developed in NewZealand and Australia
corrie-fisted (kon'fisud)ad) Scot dialect left-handed@ETvMoLocy C20:fromearlier car, ker left hand or side,

from Gaelic ceart left or wrong hand
Corrientes (Spanish kovrjentes) 1 aportin

NE Argentina, on the Parand River. Pop:340000(2005 est)
corrigendum (kon'd3endam)n,pl-da (-da) tanerror to be corrected 2 Also called: erratum (sometimes

plural) a slip of paper inserted into a book after
printing,listing errors and corrections@ETYMoLOcY 19: from Latin:that which is to be
corrected, from corrigere to CORRECT

corrigible (‘korid3ib"l) odj Icapable of beingcorrected 2 submissive or submitting to correction.
» corrigibility n > ‘corrigibly adv

@ETyMoLocy cis: from Old French,from Medieval
Latin corrigibilis, from Latin corrigere to set right,CORRECT

corrival (ka'raiv’l) 1, vb a rare word for rival
> corrivalry n

eerymoLocy 16: from Old French,from Late Latin
corrivilis, from Latin com-together, mutually+rivalsRIVAL

corroborant (ka'robarent) adj archaic 1 serving to
corroborate 2 strengthening _

corroborate vb (ka'roba,rert) 1 (tr) to confirm or
support (facts, opinions,etc), esp by providing freshevidence:the witnesscorroborated the accused'sstatement
adj (ka'robartt) archaic 2 serving to corroborate
a fact, an opinion,etc 3 (of a fact) corroborated
» corrobo'ration n > corroborative (ka’robaretiv)
orcorroboratory adj > corroboratively adv
> corroborator n

@ ETYMOLOGY 16: from Latin corrébordre to invigorate,
from rébordre to make strong, from rdbur strength,
literally; oak 1

corroboree (ka'robari) a Austral 1a native assembly
ofsacred,festive, or warlike character2informal
any noisy gathering

@erymovocy cio:from a native Australian language
corrode (ka'reud) vb 1 to eat away or be eaten away,

esp by chemical action as in the oxidation or misting
ofa metal2(tr) to destroy gradually; consume:his
Jealousy corroded his happiness > corrodant orcorrodent:
fn > corroder n > corrodible adj » corrodibility a

@ETYMOLOCY C34:from Latin corrddere to gnaw to
pieces,from ridere to gnaw; see RODENT, RAT

corrody (‘korod:) n, pl-dies a variantspelling
ofcorody

corrosion (ka'rovyan) n 1a process in which a solid,
esp a metal, is eaten away and changed bya
chemical action,as in the oxidation of iron in the
presence ofwater by an electrolytic process 2 slow
deterioration by being eaten or worn away 3 the
condition produced by or the product of corrosion

corrosive (ka'reustv) adj 1(esp ofacids or alkalis)
capable of destroying solid materials 2 tending to

41
 

383 | corrective ~ corsetiére

eat awayorconsume 3 cutting; sarcastic; acorrosive
remark > 4 a corrosive substance, suchasastrong
acid or alkali > cor'rosively adv > corrosiveness n

corrosive sublimate n another name for mercuric
chloride

corrugate yb (‘koru,geit) 1 (usually tr) to fold or befolded into alternate furrows and ridges b> adj
(korugit, -,gett) 2 folded into furrows and ridges;
wrinkled » corrugation na

e@etymovocy cis: from Latin corriigire, from riiga awrinkle ‘
corrugated iron n a thinstructuralsheet made

of iron or steel, formed withalternating ridges and
troughs

corrugated paper n a packaging material made
from layers of heavy paper, the top layer ofwhich
is grooved and ridged

corrugator (‘korugeita) 1 amuscle whosecontraction causes wrinkling of the brow
corrupt (ka'rapt) adj 1 lacking in integrity; open to

or involving bribery or other dishonest practices:
a corrupt official; corrupt practices in an election 2 morally
depraved 3 putrid orrotten 4 contaminated;
unclean 5 (of a text or manuscript) made
meaningless or different in meaning from the
original by scribal errors or alterations 6 (of
computer programs ordata) containing errors bub7 to become or cause to become dishonest ordisloyal
8 to debase or become debased morally; deprave
9 (tr) to infect or contaminate; taint 10 (tr) tocause
to become rotten Ti (tr) to alter (a text, manuscript,
etc) from the original 12 (tr) computing to introduce
errors into (data or a program)> corrupter or
corruptor n > corruptive adj > corruptively adv> corruptly adv > corruptness 1

eerymotocy cis: from Latin corruptus spoiled,
from comumpere to ruin, literally: break to pieces,
from rumpere to break

corruptible (ka'raptab’l) adj susceptible to
corruption; capable ofbeing corrupted
» corruptibility orcorruptibleness n > cor’ruptibly acy

corruption (ka'rapfan) # 1 the act of corrupting or
state of being corrupt 2 moral perversion; depravity
3 dishonesty, esp bribery 4 putrefaction or decay
Salteration, asofa marazacttpt Ganaltered formofa word » corruptionist a

corsac (ko:szk) a a fox, Vulpes conac, ofcentral Asiaertymotocy c19; fromaTurkic language
corsage (ko:'sa:3) a ‘11a Mower orsmall bunch offlowers worn pinned to the Lapel, bosom,etc, or

sometimes carried by women 2 the bodice ofadress
@ETYMOLOGY cis: from Old French,from cors body,from Latin corpus
corsair (o:sea) 1a pirate 2a privateer, esp of theBarbary Coast
eetymovocy cis: from Old Frenchcorsaire pirate, from

‘Medieval Latin cursdrius, from Latin cursus a running,COURSE
corse (ko:s) m an archaic word for corpse
Corse (kors) the French name for Corsica
corselet (‘ko:slit) « 1a piece ofarmour for the top

part of the body, Also spelt: corslet 2aone-piece
foundation garment, usually combining a brassiere

@eETYMOLOGY cas from Ob French,fromcsDatioeof a garment, from Latin corpus
corset (‘ko:sit) 0 Jaastiffened, elasticated, orlaced

foundation garment, worn esp by women, that
usually extends from below the chest co the hips,
providing support for the spine and stomach andshaping the figure ba similar garment worn
because of injury, weakness,etc, by either sex
2nformal a restriction or limitation, esp
governmentcontol ofbank lending Bastiffenedouter bodice worn by either sex, espin the 16th
century > vb 4 (tr) to dress or enclose in, orasin,corset

onrmmotacr 14: from Old French,literally:a litdebodice; see CORSELET
corsetier (Jo:st't19) 1 amanwho makes and fitscorsets
corsetiére (.ko:scti'ca, ko:set-) n awomanwhomakes and fits corsets
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280

Boao associated together or acting under commondirection; esp i a~

corps de ballet e. corresponding

of persons having a commonactivity or occupation <the press3: CORPS DE BALLET
corps de bal-let \,kér-do-(,)ba-la\ n, pl corps de ballet \same or
skOrz-do-\ [F] (1818) : the ensemble of a ballet company

corps d’elite \,kor-da-lét\ n, p/ corps d'elite \same or ,korz-da-\ [F
corps délite] (1832) 1 : a body of picked troops 2: a groupof the
best le in a category

corpse Vkoeps\ n [MEcorps,fr. AF cors, corps, fr. L corpus] (13c) 1archaic : a human or animal body whetherliving ordead 28: a dead
body esp. of ahuman being b : the remainsof something discarded or
defunct (the ~s ofrustingarcorps-man\'kér(z)-man\ n (1901) 1: an enlisted man trained to give
first aid and minor medical treatment 2: a memberof a government:
sponsored service corps

cor-puslence \"kor-pys-lon(t)s\ nm (1547) : the state of being corpulent
cor-pu-len-cy \-lan(t)-sé\ n, pl -cles (1577) : CORPULENCB :
cor-pu-lent \-lant\ adj [ME, fr. L corpulentus, {r. corpus) (14c) : having
.@ large bulky body : OBESE — cor-pu-lentely adv
cor pul-mo-narle \,kor-pil-mo-'ni-lé, ~:pol-, -'na-\ n, pl cor-dla pul-
mo-na-lia \'kor-<dé-2-,pul-m>-'ni-lé-9, -,pol-, -'na-\ (NL, lit,, pulmo-
nary heart] (1857) : disease of the heart characterized by hypertrophy
and dilatation of the right ventricle and secondary to disease ofthe
lungs or their blood vessels ,

cor-pus\'kor-pas\ n, pl cor-po-ra \-p(o-)ro\ [ME, fr. L] (15c) 1: the
body of a human or animal esp. when dead 2 a: the main or
body of a bodily structure or organ <the ~ of the ulerus> tthe
main body or corporeal substance of a thing; specif: the principal of a
fundorestate as distinct from incomeorinterest 3 a: all the writings
or works of a particular kind or on a particular subject; esp : the com-

lete works of an author b:a collection or body of knowledge or ev-
idence; esp : a collection of recorded utterances used as a basis for thedescriptive analysis ofa |:

corpusal-la-tum \-2-‘la-tam, aa\ n, pl corpora al-la-ta \-"l4-ta, -"li-t3\ [NL, lit, applied body] (1947) : one of a pair of separate or fused
bodies in manyinsects that are sometimes closely associated with the
corpora cardiaca and that secrete hormones (as juvenile hormone)

corpus cal-lo-sum \-ka-~lé-sam\ n, pl corpora cal-lo-sa \-s2\ [NL,
lit., callous body] (1677) : the great band of commissural fibers unitingthe cerebral hemispheres of higher mammals including humans — sceBRAIN illustration

corpus car-di-a-cum \-kir-di-2-kom\ n, p! corpora car-di-a-ca \->-
ka\ (NL, lit, cardiac body] (1960) : one of a of separate or fused
bodies of nervous tissuc in many insects thatlieposterior to the brain
and function in the storage and secretion of brain hormone ™

Cor-pus Chris-ti \'kor-pas-tkris-té\ n [ME, fr. ML, lit, body of Christ)(14c) : the Thursday after Trinity as a Roman Catholic festi-val in honorof the Eucharist
cor-pus-cle \'kér-(, n(Lcorpusculum, dim. of corpus] (1660) 1
:aminute particle 22: a living cell; exp : one (as a red or white blood
cell or a cell in cartilage or bone) not aggregated into continuous tis-sues 67 any of various small circumscribed multicellular bodies —
cor-pus-cu-lar \kor-"pas-kya-lar\ adj

cor-pus de-lic-ti \"kér-pas-di-lik-,ti, -(,)t@\ n, p! corpora delictl [NL,
lit., body of the crime] (1818) 1 : the substantial and fundamental fact
necessary to prove the commission of a crime 2: the material sub-
stance (as the bodyofthe victim of a murder) upon which a crime hasbeen committed .

corpus {u-te-um \-"li-t@-om\ n,pl corpora lu-tea \-té-o\ [NL, lit., yel-lowish body) (1788) : a yellowish mass of progesterone-secreting endo-
crine tissue that forms immediately after ovulation from the ruptured
graafian follicle in the mammalian ovary e

corpusstriatum n, pi corpora striata (NL, lit., striated body) (1851): eitherof a pair of masses of nervous tissue within the brain that con-
tain two I nuclei of gray matter separated by sheets of white matter

corr Sant correct; corrected: correction 2 correspondence; corre-spondent; correspon corrupt; corruptioncor-rade \k>-'rad\ vb corrad-ed;cor-rad-ing {L corradere to scrapetogether,fr. com- + radere to scrape — more at RODENT]vt (1646) : to

wear awaybyabrasion ~ vi : to crumble xraythrones abrasion —cor-ra-sion \ra-zhan\ n — cor-ra-sive \-'ra-siv, -ziv\ ad/
cor-ral \k>'ral, -‘rel\ n (Sp, fr. VL *currale enclosure for vehicles, fr. L
currus cart, fr. currere to run — more at CAR] (1582) 1: a pen or en-
closure for confining or capturing livestock 2 : an enclosure made
with wagons for defense of an encampment
‘orral vt cor-ralled; cor-ral-ling (1847) 1 : to enclose in a corral 2

+ to arrange ( ms) so as to form a corral 3 : COLLECT, GATHER
3 <corralling votes for the upcomingclection> .cor-rect \ko-"rekt\ wt (ME.fr. L correctus, pp. of corrigere, fr: com- +regere to lead straight — more at RIGHT) (l4c) 1/a: to make orset

right ; AMEND’<~ an error) b : COUNTERACT, NEUTRALIZE (~ a
harmful tendency)  : to alter or adjust so as to bring to some stan-
dard-or required condition <~ a lens for spherical aberration) 2a
: to punish (as a child) with a view to reforming or improving b : to
point out usu. for amendment the errors or faults of <spent the day
Gee tests) — cor-rect-able \-'rek-to-bal\ adj — cor-rec-tor \-'rek-rn

SyN CORRECT, RECTIFY, EMEND, REMEDY, REDRESS, AMEND, RE-
FORM, REVISE mean to make right what is wrong. CORRECT implies
taking action to remove errors, faults, deviations, defects <correct
your spelling>. RECTIFY implics a more essential changing to make
somethingright, just, or properly controlled or directed rectify a mis-guided policy>. EMEND specif. implies correction of a text or manu-
script <emend a text>. REMEDY implies removing or making harmlessa cause of trouble, harm, or evil <set out to remedy the evils of the
world). REDRESS implies making compensation or reparation for an
unfairness, injustice, or imbalance <redress past social injustices).AMEND, REFORM, REVISE imply an improving by making corrective
changes, AMEND usu. suggesting slight changes’ <amend a law), RE-
FORMimplying drastic change plans to reformthe court system), and
REVISE suggesting a careful examinationof something and the makingof necessary changes (revise the schedule>. syn see in addition FUN-ISH

2,
‘correct ad/ (ME, corrected,fr. L correctus, {r. pp. of corrigere) (1668)
1: conforming to an approved or conventional standard <~ behavior,2: conforming to or agrecing with fact, logic, or known truth a~ re.
sponse) 3: Sonforming to a set figure <enclosed the ~ return post.
age> 4: conforming to the strict requirements ofa ific ideologyor set of beliefs or values <environmentally ~> <spiritually ~) —
correct-ly \ko-'rek(t)-lé\ ady — cor-rect-ness \-'rek(t)-nas\ n

SYN CORRECT, ACCURATE, EXACT, PRECISE, NICE, RIGHT mean con-
forming to fact, standard, or truth. CORRECT usu. implies freedom
from fault or error <correct answers> <socially correct dress), ACCU-RATE implies fidelity (o fact or truth attalned by exercise of care anaccurate descriptlon>. EXACT stresses a very strict agreement with
fact, standard, or truth <exact measurements). PRECISE adds to Ex-
ACT an emphasis on sharpness of definition or delimitation <precite
calibration), NICEstresses great precision and delicacy of adjustment
or discrimination <makes nice distinctions>. RIGHT Is close to Cor-

RECT but has a stronger postive emphasis on conformity to fact ortruth rather than mere absence oferror or fault <the right thing too>.
corrected time n (ca. 1891) : a boat's elapsed time less its time allow-

ance In yacht renecor-rec-tlon \ko-'rck-shan\ 7 (14c) 1: the action or an instance of
correcting: as @ : AMENDMENT, RECTIFICATION b : REBUKE, PUN-
ISHMENT C : a bringing into conformity with a standard d : NEU-
TRALIZATION, COUNTERACTION ¢~ of acidity> 2: a decline in mar-
ket price or business activity following and counteracting a rise 3a
: something substituted in place of whatfs wrong (marking ~s onthe

students’ papers) bia quantity applied by way of correcting (as foradjustmentof an Instrument)4: the treatment and rehabilitation of
offenders through a program involving penal custody, parole, and pro-
bation; also : the administration of such treatment as a matter of pub-
lic policy — usu. used in pl. — cor-rec-tion-al \-shnal, -sha-n°l\ adj

correction fluid n (1968): a liquid used to paint over typing or writingerrors
cor-recetl-tude \ko-'rek-to-tid, -tyfid\ m [blend of correct and recti-tude} (1893) : correctness or propriety of conduct
cor-rec-tive \ko-'rek-tiv\ adj (1531) : intended to correct <~ lenses
<~ punishment) — corrective  — cor-rec-tive-ly adv

‘cor-re-late \'kér-o-lot, "kir-, =lat\ nm [back-formation fr. correlation)
(1643) 1: either of two things so related that one directly implies or is
complementary to the other (as husband and wife) 2: a phenomenon
that accompanies another phenomenon,is usu. el to it, and is re-
lated in some wayto It <precise electrical ~s of conscious thinking in

2 the human brain —Bayard Webster) — correlate adj ~‘cor-re-late\-Jat\ vb -lat-ed; -lat-ing vi (ca. 1742) : to bear reciprocalor mutual relations : CORRESPOND ~ vf 1a; to establish a mutual or
reciprocal relation between (~ activities in the lab and the field) b
: to show correlation or a causal relationship between 2 : to present
orset forth so as to showrelationship <he ~s the findings ofthe scien-
tists, the psychologists, and the mystics —Eugene Exman> — cor-re-
lat-able \-,14-ta-bal\ adi — cor-re+lat-or\-)l4-tor\ a

cor-re-ta-tion \,kor-a-la-shon,,kiir-\ n (ML correlation-, correlatio, fr. Lcom- + relation, relatio relation] (1561) 1 =: the state or relation of be-
ing correlated; if: a relation existing between phenomena orthings
or between mathematical orstatistical variables which tend to vary, be
associated, or occur together. in a way not expected on the basis of
chance alone <the obviously high positive ~ between scholastic apti-
tude and college entrance —J, B. Conant> 2: the act of correlating —
cor-re-la-tion-al\-shnal, -sha-n*I\ adj

correlation coefficient n (1895) : a numberor function thatindicates
the degree of correlation between two sets of data or between two ran-

dom variables and thatis equal to their covariance divided by the prod-uct of their standard deviations :
cor-rel-a-tive \ko-'re-la-tiv\ adj (1530)_1 : naturally related ; CoRRE-
SPONDING 2: reciprocally related 3 : regularly used together but
typically not adjacent <the ~ conjunctions either... or) — correla-

en— correaUyeyay IN :cor-re-spo! r-9-"spind, ,kar-\ vi [MF or ML; MF correspondre,fc.
ML nidére, fr. L com- + dére to respond] (1529) 1a: to
be in conformity or agreement <the ideal failed . . . to ~ with the real-
ity —J, R. Sutherland) b : to compare closely : MATCH — usu. used

with fo or with. © :to be equivalent or parallel 2 : to communicatecorraaagnideneeVicar(15) 1ateserene-re-spon-dence t)s\ a a: the t of
things with one another 6: a particular similarity ¢ : a relation be-tween sets in which each memberofoneset is associated with one or
more members of the other — compare FUNCTION Sa 2a: communi-
cation byletters; also ; the letters exchanged b : the news, informs-

Yon, or opinion contributed by a correspondentto a newspaper or pe-ci
correspondence course n (1902) : a course offered by a correspon-dence school
correspondence schooln (1889) : a schoolthat teaches nonresident
students by mailing them lessons and exercises which upon completion
are returned to the school for grading |

cor-re-spon-den-cy \,kér-o-'spin-dan(t)-sé, ,kar-\ m, pl -cles (1589)

’ r-re-spon-dentWk6: ‘spin-d: kir-\ adj (ME, fr. MF or-ML;‘cor-re-spon-den f-2-! jant, 2 r. or ML;
MF,fr. ML correspondent-, correspondens, prp. ofcoi J (1Sc)1: CORRESPONDING 2 : FITTING, CONFORMING — used with with or
fo <the outcome was entirely ~ with my wishes>

correspondentn (ca. 1630) 1a: one who communicates with anoth-
er by letter b : one who has regular commercial relations with anoth-
er ©: one who contributes news or commentary to a publication (as a
bewspaper)ora radio or television network often from a distantplace
<a war ~)> 2:something that corresponds

corresponding adj (1579) 1 a: having or participating in the same
relationship (as kind, degree, position, correspondence, or function)
esp. with regard to the same orlike wholes (as geometric figures orsets) <~ parts of similar triangles) b ; RELATED, ACCOMPANYINGCall
rights carry with them ~ nsibilities —W.P, Paepcke> 2 3
: charged with the duty of wating letters <~ secretary) b:partici-pating or serving at a distance by mail <a ~ member of the soci-

45? — cor-re-spond-ing-ly \-'spin-dip-lé\ adv
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corresponding angles n pi (1784) : any pair of angles cach of whichison tesame ite of aneof two lines cut by a transversal and on the
cor-re-spon-sive \\kér->-'spiin(t)-siv, ,kiir-\ adj (1606) mutually re-sponsive
corrl-da \ko-'ré-tha\ n (Sp, lit., act of running] (1802) : BULLFIGHTcor-ri-dor \koraiey "kar-, -dor\ (MF,fr. It dial. (N Italy) corridore,fr. correre to run, fr. L currere — more at CAR) (1719) 1: a passage-
way (as in a hotel or office building) into which compartments orrooms open 6 : a place or position in which esp. political power is
wielded through discussion and deal-making <was excluded from the
~s of power after losing the election> 2: a usu. narrow passagewayor route; as @ : a narrow strip of land through foreign-held territory
b:a restricted lane for air traffic c¢:a land path used by migratinganimals 3 @ : a densely populated strip of Tandincluding two or more
major cities he Northeast ~ stretching from Washington into NewEngland —S. D. Browne> b : an area orstretch ofland identified by a

specificcommenSurmcwriatic or purpose <a ~ of liberalism) <thecorrie \"kor-€, *kar-€\ n [(ScGaelcoire,lit., kettle] (1795) = CARQUE 3
Convriecdale\calIc dale, ranch in New Zealand] (1902) : anybreed sarge . homless loped
Zealand and raised for mutton and wool yer dere aecor-ri-gen-dum\,kor-o-jen-dam, ,kar-\ n, pl -da \-da\ [L, neut. of cor-

rundive of corrigere to correct] (1823) : an errorin a print-work after printing and shown withits correction on a
separate sheet

cor-ri-gi-ble \'kér-2-J2-bal, "kar-\ adj [ME, fr. MF.fr. ML corrigibili
Lcontecre] (15c) : capable ofbeing set right : REPARABLE <a pofect) — cor-ri-gl-bil-l-ty \\kor-a-j>-'bi-lo-té, ,kair-\ n

cor-ri-val \ko-‘ri-val, ko-, ko-\ n . fr. L corrivalis, fr. com- + rivalis

rival) oeNaiteborealaeoertval adjcor-rob-o-! \ko- rani :

ratingeffect—ws ofame i ee ) archaic : having an invigo-cor-ro! > t\ vt -rat-ed; -rat-ing[Lcorroboratus, pp.
of corroborare, fr. com- + robor-, robur strength Vos ito supportwith evidence or authority ; make more certain syn see CONFIRM —
cor-rob-o-ra-tion \-,ra-b>-'ra-shan\ n — cor-rob-o-ra-tive \~'ra-bo-
wa-tiv, *ra-b(9-)ro-\ adj — cor-rob-o-ra-tor \-'ri-bo-,ri-tar\ n — cor-
ainehnhSeeaeadncorrob-o-ree \ko- . “ra-\ n [Dharuk (Australian aboriginal
language of the Port Jackson area) garaabara) (1811) 1: a nocturnalfestivity with songs and symbolic dances by which the Australian ab-

critioes,neeceleorase, events ofimportance 2 Austral a: a noisy festivitycor-rode \ko-"rdd\ vb cor-rod-ed; cor-rod-ing [ME,fr. L corrodere to
maw to pieces, fr. com- + rodere to gnaw — more at RODENT)vf (14c)lo cat away by degrees as if by gnawing; esp : to wear away gradual-
ly usu. by chemical action <the metal was corroded beyond repair) 2
: to weaken or destroy gradually : UNDERMINE (manners and miserli-
ness that ~ the human spirit —Bernard De Voto> ~ vi < to undergocorrosion — cor-rod-ible \-'ré-da-bal\ ad/

corrody var ofCORODYcor-ro-sion \k>'ré-zhan\ n [ME, fr. LL corrosion-, corrosio act of
gnawing, fr. L corrodere] (14c) 1: the action, process, or effect of cor-
toding 2:aProduct ofcor-ro-sive \-'r6-siv, -ziv\ adj (14c) 1: tending or having the power to
corrode <~ acids) <~ action) <the ~ effects of alcoholism). 2: bit-
ingly sarcastic <~ satire> — corrosive n — cor-ro-sive-ly adv —cor-ro-sive-ness n

corrosive sublimate n (ca. 1747) : MERCURIC CHLORIDE
cor-ru-gate \'kdr-o-,gat, 'kar-\ vb -gat-ed; -gat-ing [L corruganss,
of corrugare, fr. com-+ ruga wrinkles prob.

 

to Lith raukas wrinkle— more at ROUGH) vf (1620) : to form or shape into wrinkles or folds
or into alternating ridges and grooves : FURROW ~ vi : to become cor-rugated

corrugated adj (1590) : having corrugations <~ paper); also : made ofmaterial (as cardboard) <~ boxes>
cor-rusga-tion \,kor-o-'ga-shan, ,kar-\ nm (1528) 1 : the act of corrugat-

1 ing 2: a ridge or groove of a surface that has been corrugated
corrupt \k>-"ropt\ vb (ME,fr. Leype. of corrumpere, fr. com- +Tumpere to break — more at REAVE] vi (14c)_ 1 @ : to change from
good tobad in morals, manners, or actions; also : DRIDE b : to de-grade with unsound principles or moral values 2: ROT, SPOIL 3: to
subject (a person) to corruption of blood 4;to alter from the originalor correct form orversion <the file was ~ed) ~ vi 1: to become
lainted or rotten 6: to become morally debased 2 : to cause disinte-

tion or ruin syn see DEBASE — cor-rupt-er also cor-rup-tor
“rap-tar\ n — cor-rupt-ibil-l-ty \-,rap-to-’bi-lo-té\ n — cor-rupt-Ible

2,\"rap-to-bal\adi— cor-rupt-ibly \-blé\ advcorrupt adj , fr. AF or L; AF, fr. L corruptus) (14c) 1a: morally
degenerate and perverted 7 DEPRAVEDb; characterizedbyimproper
conduct (as bril or the selingoffavors <~ judges) 2: PUTRID,TAINTED 3: adulterated or de! by change from an original or
Correct condition <a ~~ version of the text> syn see VICIOUS — Cor-
Tupt-ly \rap(t)-lé\ adv — cor-rupt-ness \-'rop(t)-nas\ n

cor-rup-tion \korap-shon\ n (I4c) 1a: t of integrity, vir-
tue, or moral principle : DEPRAVITY b> DECAY, DECOMPOSITION ¢
+: inducement to wrong by improper or unlawful means (as bribery) d
: a departure from the original or from whatis pure or correct 2 ar-

tan agency orinfluence that corrupts. 3 chiefly dial : puscor-rup-tion-ist \-sh(>-)nist\ m (1810) : one who practices or defends
corruptionesp.in politics

corruptionofblood (1563) : the effect of an attainder which bars a

eo from inheriting, retaining, or transmitting any estate, rank, orCcor-rup-tive \ko-'rop-tiv\ adj (15c) : producing or tending to produce
corruption — cor-rup-tivorly advcor-sage \kér-'sizh,-'s4j, 'kor-,\ n [F, bust, bodice, fr. OF, bust, {r. cors
body. feL conus] (1830) 1: the waist or bodice of adress 2: an ar-fangementof flowers worn as a fashion accessory .

Cor-sair \'kor-ser; kor~\ 0 (MF & Olt; MF corsaire pirate, fr. Old Occi-
tan corsari, fr. Olt corsaro, fr. ML cursarius, fr. L cursus course — more
at COURSE] (1549) : PIRATE; esp : @ privateer of the Barbary Coast
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corse \'kérs\ nm [MEcors, fr, AF] (13c) archaic : CORPSE
corse-let Vor / 'kér-slat, for 2 ,kor-s2-"Iet\ n (1563) 1 or cors-let [MF,
dim.of cors body, bodice] : a piece of armor covering the trunk 2 orcor-se-lette [fr. Corseletic, a trademark] : an undergarment combin-
ing girdle and brassiere

‘eor-set \'kor-sat\ 7 [ME, fr. AF, dim, of cors] (13c) 1 : a usu. close-
fitting and often laced medieval jacket 2 = a woman's close-fitting
boned supporting undergarmentthatis often hooked and laced andthat extends from above or beneaththe bust or from the waist to below
the hips and has garters attached

2corsetvt (1845) 1: to dress in or fit withacorset 2: to restrict close-
ly : control rigidly

cor-se-tiere \,kor-so-"tir, ~tyer\ n [F corsetiére, fem. of corsetier, {r. cor-
set] (1848) : one who makes,fits, or sells corsets, girdles, or brassieres

cor-set-ry \'kdr-sa-tré\ nm (1904) : underwear(as corsets, girdles, andbrassicres) meant to shape a woman's iy
cor-tege also cor-tege \kér-'tezh, 'kor-.\ 7 IF cortege, fr. It corteggio,

{r. corteggiare to court,fr. corte court, fr, L cohort-, cohors enclosure —more al COURT) (16458) 1:2 train of attendants: RETINUE 2: PRO-
CESSION;esp : a funcral procession

cor-tex \'korsteks\ m, pl cor-thces \'kor-to-séz\ or cor-tex-es {L
cortic-, cortex bark — more at CUIRASS] (1677) 1 a (1) : the outer or
superficial part of an organ or bodily structure (as the kidney, adrenal
gland, or cerebellum or a bone); esp > CEREBRAL CORTEX (2) : the
proteinaceous usu. pigmented layer ofa hair below the cuticleDb:the
outer part of some organisms (as ecia) 2: plant bark or rind
(as cinchona) used medicinally a: the typically parenchymatous
layer oftissue external to the vascular tissue and internal to the corky
or epidermal tissues of a green plant; broadly : all tissues external to
the xylem 6 : an outer or investing layer of various algae,lichens, orfu

cortical \'kor-ti-kal\ adj (1671) 1:of, relating to, or consisting of
cortex 2: involving or resulting from the action or condition of thecerebral cortex — coretl-calely \-k(o-)IE\ adv

cortico- combform : cortex <corticotropin>
cor-th-coid \'kér-ti-,-kdid\ 2 (1941) : CORTICOSTEROID — corticoid adj
cor-ti-co-ste-rold \,kér-ti-k6-'stir-did also -'ster-\ n (1944) = any ofvarious adrenal-cortex steroids (as corticosterone, cortisone, and al-
dosterone) used medically esp. as anti-inflammatory agents — com-
pare GLUCOCORTICOID, MINERALOCORTICOID

cor-tl-co-ste-rone \,kor-to-"kis-t2-,rdn,-ti-kd-st2-"; skOr-ti-k6-'stir-,6n,
~ster-\ n (1937) : a colorless crystalline corticosteroid C2:H30O4 thatis
importantin protein and carbohydrate metabolism

cor-ti-co-tro-pin \kér-ti-kd-'trd-pan\ also cor-ti-co-tro-phin \-fon\ n
(1946) : ACTH; also : a tion of ACTH thatis used esp. in thetreatment of rheumatoid arthritis and rheumatic fever

cor-ti-sol Nikbecoall,~261, -sdl, pen n [cortisone + *-of] (1951): aglucocorticoid C21H300s produced by the adrenal cortex upon stimula-
tion by ACTH that mediates various metabolic processes (as gluconco-
genesis), has antl-inflammatory and immunosuppressive propertics,and whose levels in the blood may become elevated in response to
physical or psychological stress — called also hydrocortisone

cor-tl-sone \-,sdn,-z6n\ n [alter. of corticosterone] (1949) : a glucocor-
ticoid C2}H2sOsof the adrenal cortex used in synthetic form esp. as an

anti-inflammatory agent(as for sheumaatoks arthritis)Cort-land \'"kért-lond\ 1 (prob. fr. nd Co., New York] (1935) : a

juicy apple having red skin and mildly tart white Meshco-run-dum \ko-“‘ren-dam\ n kuruntam; akin to Skt kuruvinda
ruby] (1804) : a very hard mineral that consists of aluminum oxide oc-
curring in massive and crystalline forms, that can be synthesized, andthatis used for gemstones (as ruby and sapphire) and as an abrasive

co-rus-cant\ko-'ras-kont\ adj (15c) : SHINING, GLITTERING
cor-us-cate \'kor-o-skat, "kiir-\ vi -cat-ed; -cat-ing [L coruscatus, pp.
of coruscare to flash] (1705) 1 : to give off or reflect light in bright

Vo or flashes : SPARKLE 2: to be brilliant or showy in techniqueor style
cor-us-ca-tion \,kér-o-'ska-shon, ,kdr-\ m (15c) 1: GLITTER, SPARKLE2:aflash of wit
cor-vée \'kér-,v4, kor-"\ n [F, fr. ML corrogata, fr. L, fem. of corrogatus,
pp. of corrogare to collect, requisition, fr. com- + rogare to ask — more

at RIGHT) (l4c) 1: und labor (as toward constructing roads) duefrom a feudal vassal to his lord 2 : labor exacted in lieu of taxes by
public authorities esp, for highway construction or repair

corves piofCORF
cor-vette \kér-'vet\ n [F, fr. MF, prob. fr. MD cor/, a kind ofship,lit.,
basket — more at CONF] (1636)' 1 : a warship ranking in the old sailing navies next below a frigate 2: a highly maneuverable armed es-

cort shi nt Bsmaterthan asBestroyercor-v! r-vod\ nm Corvidae, {r. Corvus, genus name,fr. L, rave:
(ca. 1909) : any of a family (Corvidae)of stout-billed passerine birds acluding the crows, Jays, magpies, and the raven

corvina \noeeae n1Amersp. ni Sp — more at Corsra] (1787): any of several marine bonyfishes (genus Cynoscion of the family Sci-
aenidac)of the Pacific coast of No. America :4cor-vine \'kér-,vin\ ad/ [L corvinus, fr. corvus raven — more at RAVEN]
(ca. 1656) ; of or relating to the crows : resembling a crow

Cor-vus \'kér-vas\ n [L (gen. Corr, lit., raven] (1658) : a small constel-lation adjoining Virgo on the sout!
Cor-y-bant\'kor-2-,bant, "kir-\ n,plCor-y-bants \-,ban(t)s\ or Cor-y-

 

ban-tes \,k6r-o-"ban-téz, ,kir-\ Corybante, fr. L_Co fr. Gk
Korybas] (14c) : one of the attendants oted
wildly NO jons andrites RE PSE ar Coe BOS 5cor-y-banetic \,kor-é-'ban-tik, ,kar-\ adj (1642) : being in the spirit or
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Introduction 

ln the 20th century, technological innovation has progressed at such an accelerated pace that it has 

permeated almost every facet of our lives. This is especially true in the field of medicine and the de
livery of health care services. Today, in most developed countries, the modern hospital has emerged 

as the center of a technologically sophisticated health care system serviced by an equally technolog

ically sophisticated staff. 

With almost continual technological innovation driving medical care, engineering professionals 
have become intimately involved in many medical ventures. As a result, the discipline of biomedical 

engineering has emerged as an integrating medium for two dynamic pro fessions, medicine and en
gineering. In the process, biomedical engineers have become actively involved in the design, devel

opment, and utilization of materials, devices (such as ultrasonic lithotripsy, pacemakers, etc.), and 
techniques (such as signal and image processing, artificial intelligence, etc.) for clinical research, as 

well as the diagnosis and treatment of patients. Thus many biomedical engineers now serve as mem
bers of health care delivery teams seeking new solutions for the difficult health care problems con

fronting our society. The purpose of this handbook is to provide a central core of knowledge from those 
fields encompassed by the discipfine of biomedical engineering. Before presenting this detailed infor
mation, it is important to provide a sense of the evolution of the modern health care system and 

identify the diverse activities biomedical engineers perform to assist in the diagnosis and treatment 

of patients. 

Evolution of the Modern Health Care System 

Before 1900, medicine had little to offer the average citizen, since its resources consisted mainly of 
the physician, his education, and his " little black bag." In general, physicians seemed to be in sho rt 

supply, but the shortage had rather different causes than the current crisis in the availability of health 
care professionals. Although the costs of obtaining medical training were relatively low, the demand 

for doctors' services also was very small, since many of the services provided by the physician also 
could be obtained from experienced amateurs in the community. The home was typically the site 

for treatment and recuperation, and relatives and neighbors constituted an able and willing nursing 
staff. Babies were delivered by midwives, and those illnesses not cured by home remedies were left 

to run their natural, albeit frequently fatal, course. The contrast with contemporary health care prac
tices, in which specialized physicians and nurses located within the hospital provide critical diag

nostic and treatment services, is dramatic. 
The changes that have occurred within medical science originated in the rapid developments that 

took place in the applied sciences (chemistry, physics, engineering, microbiology, physiology, phar

macology, etc.) at the turn of the century. This process of development was characterized by intense 

iii 

50



interdisciplinary cross-fertilization, which provided an environment in which medical research was 
able to take giant strides in developing techniques for the diagnosis and treatment of disease. For 

example, in 1903, Willem Einthoven, the Dutch physiologist, devised the first electrocardiograph to 

measure the electrical activity of the heart. In applying discoveries in the physical sciences to the 

analysis of a biologic process, he initiated a new age in both cardiovascular medicine and electrical 

measurement techniques. 
New discoveries in medical sciences followed one another like intermediates in a chain reaction. 

However, the most significant innovation for clinical medicine was the development of x-rays. These 
"new kinds of rays," as their discoverer W. K. Roentgen described them in 1895, opened the "inner 
man" to medical inspection. Initially, x-rays were used to diagnose bone fractures and dislocations, 

and in the process, x-ray machines became commonplace in most urban hospitals. Separate de
partments of radiology were established, and their influence spread to other departments through
out the hospital. By the 1930s, x-ray visualization of practically all organ systems of the body had 
been made possible through the use of barium salts and a wide variety of radiopaque materials. 

X-ray technology gave physicians a powerful tool that, for the first time, permitted accurate di
agnosis of a wide variety of diseases and injuries. Moreover, since x-ray machines were too cum
bersome and expensive for local doctors and clinics, they had to be placed in health care centers or 
hospitals. Once there, x-ray technology essentially triggered the transformation of the hospital from 

a passive receptacle for the sick to an active curative institution for all members of society. 
For economic reasons, the centralization of health care services became essential because of many 

other important technological innovations appearing on the medical scene. However, hospitals re
mained institutions to dread, and it was not until the introduction of sulfanilamide in the mid- i 930s 
and penicillin in the early 1940s that the main danger of hospitalization, i.e., cross-infection among 
patients, was significantly reduced. With these new drugs in their arsenals, surgeons were permitted 
to perform their operations without prohibitive morbidity and mortality due to infection. Further
more, even though the different blood groups and their incompatibility. were discovered in 1900 and 
sodium citrate was used in 1913 to prevent clotting, full development of blood banks was not prac
tical until the 1930s, when technology provided adequate refrigeration. Until that time, "fresh" 

donors were bled and the blood transfused while it was still warm. 
Once these surgical suites were established, the employment of specifically designed pieces of 

medical technology assisted in further advancing the development of complex surgical procedures. 
For example, the Drinker respirator was introduced in 1927 and the first heart-lung bypass in 1939. 
By the 1940s, medical procedures heavily dependent on medical technology, such as cardiac 
c.atheterization and angiography (the 1Jse of a cannula threaded through an arm vein and into the 
heart with the injection of radiopaque dye for the x-ray visualization of lung and heart vessels and 
valves), were developed. As a result, accurate diagnosis of congenital and acquired heart disease 
(mainly valve disorders due to rheumatic fever) became possible, and a new era of cardiac and vas

cular surgery was established. 
Following World War II, technological adlvances were spurred on by efforts to develop superior 

weapon systems and establish habitats in space and on the ocean floor. As a by-product of these ef
forts, the development of medical devices accelerated and the medical profession benefited greatly 
from this rapid surge of"technological finds." Consider the following examples: 

iv 

I. Advances in solid-state electronics made it possible to map the subtle behavior of the funda
mental unit of the central nervous system-the neuron-as well as to monitor various phys
iologic parameters, such as the electrocardiogram, of patients in intensive care units. 

2. New prosthetic devices became a goal of engineers involved in providing the disabled with 
tools to improve their quality of life. 

3. Nuclear medicine--an outgrowth of the atomic age--emerged as a powerful and effective 
approach in detecting and treating specific physiologic abnormalities. 
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4, l)i1:1gnostic ultrasound based on sonar technology became so widely accepted that ultra~onic 
studies are now p1:1rt of the routi ne diagnostic workup in many medical specialties. 

s. ''Sp,,re parts" surgery also became commo nplace. Technologists were encouraged to provide 
cardiac assist devices, such as artilicial heart valves and artilic ial blood vessels, and the artifi
cial heart program was launched to develop a replacement fo r a defective or diseased human 

heart. 
6. Advances in materials have made the development o f disposable medical devices, such as 

needles and thermometers, as well as implantable drug delivery systems, a reali ty. 
7. Computers similar to those developed to control the flight plans of the Apollo capsule were 

used to store, process, and cross-check medical records, to monitor patient status in inten
sive care units, and to provide sophisticated statistical diagnoses of potential diseases corre
lated with specific sets of patient symptoms. 

8. Development of the first computer-based medical instrument, the computerized axial to
mography scanner, revolutionized clinical approaches to noninvasive diagnostic imaging 
procedures, which now include magnetic resonance imaging and positron emission tomog
raphy as well. 

The impact of these discoveries and many others has been profound. The health care system con
sisting primarily of the "horse and buggy" physician is gone forever, replaced by a technologically 
sophisticated clinical staff operating primarily in "modern" hospitals designed to accommodate the 
new medical technology. This evolutionary process continues, with advances in hiotechnology and 
tissue engineering altering the very nature of the health care delivery system itself. 

The Field of Biomedical Engineering 

Today, many of the problems confronting health professionals are of extreme interest to engineers 
because they involve the design and practical application of medical devices and systems-processes 
that are fundamental to engineering practice. These medically related design problems can range 
from very complex large-scale constructs, such as the design and implementation of automated clin
ical laboratories, multiphasic screening facilities (i.e., centers that permit many clinical tests to be 
conducted), and hospital information systems, to the creation of relatively small and "simple" de
vices, such as recording electrodes and biosensors, that may be used to monitor the activity of spe
cific physiologic processes in either a research or clinical setting. They encompass the many com
plexities of remote monitoring and telemetry, including the requirements of emergency vehicles, 
operating rooms, and intensive care units. The American health care system, therefore, encompasses 
many problems that represent challenges to certain members of the engineering profession called 
biomedical engineers. 

Biomedical Engineering: A Definition 

Although what is included in the field of biomedical engineering is considered by many to be quite 
clear, there are some disagreements about its definition. For example, consider the terms biomedical 
engineering, bioengineering, and clinical ( or medical) engineering which have been defined in Pacela's 
Bioengineering Education Directory [ Quest Publishing Co., 1990]. While Pacela defines bioengineer
ing as the broad umbrella term used to describe this enti re field, bioengineering is usually defined as 
a basic research-oriented activity closely related to biotechnology and genetic engineering, i.e., the 
modification of animal or plant cells, or parts of cells, to improve plants or animals or to develop 
new microorganisms for beneficial ends. In the food industry, for example, this has meant the im
provement of strains of yeast for fermentation. In agriculture, bioengineers may be concerned with 
the improvement of crop yields by treatment of plants with organisms to reduce frost damage. It is 
dear that bioengineers of the future will have a tremendous impact on the quality of human life, the 
poten tial of this specialty is difficult to imagine. Consider the following activities ofbioengineers: 

V 

52



, Development of improved species of plants and animals for food production 

J nvention of new medical diagnostic tests for diseases 

, Production of synthetic vaccines from clone cells 

• Bioenvironmental engineering to protect human, animal, and plant life from toxicants and 

pollutants 

Study of protein-surface interactions 

, Modeling of the growth kinetics of yeast and hybridoma cells 

Research in immobilized enzyme technology 

• Development of the rapeutic proteins and monoclonal antibodies 

In reviewing the above-mentioned terms, however, biomedical engineering appears to have the 

most comprehensive meaning. Biomedical engineers apply electrical, mechanical, chemical, optical, 

and other engineering principles to understand, modify, or control biologic (i.e., human and ani

mal) systems, as well as design and manufacture products that can monitor physiologic functions 

and assist in the diagnosis and treatment of patients. When biomedical engineers work within a hos
pital or clinic, they are more properly called clinical engineers. 

Activities of Biomedical Engineers 

The breadth of activity of biomedical engineers is significant. The field has moved significantly from 
being concerned primarily with the development of medical devices in the l 950s and 1960s and to 

include a more wide-ranging set of activities. As illustrated below, the field of biomedical engineer
ing now includes many new career areas, each of which is presented in this Handbook. These areas 

include 

Application of engineering system analysis (physiologic modeling, simulation, and control) 

to biologic problems 

Detection, measurement, and monitoring of physiologic signals (i.e., biosensors and biomed
ical instrumentation) 

Diagnostic interpretation via signal-processing techniques of bioelectric data 

• Therapeutic and rehabilitation procedures and devices (rehabilitation engineering) 

Devices for replacement or augmentation of bodily functions (artificial organs) 

Computer analysis of patient-related data and clinical decision making (i.e., medical infor
matics and artificial intelligence) 

Medical imaging, i.e., the graphic display of anatomic detail or physiologic function 

The creation of new biologic products (i.e., biotechnology and tissue engineering) 

Typical pursuits of biomedical engineers, therefore, include 

Research in new materials for implanted artificial organs 

• Development of new diagnostic instruments for blood analysis 

Computer modeling of the function of the human heart 

• Writing software for analysis of medical research data 

• Analysis of medical device hazards for safety and efficacy 

• Development of new diagnostic imaging systems 

• Design of telemetry systems for patient monitoring 

• Design of biomedical sensors for measurement of human physiologic systems variables 

• Development of expert systems for diagnosis of diseases 

• Design of closed-loop control systems for drug administration 

vi 
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• Modeling of the physiologic systems of the human body 

, Design of instrumentation for sports medicine 

• Development of new dental materials 

• Design of communication aids for the handicapped 

Study of pulmonary fluid dynamics 

• Study of the biomechanics of the human body 

Development of material to be used as replacement for human skin 

Biomedical engineering, then, is an interdisciplinary branch of engineering that ranges from the
oretical, nonexperimental undertakings to state-of-the-art applications. It can encompass research, 
development, implementation, and operation. Accordingly, like medical practice itself, it is unlikely 

that any single person can acquire expertise that encompasses the entire field. Yet, because of the in
terdisciplinary nature of this activity, there is considerable interplay and overlapping of interest and 
effort between them. For example, biomedical engineers engaged in the development of biosensors 

may interact with those interested in prosthetic devices to develop a means to detect and use the 
same bioelectric signal to power a prosthetic device. Those engaged in automating the clinical chem
istry laboratory may collaborate with those developing expert systems to assist clinicians in making 
decisions based on specific laboratory data. The possibilities are endless. 

Perhaps a greater potential benefit occurring from the use of biomedical engineering is identifi
cation of the problems and needs of our present health care system that can be solved using exist
ing engineering technology and systems methodology. Consequently, the field of biomedical engi
neering offers hope in the continuing battle to provide high-quality health care at a reasonable cost; 
and if properly directed toward solving problems related to preventive medical approaches, ambu
latory care services, and the like, biomedical engineers can provide the tools and techniques to make 
our health care system more effective and efficient. 

Joseph D. Bronzino 
Editor-in-Chief 
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52 
Optical Sensors 

52.1 Instrumentation ...... . ..... . ........... . .. . .......... 765 
Light Source • Optical Element • Photodetectors • Signal Processing 

52.2 Optical Fibers ..................... . .................. . 766 
Probe Configurations • Optical Fiber Sensors • Indicator-Mediated 
Transducers 

52.3 General Principles of Optical Sensing ..................... 767 
Evanescent Wave Spectroscopy • Surface Plasrnon Resonance 

52.4 Applications .......... . ........................ . ...... 769 
Oxirnetry • Blood Gases • Glucose Sensors • Irnrnunosensors 

Optical methods are among the oldest and best-established techniques for sensing biochemical 
analytes. Instrumentation for optical measurements generally consists of a light source, a number 
of optical components to generate a light beam with specific characteristics and to direct this light 
to some modulating agent, and a photodetector for £rocessing the optical signal. The central part 
of an optical sensor is the modulating component, and a major part of this chapter will focus on 
how to exploit the interaction of an analyte with optical radiation in order to obtain essential 
biochemical information. 

The number of publications in the field of optical sensors for biomedical applications has grown 
significantly during the past two decades. Numerous scientific reviews and historical perspectives 
have been published, and the reader interested in this rapidly growing field is advised to consult these 
sources for additional details. This chapter will emphasize the basic concept of typical optical sensors 
intended for continuous in vivo monitoring of biochemical variables, concentrating on those 
sensors which have generally progressed beyond the initial feasibility stage and reached the promis
ing stage of practical development or commercialization. 

Optical sensors are usually based on optical fibers or on planar waveguides. Generally, there are 
three distinctive methods for quantitative optical sensing at surfaces: 

1. The analyte directly affects the optical properties of a waveguide, such as evanescent waves 
( electromagnetic waves generated in the medium outside the optical waveguide when light 
is reflected from within) or surface plasmons (resonances induced by an evanescent wave in 
a thin film deposited on a waveguide surface). 

2. An optical fiber is used as a plain transducer to guide light to a remote sample and return 
light from the sample to the detection system. Changes in the intrinsic optical properties of 
the medium itself are sensed by an external spectrophotometer. 

3. An indicator or chemical reagent placed inside, or on, a polymeric support near the tip of the 
optical fiber is used as a mediator to produce an observable optical signal. Typically, conven
tional techniques, such as absorption spectroscopy and fluorimetry, are employed to measure 
changes in the optical signal. 
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Optical Sensors 765 

52.1 Instrumentation 

The actual implementation of instrumentation designed to interface with optical sensors will vary 
greatly depending on the type of optical sensor used and its intended application. A block diagram 
of a generic instrument is illustrated in Fig. 52.1. The basic building blocks of such an instrument 
are the light source, various optical elements, and photodetectors. 

Light Source 

A wide selection of light sources are available for optical sensor applications. These include: highly 
coherent gas and semiconductor diode lasers, broad spectral band incandescent lamps, and narrow
band, solid-state, light-emitting diodes (LEDs). The important requirement of a light source is 
obviously good stability. In certain applications, for example in portable instrumentation, LEDs 
have significant advantages over other light sources because they are small and inexpensive, con
sume low power, produce selective wavelengths, and are easy to work with. In contrast, tungsten 
lamps produce a broader range of wavelengths, higher intensity, and better stability but require a 
sizable power supply and can cause heating problems inside the apparatus. 

Optical Elements 

Various optical elements are used routinely to manipulate light in optical instrumentation. These 
include lenses, mirrors, light choppers, beam splitters, and couplers for directing the light from the 
light source into the small aperture of a fiber optic sensor or a specific area on a waveguide surface 
and collecting the light from the sensor before it is processed by the photodetector. For wavelength 
selection, optical filters, prisms, and diffraction gratings are the most common components used to 
provide a narrow bandwidth of excitation when a broadwidth light source is utilized. 

Photodetectors 

In choosing photodetectors for optical sensors, a number of factors must be considered. These 
include sensitivity, detectivity, noise, spectral response, and response time. Photomultipliers and 
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FIGURE 52.l General diagram representing the basic building blocks of an optical instrument 
for optical sensor applications. 
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semiconductor quantum photodetectors, such as photoconductors and photodiodes, are both suit
able. The choice, however, is somewhat dependent on the wavelength region of interest. Generally, 
both give adequate performance. Photodiodes are usually more attractive because of the compact
ness and simplicity of the circuitry involved. 

Typically, two photodetectors are used in optical instrumentation because it is often necessary to 
include a separate reference detector to track fluctuations in source intensity and temperature. By 
taking a ratio between the two detector readings, whereby a part of the light that is not affected by 
the measurement variable is used for correcting any optical variations in the measurement system, 
a more accurate and stable measurement can be obtained. 

Signal Processing 

Typically, the signal obtained from a photodetector provides a voltage or a current proportional to 
the measured light intensity. Therefore, either simple analog computing circuitry (e.g., a current
to-voltage converter) or direct connection to a programmable gain voltage stage is appropriate. 
Usually, the output from a photodetector is connected directly to a preamplifier before it is applied 
to sampling and analog-to-digital conversion circuitry residing inside a computer. 

Quite often two different wavelengths of light are utilized to perform a specific measurement. One 
wavelength is usually sensitive to changes in the species being measured, and the other wavelength 
is unaffected by changes in the analyte concentration. In this manner, the unaffected wavelength is 
used as a reference to compensate for fluctuations in instrumentation over time. In other applica
tions, additional discriminations, such as pulse excitation or electronic background subtraction 
utilizing synchronized lock-in amplifier detection, are useful, allowing improved selectivity and 
enhanced signal-to-noise ratio. 

52.2 Optical Fibers 

Several types of biomedical measurements can be made by using either plain optical fibers as a 
remote device for detecting changes in the spectral properties of tissue and blood or optical fibers 
tightly coupled to various indicator-mediated transducers. The measurement relies either on direct 
illumination of a sample through the endface of the fiber or by excitation of a coating on the side 
wall surface through evanescent wave coupling. In both cases, sensing takes place in a region out
side the optical fiber itself. Light emanating from the fiber end is scattered or fluoresced back into 
the fiber, allowing measurement of the returning light as an indication of the optical absorption or 
fluorescence of the sample at the fiber optic tip. 

Optical fibers are based on the principle of total internal reflection. Incident light is transmitted 
through the fiber if it strikes the cladding at an angle greater than the so-called critical angle, so that 
it is totally internally reflected at the core/cladding interface. A typical instrument for performing fiber 
optic sensing consists of a light source, an optical coupling arrangement, the fiber optic light guide 
with or without the necessary sensing medium incorporated at the distal tip, and a light detector. 

A variety of high-quality optical fibers are available commercially for biomedical sensor applica
tions, depending on the analytic wavelength desired. These include plastic, glass, and quartz fibers 
which cover the optical spectrum from the UV through the visible to the near IR region. On one 
hand, plastic optical fibers have a larger aperture and are strong, inexpensive, flexible, and easy to 
work with but have poor UV transmission below 400 nm. On the other hand, glass and quartz fibers 
have low attenuation and better transmission in the UV but have small apertures, are fragile, and 
present a potential risk in in vivo applications. 

Probe Configurations 

There are many different ways to implement fiber optic sensors. Most fiber optic chemical sensors 
employ either a single-fiber configuration, where light travels to and from the sensing tip in one 
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fiber, or a double-fiber configuration, where separate optical fibers are used for illumination and 
detection. A single fiber optic configuration offers the most compact and potentially least expensive 
implementation. However, additional challenges in instrumentation are involved in separating the 
illuminating signal from the composite signal returning for processing. 

The design of intravascular catheters require special considerations related to the sterility and bio
compatibility of the sensor. For example, intravascular fiberoptic sensors must be sterilizable and 
their material nonthrombogenic and resistant to platelet and protein deposition. Therefore, these 
catheters are typically made of materials covalently bound with heparin or antiplatelet agents. The 
catheter is normally introduced into the jugular vein via a peripheral cut-down and a slow heparin 
flush is maintained until it is removed from the blood. 

Optical Fiber Sensors 

Advantages cited for fiber optic sensors include their small size and low cost. In contrast to electri
cal measurements, where the difference of two absolute potentials must be measured, fiber optics 
are self-contained and do not require an external reference signal. Because the signal is optical, there 
is no electrical risk to the patient, and there is no direct interference from surrounding electric or 
magnetic fields. Chemical analysis can be performed in real-time with almost an instantaneous 
response. Furthermore, versatile sensors can be developed that respond to multiple analytes by 
utilizing multiwavelength measurements. 

Despite these advantages, optical fiber sensors exhibit several shortcomings. Sensors with immo
bilized dyes and other indicators have limited long-term stability, and their shelf life degrades over 
time. Moreover, ambient light can interfere with the optical measurement unless optical shielding 
or special time-synchronous gating is performed. 

Indicator-Mediated Transducers 

Only a limited number of biochemical analytes have an intrinsic optical absorption that can be 
measured with sufficient selectivity directly by spectroscopic methods. Other species, particularly 
hydrogen, oxygen, carbon dioxide, and glucose, which are of primary interest in diagnostic applica
tions, are not susceptible to direct photometry. Therefore, indicator-mediated sensors have been 
developed using specific reagents that are properly immobilized on the surface of an optical sensor. 

The most difficult aspect of developing an optical biosensor is the coupling of light to the specific 
recognition element so that the sensor can respond selectively and reversibly to a change in the con
centration of a particular analyte. In fiber-optic-based sensors, light travels efficiently to the end of 
the fiber where it exits and interacts with a specific chemical or biologic recognition element that is 
immobilized at the tip of the fiber optic. These transducers may include indicators and ionophores 
(i.e., ion-binding compounds) as well as a wide variety of selective polyn1eric materials. After the 
light interacts with the sample, the light returns through the same or a different optical fiber to a 
detector which correlates ilie degree of change with the analyte concentration. 

Typical indicator-mediated fiber-optic-sensor configurations are shown schematically in Fig. 52.2. 
In (a) the indicator is immobilized directly on a membrane positioned at the end of a fiber. An 
indicator in ilie form of a powder can be either glued directly onto a membrane, as shown in (b), or 
physically retained in position at the end of ilie fiber by a special permeable membrane (c), a tubu
lar capillary/membrane (d), or a hollow capillary tube (e). 

2.3 General Principles of Optical Sensing 

Two major optical techniques are commonly available to sense optical changes at sensor interfaces. 
These are usually based on evanescent wave and surface plasmon resonance principles. 

61



768 

Evanescent Wave Spectroscopy 

When light propagates along an optical fiber, it 
is not confined to the core region but penetrates 
to some extent into the surrounding cladding 
region. In this case, an electromagnetic compo
nent of the light penetrates a characteristic dis
tance (on the order of one wavelength) beyond 
the reflecting surface into the less optically dense 
medium where it is attenuated exponentially ac
cording to Beer-Lambert's law (Fig. 52.3). 

The evanescent wave depends on the angle of 
incidence and the incident wavelength. This phe
nomenon has been widely exploited to construct 
different types of optical sensors for biomedical 
applications. Because of the short penetration 
depth and the exponential decay of the intensity, 
the evanescent wave is absorbed mainly by ab
sorbing compounds very close to the surface. In 
the case of particularly weak absorbing analytes, 
sensitivity can be enhanced by combining the 
evanescent wave principle with multiple internal 
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FIGURE 52.2 Typical configuration of different in
dicator-mediated fiber optic sensor tips (from Otto S. 
Wolfbeis, Fiber Optic Chemical Sensors and Biosen
sors, vol. I, CRC Press, Boca Raton, 1990). 

reflections along the sides of an unclad portion of a fiber optic tip. 
Instead of an absorbing species, a fluorophore can also be used. Light is absorbed by the fluoro

phore emitting detectable fluorescent light at a higher wavelength, thus providing improved 
sensitivity. Evanescent wave sensors have been applied successfully to measure the fluorescence of 
indicators in solution, for pH measurement, and in imrfmnodiagnostics. 

Surface Plasmon Resonance 

Instead of the dielectric/dielectric interface used in evanescent wave sensors, it is possible to arrange 
a dielectric/metal/dielectric sandwich layer such that when monochromatic polarized light (e.g., 
from a laser source) impinges on a transparent medium having a metallized ( e.g., Ag or Au) surface, 
light is absorbed within the plasma formed by the conduction electrons of the metal. This results in 
a phenomenon known as surface plasmon resonance (SPR). When SPR is induced, the effect is 
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FIGURE 52.3 Schematic diagram of the path of a light ray at 
the interface of two different optical materials with index of re
fraction n I and n2• The ray penetrates a fraction of a wavelength 
(dp) beyond the interface into the medium with the smaller re
fractive index. 
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observed as a minimum in the intensity of the 
light reflected off the metal surface. 

As is the case with the evanescent wave, an 
SPR is exponentially decaying into solution with 
a penetration depth of about 20 nm. The reso
nance between the incident light and the plasma 
wave depends on the angle, wavelength, and po
larization state of the incident light and the re
fractive indices of the metal film and the mate
rials on either side of the metal film. A change in 
the dielectric constant or the refractive index at 
the surface causes the resonance angle to shift, 
thus providing a highly sensitive means of mon
itoring surface reactions. 

The method of SPR is generally used for sen
sitive measurement of variations in the refractive 
index of the medium immediately surrounding 
the metal film. For example, if an antibody is 
bound to or absorbed into the metal surface, a 
noticeable change in the resonance angle can be 
readily observed because of the change of the re
fraction index at the surface, assuming all other 
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FIGURE 52.4 Surface plasmon resonance at the in
terface between a thin metallic surface and a liquid 
(A). A sharp decrease in the reflected light intensity 
can be observed in (B). The location of the resonance 
angle is dependent on the refractive index of the ma-

parameters are kept constant (Fig. 52.4). The ad- terial present at the interface. 
vantage of this concept is the improved ability to 
detect the direct interaction between antibody and antigen as an interfacial measurement. 

SPR has been used to analyze immunochemicals and to detect gases. The main limitations of SPR, 
however, is that the sensitivity depends on the optical thickness of the adsorbed layer, and, there
fore, small molecules cannot be measured in very low concentrations. 

52.4 Applications 

Oximetry 

Oximetry refers to the colorimetric measurement of the degree of oxygen saturation, that is, the 
relative amount of oxygen carried by the hemoglobin in the erythrocytes, by recording the variation 
in the color of deoxyhemoglobin (Hb) and oxyhemoglobin (HbO2). A quantitative method for 
measuring blood oxygenation is of great importance in assessing the circulatory and respiratory 
status of a patient. 

Various optical methods for measuring the oxygen saturation of arterial (SaO2) and mixed venous 
( SvO2) blood have been developed, all based on light transmission through, or reflecting from, tissue 
and blood. The measurement is performed at two specific wavelengths: X. 1, where there is a large 
difference in light absorbance between Hb and HbO2 (e.g., 660 nm red light), and X.2, which can be 
an isobestic wavelength ( e.g., 805 nm infrared light), where the absorbance of light is independent 
of blood oxygenation, or a different wavelength in the infrared region > 805 nm, where the 
absorbance of Hb is slightly smaller than that of HbO2• 

Assuming for simplicity that a hemolyzed blood sample consists of a two-component homoge
neous mixture of Hb and HbO2, and that light absorbance by the mixture of these two components 
is additive, a simple quantitative relationship can be derived for computing the oxygen saturation 
of blood: 

[ 
OD(A 1)] 

Oxygen saturation= A - B OD(Az) 
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where A and B are coefficients which are functions of the specific absorptivities of Hb and HbO2, 

and OD is the corresponding absorbance ( optical density) of the blood. 
Since the original discovery of this phenomenon over 50 years ago, there has been progressive 

development in instrumentation to measure oxygen saturation along three different paths: bench
top oximeters for clinical laboratories, fiber optic catheters for invasive intravascular monitoring, 
and transcutaneous sensors, which are noninvasive devices placed against the skin. 

Intravascular Fiber Optic Sv02 Catheters 

In vivo fiberoptic oximeters were first described in the early 1960s by Polanyi and Heir [l]. They 
demonstrated that in a highly scattering medium such as blood, where a very short path length is 
required for a transmittance measurement, a reflectance measurement was practical. Accordingly, 
they showed that a linear relationship exists between oxygen saturation and the ratio of the infrared
to-red (IR/R) light backscattered from the blood 

oxygen saturation = a - b(IR/R) 

where a and bare catheter-specific calibration coefficients. 
Fiber optic SvO2 catheters consist of two separate optical fibers. One fiber is used for trans

mitting the light to the flowing blood, and a second fiber directs the backscattered light to a 
photodetector. In some commercial instruments (e.g., Oximetrix), automatic compensation 
for hematocrit is employed utilizing three, rather than two, infrared reference wavelengths. Bornzin 
and coworkers [2] and Mendelson and coworkers [3] described a 5-lumen, 7.SF thermodilution 
catheter that is comprised of three unequally spaced optical fibers, each fiber 250 µm in diameter, 
and provides continuous SvO2 reading with automatic corrections for hematocrit variations 
(Fig. 52.5). 

Intravenous fiberoptic catheters are utilized in monitoring SvO2 in the pulmonary artery and can 
be used to indicate the effectiveness of the cardiopulmonary system during cardiac surgery and in 
the ICU. Several problems limit the wide clinical application of intravascular fiberoptic oximeters. 
These include the dependence of the individual red and infrared backscattered light intensities and 
their ratio on hematocrit (especially for SvO2 below 80%), blood flow, motion artifacts due to 
catheter tip "whipping" against the blood vessel wall, blood temperature, and pH. 
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FIGURE 52.5 Principle of a three-fiber optical catheter for SvOzfHCT measurement [2). 

64



Optical Sensors 771 

Noninvasive Pulse Oximetry 

Noninvasive monitoring of Sa02 by pulse oximetry is a rapidly growing practice in many fields of 
clinical medicine (4]. The most important advantage of this technique is the capability to provide 
continuous, safe, and effective monitoring of blood oxygenation at the patient's bedside without the 
need to calibrate the instrument before each use. 

Pulse oximetry, which was first suggested by Aoyagi and colleagues [SJ and Yoshiya and colleagues 
( 6], relies on the detection of the time-variant photoplethysmographic signal, caused by changes in 
arterial blood volume associated with cardiac contraction. Sa02 is derived by analyzing only the 
time-variant changes in absorbance caused by the pulsating arterial blood at the same red and 
infrared wavelengths used in conventional invasive type oximeters. A normalization process is com
monly performed by which the pulsatile (ac) component at each wavelength, which results from the 
expansion and relaxation of the arterial bed, is divided by the corresponding nonpulsatile (de) 
component of the photoplethysmogram, which is composed of the light absorbed by the blood-less 
tissue and the nonpulsatile portion of the blood compartment. This effective scaling process results 
in a normalized red/infrared ratio which is dependent on Sa02 but is largely independent of the 
incident light intensity, skin pigmentation, skin thickness, and tissue vasculature. 

Pulse oximeter sensors consist of a pair of small and inexpensive red and infrared LEDs and 
a single, highly sensitive, silicone photodetector. These components are mounted inside a reusable 
rigid spring-loaded clip, a flexible probe, or a disposable adhesive wrap (Fig. 52.6). The majority of 
the commercially available sensors are of the transmittance type in which the pulsatile arterial bed, 
e.g. , ear lobe, fingertip, or toe, is po itioned between the LEDs and the photodetector. Other probes 
are available for reflectance (backscatter) measurement where both the LEDs and photodetector are 
mounted side-by-side facing the skin (7, 8]. 

Noninvasive Cerebral Oximetry 

Another substance whose optical absorption in the near infrared changes corresponding to its 
reduced and oxidized state is cytochrome aa3, the terminal member of the respiratory chain. 
Although the concentration of cytochrome aa3 is considerably lower than that of hemoglobin, 
advanced instrumentation including time-resolved spectroscopy and differential measurements is 
being used successfully to obtain noninvasive measurements of hemoglobin saturation and 
cytochrome aa3 by transilluminating areas of the neonatal brain [9-11 ]. 

FIGURE 52.6 Disposable finger probe of a noninvasive pulse oximeter. 
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Blood Gases 

Frequent measurement of blood gases, i.e., oxygen partial pressure (pO2), carbon dioxide par
tial pressure (pCO2), and pH, is essential to clinical diagnosis and management of respiratory and 
metabolic problems in the operating room and the ICU. Considerable effort has been devoted 
over the last two decades to developing disposable extracorporeal and in particular intravascular 
fiber optic sensors which can be used to provide continuous information on the acid-base status of 
a patient. 

In the early 1970s, Lubbers and Opitz [12) originated what they called optodes (from the Greek, 
optical path) for measurements of important physiologic gases in fluids and in gases. The principle 
upon which these sensors was designed was a closed cell containing a fluorescent indicator in solu
tion, with a membrane permeable to the analyte of interest (either ions or gases) constituting one 
of the cell walls. The cell was coupled by optical fibers to a system that measured the fluorescence in 
the cell. The cell solution would equilibrate with the pO2 or pCO2 of the medium placed against it, 
and the fluorescence of an indicator reagent in the solution would correspond to the partial pressure 
of the measured gas. 

Extracorporeal Measurement 

Following the initial feasibility studies of Lubbers and Opitz, Cardiovascular Devices (CDI, USA) 
developed a GasStat extracorporeal system suitable for continuous online monitoring of blood gases 
ex vivo during cardiopulmonary bypass operations. The system consists of a disposable plastic 
sensor connected inline with a blood loop through a fiber optic cable. Permeable membranes 
separate the flowing blood from the sensor chemistry. The CO2-sensitive indicator consists of a fine 
emulsion of a bicarbonate buffer in a two-component silicone. The pH-sensitive indicator is a cel
lulose material to which hydroxypyrene trisulfonate (HPTS) is bonded covalently. The O2-sensitive 
chemistry is composed of a solution of oxygen-quenching decacyclene in a one-component silicone 
covered with a thin layer of black PTFE for optical isolation and to render the measurement 
insensitive to the halothane anesthetic. 

The extracorporeal device has two channels, one for arterial blood and the other for venous 
blood, and is capable of recording the temperature of the blood for correcting the measurements to 
37°C. Several studies have been conducted comparing the specifications of the GasStat with that of 
intermittent blood samples analyzed on bench-top blood gas analyzers [13-15). 

Intravascular Catheters 

During the past decade, numerous efforts have been made to develop integrated fiber optic sensors 
for intravascular monitoring of blood gases. A few commercial systems for monitoring blood gases 
and pH are currently undergoing extensive clinical testing. Recent literature reports of sensor 
performance show that considerable progress has been made mainly in improving the accuracy and 
reliability of these intravascular blood gas sensors [ 16-19) . 

Most fiber optic intravascular blood gas sensors employ either a single- or a double-fiber config
uration. Typically, the matrix containing the indicator is attached to the end of the optical fiber as 
illustrated in Fig. 52.7. Since the solubility of 0 2 and CO2 gases, as well as the optical properties of 
the sensing chemistry itself, is affected by temperature variations, fiber optic intravascular sensors 
include a thermocouple or thermistor wire running alongside the fiber optic cable to monitor and 
correct for temperature fluctuations near the sensor tip. A nonlinear response is characteristic of 
most chemical indicator sensors, so they are designed to match the concentration region of the 
intended application. Also, the response time of the optode is somewhat slower compared to 
electrochemical sensors, 

Intravascular fiber optic blood gas sensors are normally placed inside a standard 20-gauge 
catheter, which is sufficiently small to allow adequate spacing between the sensor and the catheter 
wall. The resulting lumen is large enough to permit the withdrawal of blood samples, introduction 
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FIGURE 52.7 Principle diagram of an integrated fiber optic blood gas catheter (from 
Otto S. Wolfbeis, Fiber Optic Chemical Sensors and Biosensors, vol. 2, CRC Press, Boca 
Raton, 1990). 
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of a continuous heparin flush, and the recording of a blood pressure waveform. In addition, the 
optical fibers are encased in a protective tubing to contain any fiber fragments in case they break off. 

pH Sensors 

In 1976, Peterson and coworkers [20] originated the development of the first fiber optic chemical 
sensor for physiological pH measurement. The basic idea was to contain a reversible color
changing indicator at the end of a pair of optical fibers. The indicator, phenol red, was covalently 
bound to a hydrophilic polymer in the form of water-permeable microbeads. This technique stabi
lized the indicator concentration. The indicator beads were contained in a sealed hydrogen-ion
permeable envelope made out of a hollow cellulose tubing. In effect, this formed a miniature 
spectrophotometric cell at the end of the fibers and represented an early prototype of a fiber optic 
chemical sensor. 

The phenol red dye indicator is a weak organic acid, and the acid form (un-ionized) and base 
form (ionized) are present in a concentration ratio determined by the ionization constant of the acid 
and the pH of the medium according to the familiar Henderson-Hasselbalch equation. The two 
forms of the dye have different optical absorption spectra, so the relative concentration of one of 
the forms, which varies as a function of pH, can be measured optically and related to variations in 
pH. In the pH sensor, green (560 nm) and red (longer than 600 nm) light emerging form the end of 
one fiber passes through the dye and is reflected back into the other fiber by light-scattering parti
cles. The green light is absorbed by the base form of the indicator. The red light is not absorbed by 
the indicator and is used as an optical reference. The ratio of green to red light is measured and is 
related to pH by an S-shaped curve with an approximate high-sensitivity linear region where the 
equilibrium constant (pK) of the indicator matches the pH of the solution. 

The same principle can also be used with a reversible fluorescent indicator, in which case the 
concentration of one of the indicator forms is measured by its fluorescence rather than absorbance 
intensity. Light in the blue or UV wavelength region excites the fluorescent dye to emit longer wave
length light, and the two forms of the dye may have different excitation or emission spectra to allow 
their distinction. 

The original instrument design for a pH measurement was very simple and consisted of a tung
sten lamp for fiber illumination, a rotating filter wheel to select the green and red light returning 
from the fiber optic sensor, and signal processing instrumentation to give a pH output based on the 
green-to-red ratio. This system was capable of measuring pH in the physiologic range between 
7.0-7.4 with an accuracy and precision of 0.01 pH units. The sensor was susceptible to ionic strength 
variation in the order of 0.01 pH unit per 11 % change in ionic strength. 

Further development of the pH probe for practical use was continued by Markle and colleagues 
[21 ]. They designed the fiber optic probe in the form of a 25-gauge (0.5 mm o.d.) hypodermic needle, 
with an ion-permeable side window, using 75-mm-diameter plastic optical fibers. The sensor had a 
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90% response time of 30 s. With improved instrumentation and computerized signal processing, 
and with a three-point calibration, the range was extended to ::!: 3 pH units, and a precision of 0.001 
pH units was achieved. 

Several reports have appeared suggesting other dye indicator systems that can be used for fiber 
optic pH sensing [22]. A classic problem with dye indicators is the sensitivity of their equilibrium 
constant to ionic strength. To circumvent this problem, Wolfueis and Offenbacher [23] and Opitz and 
Lubbers [24] demonstrated a system in which a dual sensor arrangement can measure ionic strength 
and pH and simultaneously can correct the pH measurement for variations in ionic strength. 

pC02 Sensors 

The pCO2 of a sample is typically determined by measuring changes in the pH of a bicarbonate 
solution which is isolated from the sample by a CO2-permeable membrane but remains in equilib
rium with the CO2• The bicarbonate and CO2, as carbonic acid, form a pH buffer system, and, by 
the Henderson-Hasselbalch equation, hydrogen ion concentration is proportional to the pCO2 in 
the sample. This measurement is done with either a pH electrode or a dye indicator in solution. 

Yurek [25] demonstrated that the same techniques can be used also with a fiber optic sensor. In 
his design, one plastic fiber carries light to the transducer, which is made of a silicone rubber tub
ing about 0.6 mm in diameter and 1.0 mm long, filled with a phenol red solution in a 35-mM 
bicarbonate. Ambient pCO2 controls the pH of the solution which changes the optical absorption 
of the phenol red dye. The CO2 permeates through the rubber to equilibrate with the indicator 
solution. A second optical fiber carries the transmitted signal to a photodetector for analysis. The 
design by Zhujun and Seitz [26] uses a pCO2 sensor based on a pair of membranes separated from 
a bifurcated optical fiber by a cavity filled with bicarbonate buffer. The external membrane is made 
of silicone, and the internal membrane is HPTS immobilized on an ion-exchange membrane. 

p02 Sensors 

The development of an indicator system for fiber optic pO2 sensing is challenging because there are 
very few known ways to measure pO2 optically. Although a color-changing indicator would have 
been desirable, the development of a sufficiently stable indicator has been difficult. The only 
principle applicable to fiber optics appears to be the quenching effect of oxygen on fluorescence. 

Fluorescence quenching is a general property of aromatic molecules, dyes containing them, and 
some other substances. In brief, when light is absorbed by a molecule, the absorbed energy is held 
as an excited electronic state of the molecule. It is then lost by coupling to the mechanical move
ment of the molecule (heat), reradiated from the molecule in a mean time of about 10 ns (fluores
cence), or converted into another excited state with much longer mean lifetime and then reradiated 
(phosphorescence). Quenching reduces the intensity of fluorescence and is related to the concen
tration of the quenching molecules, such as 0 2• 

A fiber optic sensor for measuring pO2 using the principle of fluorescence quenching was devel
oped by Peterson and colleagues [27] . The dye is excited at around 470 nm (blue) and fluoresces at 
about 515 nm (green) with an intensity that depends on the pO2• The optical information is derived 
from the ratio of green fluorescence to the blue excitation light, which serves as an internal reference 
signal. The system was chosen for visible light excitation, because plastic optical fibers block light 
transmission at wavelengths shorter than 450 nm, and glass fibers were not considered acceptable 
for biomedical use. 

The sensor was similar in design to the pH probe continuing the basic idea of an indicator pack
ing in a permeable container at the end of a pair of optical fibers. A dye perylene dibutyrate, absorbed 
on a macroreticular polystyrene adsorbent, is contained in a oxygen-permeable porous polystyrene 
envelope. The ratio of green to blue intensity was processed according to the Stren-Volmer equation 
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where I and 10 are the fluorescence emission intensities in the presence and absence of quencher, 
respectively, and K is the Stem-Volmer quenching coefficient. This provides a nearly linear readout 
of pO2 over the range of 0-150 mmHg (0-20 kPa), with a precision of 1 mm Hg (0.13 kPa). The 
original sensor was 0.5 mm in diameter, but it can be made much smaller. Although its response 
time in a gas mixture is a fraction of a second, it is slower in an aqueous system, about 1.5 min for 
90% response. 

Wolfbeis and coworkers [28] designed a system for measuring the widely used halothane anes
thetic which interferes with the measurement of oxygen. This dual-sensor combination had two 
semipermeable membranes ( one of which blocked halothane) so that the probe could measure both 
oxygen and halothane simultaneously. The response time of their sensor, 15-20 s for halothane and 
10-15 s for oxygen, is considered short enough to allow gas analysis in the breathing circuit. Poten
tial applications of this device include the continuous monitoring of halo thane in breathing circuits 
and in the blood. 

Glucose Sensors 

Another important principle that can be used in fiber optic sensors for measurements of high 
sensitivity and specificity is the concept of competitive binding. This was first described by Schultz, 
Mansouri, and Goldstein [29] to construct a glucose sensor. In their unique sensor, the analyte (glu
cose) competes for binding sites on a substrate (the lectin concanavalin A) with a fluorescent indi
cator-tagged polymer [fluorescein isothiocyanate (FITC)-dextran]. The sensor, which is illustrated 
in Fig. 52.8, is arranged so that the substrate is fixed in a position out of the optical path of the fiber 
end. The substrate is bound to the inner wall of a glucose-permeable hollow fiber tubing 
(300 µ O.D. X 200 µ I.D.) and fastened to the end of an optical fiber. The hollow fiber acts as the con
tainer and is impermeable to the large molecules of the fluorescent indicator. The light beam that 
extends from the fiber "sees" only the unbound indicator in solution inside the hollow fiber but not 
the indicator bound on the container wall. Excitation light passes through the fiber and into the so
lution, fluorescing the unbound indicator, and the fluorescent light passes back along the same fiber 
to a measuring system. The fluorescent indicator and the glucose are in competitive binding equi
librium with the substrate. The interior glucose concentration equilibrates with its concentration 
exteriN to the probe. If the glucose concentration increases, the indicator is driven off the substrate 
to increase the concentration of the indicator. Thus, fluorescence intensity as seen by the optical fiber 
follows the glucose concentration. 

OPTICAL 
FIBER 

FLUORESCEIN LABELLED IMMOBILIZED 
DEXTRAN CONCANAVAUN A 

~ ...... ,, 
GLUCOSE HOLLOW DIALYSIS 

MEMBRANE 

FIGURE 52.8 Schematic diagram of a competitive binding fluorescence affinity sensor for glucose 

measurement [29]. 
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FIGURE 52.9 Basic principle of a fiber optic antigen-antibody sensor [33]. 

The response time of the sensor was found to be about 5 min. In vivo studies demonstrated fairly 
close correspondence between the sensor output and actual blood glucose levels. A time lag of about 
5 min was found and is believed to be due to the diffusion of glucose across the hollow fiber 
membrane and the diffusion of FTIC-dextran within the tubing. 

In principle, the concept of competitive binding can be applied to any analysis for which a specific 
reaction can be devised. However, long-term stability of these sensors remains the major limiting 
factor that needs to be solved. 

Immunosensors 

Immunologic techniques offer outstanding selectivity and sensitivity through the process of anti
body-antigen interaction. This is the primary recognition mechanism by which the immune system 
detects and fights foreign matter and has therefore allowed the measurement of many important 
compounds at trace levels in complex biologic samples. 

In principle, it is possible to design competitive binding optical sensors utilizing immobilized 
antibodies as selective reagents and detecting the displacement of a labeled antigen by the analyte. 
Therefore, antibody-based immunologic optical sensors have been the subject of considerable 
research in the past few years (30-34). In practice, however, the strong binding of antigens to 
antibodies and vice versa causes difficulties in constructing reversible sensors with fast dynamic 
responses. 

Several immunologic sensors based on fiber optic waveguides have been demonstrated for 
monitoring antibody-antigen reactions. Typically, several centimeters of cladding are removed along 
the fiber's distal end, and the recognition antibodies are immobilized on the exposed core surface. 
These antibodies bind fluorophore-antigen complexes within the evanescent wave as illustrated in 
Fig. 52.9. The fluorescent signal excited within the evanescent wave is then transmitted through the 
cladded fiber to a fluorimeter for processing. 

Experimental studies have indicated that immunologic optical sensors can generally detect 
micromolar and even picomolar concentrations. However, the major obstacle that must be over
come to achieve high sensitivity in immunologic optical sensors is the nonspecific binding of 
immobilized antibodies. 
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53.1 Classification of Biochemical Reactions in the Context 
of Sensor Design and Development 

Introduction and Definitions 

Since sensors generate a measurable material property, they belong in some grouping of transducer 
devices. Sensors specifically contain a recognition process that is characteristic of a material sample 
at the molecular-chemical level, and a sensor incorporates a transduction process (step) to create a 
useful signal. Biomedical sensors include a whole range of devices that may be chemical sensors, 
physical sensors, or some kind of mixed sensor. 

Chemical sensors use chemical processes in the recognition and transduction steps. Biosensors 
are also chemical sensors, but they use particular classes of biological recognition/transduction 
processes. A pure physical sensor generates and transduces a parameter that does not depend on the 
chemistry per se but is a result of the sensor responding as an aggregate of point masses or charges. 
All these when used in a biologic system (biomatrix) may be considered bioanalytic sensors without 
regard to the chemical, biochemical, or physical distinctions. They provide an "analytic signal of the 
biologic system" for some further use. 

The chemical recognition process focuses on some molecular-level chemical entity, usually a kind 
of chemical structure. In classical analysis this structure may be a simple functional group: Sio- in 
a glass electrode surface, a chromophore in an indicator dye, or a metallic surface structure, such as 
silver metal that recognizes Ag+ in solution. In recent times, the biologic recognition processes have 
been better understood, and the general concept of recognition by receptor or chemoreceptor has 
come into fashion. Although these are often large molecules bound to cell membranes, they contain 
specific structures that permit a wide variety of different molecular recognition steps including 
recognition of large and small species and of charged and uncharged species. Thus, chemoreceptor 
appears in the sensor literature as a generic term for the principal entity doing the recognition. For 
a history and examples, see references [1-6). 

0-8493-8346-3/95/SO.OO+S.50 
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Biorecognition in biosensors has especially stressed "receptors" and their categories. Historically, 
application of receptors has not necessarily meant measurement directly of the receptor. Usually there 
are coupled chemical reactions, and the transduction has used measurement of the subsidiary prod
ucts: change of pH, change of dissolved 02, generation of H 20 2, changes of conductivity, changes of 
optical adsorption, and changes of temperature. Principal receptors are enzymes because of their ex
traordinary selectivity. Other receptors can be the more subtle species of biochemistry: antibodies, or
ganelles, microbes, and tissue slices, not to mention the trace level "receptors" that guide ants such as 
pheromones and other unusual species. A sketch of a generic bioanalytic sensor is shown in Fig. 53.1. 

Classification of Recognition Reactions and Receptor Processes 

The concept of recognition in chemistry is universal. It almost goes without saying that all chemical 
reactions involved recognition and selection on the basis of size, shape, and charge. For the purpose 
of constructing sensors, general recognition based on these factors is not usually enough. Frequently 
in inorganic chemistry a given ion will react indiscriminantly with similar ions of the same size and 
charge. Changes in charge from unity to two, for example, do change the driving forces of some ionic 
reactions. By control of dielectric constant of phases, heterogeneous reactions can often be "tailored" 
to select divalent ions over monovalent ions and to select small versus large ions or vice versa. 

Shape, however, has more special possibilities, and natural synthetic methods permit product con
trol. Nature manages to use shape together with charge to build organic molecules, called enzymes, 
that have acquired remarkable selectivity. It is in the realm of biochemistry that these natural con
structions are investigated and catalogued. Biochemistry books list large numbers of enzymes and 
other selective materials that direct chemical reactions. Many of these have been tried as the basis of 
selective sensors for bioanalytic and biomedical purposes. The list in Table 53.1 shows how some 
of these materials can be grouped into lists according to function and to analytic substrate, both 
organic and inorganic. The principles seem general, so there is no reason to discriminate against the 
inorganic substrates in favor or the organic substrates. All can be used in biomedical analysis. 

53.2 Classification of Transduction Processes-Detection Methods 

Some years ago, the engineering community addressed the topic of sensor classification-Richard M. 
White in IEEE Trans. Ultra., Ferro., Freq. Control (UFFC), UFFC-34 (1987) 124, and Wen E. Ko in 
IEEE/EMBS Symposium Abstract T.1.1 84CH2068-5 (1984). It is interesting because the physical 

Rece tor Transducer Signal Processing 

FIGURE 53.l Generic bioanalytic sensor. 
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TABLE 53.1 Recognition Reactions and Receptor Processes 

J. Insoluble salt-based sensors 
a. s + + R- .= (insoluble salt) 
Ion exchange with crystalline SR (homogeneous or heterogeneous crystals) 

chemical signal s +• receptor R- " 

inorgank cations inorganic anions 

examples: Ag+, Hg,'+, Pb'+, Cd2+, Cul+ s - , Se2-, SCN-, 1-, Br- , c1-

b. s - • + R+" .= SR (insoluble salt) 
Ion exchange with crystalline SR (homogeneous or heterogeneous crystals) 

chemical signal s - • 

inorganic anions 
examples: F- , s - , Se2- , SCN-, 1- , Br-, c1-

2. Solid ion exchangers 

receptor R +• 

inorganic cations 
Laf,+, Ag+, Hg,2+ , Pb2+, Cd2+, Cui+ 

a. s +• + R- " (sites) .= s+•R- • = SR (in ion exchanger phase) 

781 

Jon exchange with synthetic ion exchangers containing negative fixed sites (homogeneous or heterogeneous, inorganic or 
organic materials) 

chemical signals+• receptor R- • 

inorganic and organic ions 

examples: H+, Na+, K+ 

inorganic and organic ion sites 

silicate glass Si-o-

H+, Na+, K+, other M+• synthetic sulfonated, phosphorylated, EDTA-substituted 
polystyrenes 

b. s-• + R+•(sites) .= s - •R+" = SR (in ion exchanger phase) 
Jon exchange with synthetic ion exchangers containing positive fixed sites (homogeneous or heterogeneous, inorganic or 

organic materials) 

chemical signals- • receptor R+• 

organic and inorganic ions 

examples: hydrophobic anions 

3. Liquid ion exchanger sensors with electrostatic selection 

organic and inorganic ion sites 

quaternized polystyrene 

a. s+• + R- •(sites) .= s +•R- • = SR (in ion exchanger phase) 
Plasticized, passive membranes containing mobile, trapped negative fixed sites (homogeneous or heterogeneous, 

inorganic or organic materials) 

chemical signal s +• 

inorganic and organic ions 

examples: Cal+ 

R,R,R3R.N+ and bis-Quaternary Cations 

receptor R- • 

inorganic and organic ion sites 

diester of phosphoric acid or monoester of a phosphonic 
acid 

dinonylnaphthalene sulfonate and other organic, 
hydrophobic anions 

cationic drugs tetrasubstituted arsonium+ tetraphenylborate anion or substituted derivatives 

b. s - • + R+•(sites) .= s - •R+• = SR (in ion exchanger phase) 
Plasticized, passive membranes containing mobile, trapped negative fixed sites (homogeneous or heterogeneous, 

inorganic or organic materials) 

chemical signals- • receptor R+• 

inorganic and organic ions 

examples: anions, simple c1- , Br- , Clo.-

anions, complex, drugs 

inorganic and organic ion sites 

quaternary ammonium cations: e.g. tridodecylmethyl
ammonium 

quaternary ammonium cations: e.g. tridodecylmethyl
ammonium 

4. Liquid ion exchanger sensors with neutral (or charged) carrier selection 
a. s +• + X and R- •(sites) .= s +•x R- • = SXR (in ion exchanger phase) 
Plasticized, passive membranes containing mobile, trapped negative fixed sites (homogeneous or heterogeneous, inorganic 

or organic materials) 

chemical signals+• receptor R-• 

inorganic and organic ions 

examples: Caz+ 

inorganic and organic ion sites 

X = synthetic ionophore complexing agent selective to 
Cal+ 

R- " usually a substituted tetra phenylborate salt 

X = selective ionophore complexing agent 
(continued) 
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TABLE 53.1 Recognition Reactions and Receptor Processes (continued) 

b. s - • + X and R+"(sites) ~ s - •x R+• = SXR (in ion exchanger phase) 
Plasticized, passive membranes containing mobile, trapped negative fixed sites (homogeneous or heterogeneous, inorganic 

or organic materials) 

chemical signal s - • receptor R +n 

inorganic and organic ions 

examples: HPo;-

5. Bioaffinity sensors based on change of local electron densities 

S + R ~ SR 

chemical signal S 

protein 

saccharide 

glycoprotein 

substrate 

inhibitor 

prosthetic group 

antigen 

inorganic and organic ion sites 

R+• = quaternary ammonium salt 
X = synthetic ionophore complexing agent: aryl 

organotin compound or suggested cyclic polyamido
polyamines 

X = synthetic ionophore: trifluoro acetophenone 

X = aliphatic organotin compound 

receptor R 

dyes 

lectin 

enzyme 

Transferases 
Hydrolases (peptidases, esterases, etc.) 
Lyases 
Isomerases 
Ligases 

apoenzyme 

antibody 

hormone "receptor" 

sustrate analogue transpo~t system 
6. Metabolism sensors based on substrate consumption and product formation 

S + R ~ SR ➔ P + R 

chemical signal S 

substrate 
examples: lactate (SH2) 

SH, + A ~ S + AH2 

lactate + NAO+ 

glucose (SH2) 

SH,+ ½o, ~ S + H,Oor 

SH2 + 0 2 ~ S + H,O, 
glucose + 0 2 ~ gluconolactone + H20 2 

reducing agents (S) 
2S +2H+ + H20 2 ~ 2s+ + 2H20 

Fe2+ + H,0 2 + 2H+ ~ Fel+ + 2H20 

reducing agents 

L-lactate + 0 2 ~ acetate + CO2 + H20 

cofactor 

inhibitor 

activator 

enzyme activity 

receptor R 

enzyme 
hydrogenases catalyze hydrogen transfer from S to 

acceptor A (not molecular oxygen!) reversibly 
pyruvate + NADH + H+ using lactate 
dehydrogenase 

oxidases catalyze hydrogen transfer to molecular oxygen 
using glucose oxidase 

peroxidases catalyze oxidation of a substrate by H20 2 

using horseradish peroxidase 

oxygenases catalyze substrate oxidations by molecular 0 2 

organelle 

microbe 

tissue slice 

7. Coupled and hybrid systems using sequences, competition, anti-interference and amplification concepts and reactions 
8. Biomimetic sensors 

chemical signal S receptor R 

sound 
stress 
light 

Source: Adapted from [2, 6]. 

carrier-enzyme 
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and chemical properties are given equal weight. 
There are many ideas given here that remain without 
embodiment. This list is reproduced as Table 53.2. Of 
particular interest in this section are "detection 
means used in sensors" and "sensor conversion phe
nomena." At present the principle transduction 
schemes use electrochemical, optical, and thermal 
detection effects and principles. 

Calorimetric, Thermometric, 
and Pyroelectric Transducers 

Especially useful for enzymatic reactions, the gener
ation of heat (enthalpy change) can be used easily 
and generally. The enzyme provides the selectivity 
and the reaction enthalpy cannot be confused with 
other reactions from species in a typical biologic 
mixture. The ideal aim is to measure total evolved 
heat, i.e., to perform a calorimetric measurement. In 
real systems there is always heat loss, i.e., heat is con
ducted away by the sample and sample container so 
that the process cannot be adiabatic as required for a 
total heat evolution measurement. As a result, tem
perature difference before and after evolution is mea
sured most often. It has to be assumed that the heat 
capacity of the specimen and container is constant 
over the small temperature range usually measured. 

The simplest transducer is a thermometer coated 
with the enzyme that permits the selected reaction to 
proceed. Thermistors are used rather than ther
mometers or thermocouples. The change of resis

TABLE 53.2 Detection Means and 

Conversion Phenomena Used in Sensors 

Detection means 
Biologic 
Chemical 
Electric, magnetic, or electromagnetic wave 
Heat, temperature 
Mechanical displacement of wave 
Radioactivity, radiation 
Other 

Conversion phenomena 
Biologic 

Biochemical transformation 
Physical transformation 
Effect on test organism 
Spectroscopy 
Other 

Chemical 
Chemical transformation 
Physical transformation 
Electrochemical process 
Spectroscopy 
Other 

Physical 
Thermoelectric 
Photoelectric 
Photomagnetic 
Magnetoelectric 
Elastomagnetic 
Thermoelastic 
Elastoelectric 
Thermo magnetic 
Thermooptic 
Photoelastic 
Other 
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tance of certain oxides is much greater than the change of length of a mercury column or the 
microvolt changes of thermocouple junctions. 

Pyroelectric heat flow transducers are relatively new. Heat flows from a heated region to a lower 
temperature region, controlled to occur in one dimension. The lower temperature side can be coated 
with an enzyme. When the substrate is converted, the lower temperature side is warmed. The pyro
electric material is from a category of materials that develops a spontaneous voltage difference in a 
thermal gradient. If the gradient is disturbed by evolution or adsorption of heat, the voltage 
temporarily changes. 

In biomedical sensing, some of the solid-state devices based on thermal sensing cannot be used 
effectively. The reason is that the sensor itself has to be heated or is heated quite hot by catalytic 
surface reactions. Thus pellistors (oxides with catalytic surfaces and embedded platinum wire 
thermometer), chemiresistors, and "Figaro" sensor "smoke" detectors have not found many biologic 
applications. 

Optical, Optoelectronic Transducers 

Most optical detection systems for sensors are small, i.e., they occupy a small region of space because 
the sample size and volume are themselves small. This means that common absorption spec
trophotometers and photofluorometers are not used with their conventional sample-containing 
cells or with their conventional beam-handling systems. Instead light-conducting optical fibers are 
used to connect the sample with the more remote monochromator and optical readout system. The 
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techniques still remain absorption spectrophotometry, fluorimetry including fluorescence quench
ing, and reflectometry. 

The most widely published optical sensors use a miniature reagent contained or immobilized at 
the tip of an optical fiber. In most systems a permselective membrane coating allows the detected 
species to penetrate the dye region. The corresponding absorption change, usually at a sensitive 
externally preset wavelength, is changed and correlated with the sample concentration. Similarly, 
fluorescence can be stimulated by the higher-frequency external light source and the lower-frequency 
emission detected. Some configurations are illustrated in references [ 1, 2]. Fluorimetric detection of 
coenzyme A, NAD+/NADH, is involved in many so-called pyridine-linked enzyme systems. The 
fluorescence ofNADH contained or immobilized can be a convenient way to follow these reactions. 
Optodes, miniature encapsulated dyes, can be placed in vivo. Their fluorescence can be enhanced or 
quenched and used to detect acidity, oxygen, and other species. 

A subtle form of optical transduction uses the "peeled" optical fiber as a multiple reflectance cell. 
The normal fiber core glass has a refractive index greater than that of the exterior coating; there is a 
range of angles of entry to the fiber so that all the light beam remains inside the core. If the coating 
is removed and materials of lower index of refraction are coated on the exterior surface, there can 
be absorption by multiple reflections, since the evanescent wave can peretrate the coating. Chemi
cal reagent can be added externally to create selective layers on the optical fiber. 

Ellipsometry is a reflectance technique that depends on the optical constants and thickness of 
surface layer. For colorless layers, a polarized light beam will change its plane of polarization upon 
reflection by the surface film. The thickness can sometimes be determined when optical constants 
are known or approximated by constants of the bulk material. Antibody-antigen surface reaction 
can be detected this way. 

Piezoelectric Transducers 

Cut quartz crystals have characteristic modes of vibration-that can be induced by painting electrodes 
on the opposite surfaces and applying a megaHertz ac voltage. The frequency is searched until the 
crystal goes into a resonance. The resonant frequency is very stable. It is a property of the material 
and maintains a value to a few parts per hundred million. When the surface is coated with a stiff 
mass, the frequency is altered. The shift in frequency is directly related to the surface mass for thin, 
stiff layers. The reaction of a substrate with this layer changes the constants of the film and further 
shifts the resonant frequency. These devices can be used in air, in vacuum, or in electrolyte solutions. 

Electrochemical Transducers 

Electrochemical transducers are commonly used in the sensor field. The main forms of electro
chemistry used are potentiometry [zero-current cell voltage (potential difference measurements)], 
amperometry (current measurement at constant applied voltage at the working electrode), and ac 
conductivity of a cell. 

Potentiometric Transduction 

The classical generation of an activity-sensitive voltage is spontaneous in a solution containing both 
nonredox ions and redox ions. Classical electrodes of types I, 2, and 3 respond by ion exchange 
directly or indirectly to ions of the same material as the electrode. Inert metal electrodes (sometimes 
called type 0)-Pt, Ir, Rh, and occasionally carbon C-respond by electron exchange from redox 
pairs in solution. Potential differences are interfacial and reflect ratios of activities of oxidized to 
reduced forms. 

Amperometric Transduction 

For dissolved species that can exchange electrons with an inert electrode, it is possible to force the 
transfer in one direction by applying a voltage very oxidizing (anodic) or reducing ( cathodic). When 
the voltage is fixed, the species will be, by definition, out of equilibrium with the electrode at its 
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present applied voltage. Locally, the species (regardless of charge) will oxidize or reduce by moving 
from bulk solution to the electrode surface where they react. Ions do not move like electrons. Rather 
they diffuse from high to low concentration and do not usually move by drift or migration. The rea
son is that the electrolytes in solutions are at high concentrations, and the electric field is virtually 
eliminated from the bulk. The field drops through the first 1000 Angstroms at the electrode surface. 
The concentration of the moving species is from high concentration in bulk to zero at the electrode 
surface where it reacts. This process is called concentration polarization. The current flowing is 
limited by mass transport and so is proportional to the bulk concentration. 

Conductometric Transducers 

Ac conductivity (impedance) can be purely resistive when the frequency is picked to be about 1000 
to 10,000 Hz. In this range the transport of ions is sufficiently slow that they never lose their uniform 
concentration. They simply quiver in space and carry current forward and backward each half cycle. 
In the lower and higher frequencies, the cell capacitance can become involved, but this effect is to be 
avoided. 

53.3 Tables of Sensors from the Literature 

The longest and most consistently complete references to the chemical sensor field is the review issue 
of Analytical Chemistry Journal. In the 1970s and 1980s these appeared in the April issue, but more 
recently they appear in the June issue. The editors are Jiri Janata and various colleagues (7-10]. Not 
all possible or imaginable sensors have been made according to the list in Table 53.2. A more realis
tic table can be constructed from the existing literature that describes actual devices. This list is Table 
53.3. Book references are listed in Table 53.4 in reverse time order to about 1986. This list covers 

TABLE 53.3 Chemical Sensors and Properties 

Documented in the Literature 

I. General topics including items 11-V: selectivity, fabri
cation, data processing 

II. Thermal sensors 
Ill. Mass sensors 

Gas sensors 
Liquid sensors 

IV. Electrochemical sensors 
Potentiometric sensors 

References electrodes 
Biomedical electrodes 
Applications to cations, anions 
Coated wire/hybrids 
ISFETs and related 
Biosensors 
Gas sensors 

Amperometric sensors 
Modified electrodes 
Gas sensors 
Biosensors 

Direct electron transfer 
Mediated electron transfer 
Biomedical 

Conductimetric sensors 
Semiconducting oxide sensors 
Zinc oxide-based 
Chemiresistors 
D ielectrometers 

V. Optical sensors 
Liquid sensors 
Biosensors 
Gas sensors 
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most of the major source books and many of the symposium proceedings volumes. The reviews 
(7-10] are a principal source of references to the published research literature. 

53.4 Applications of Microelectronics in Sensor Fabrication 

The reviews of sensors since 1988 cover fabrication papers and microfabrication methods and ex
amples (7-10]. A recent review by two of the few chemical sensor scientists ( chemical engineers) who 

TABLE 53.4 Books and Long Reviews Keyed to Items in Table 53.3 

(Reviewed since 1988 in reverse time sequence) 

I. Yamauchi S ( ed). 1992. Chemical Sensor Technology, vol 4, Tokyo, Kodansha Ltd. 
Flores JR, Lorenzo E. 1992. Amperometric Biosensors, In MR Smyth, JG Vos (eds), Comprehensive Analytical Chemistry 

Amsterdam, Elsevier. 
Vaihinger S, Goepel W. 1991. Multicomponent analysis in chemical sensing. In W Goepel, J Hesse, J Zemel (eds), Sensors 

vol 2 Part l , pp 191-23 7, Weinheim, Germany, VCH Publishers. 
Wise DL (ed). 1991. Bioinstrumentation and Biosensors, New York, Marcel Dekker. 
Scheller F, Schubert F. 1989. Biosensors, Basel, Switzerland, BirkhauserVerlag, see also [2). 
Madou M, Morrison SR. 1989. Chemical Sensing with Solid State Devices, New York, Academic Press. 
Janata J. 1989. Principles of Chemical Sensors, New York, Plenum Press. 
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Biologic signals carry information that is useful for comprehension of the complex pathophysio
logic mechanisms underlying the behavior of living systems. Nevertheless, such information cannot 
be available directly from the raw recorded signals; it can be masked by other biologic signals con
temporaneously detected ( endogenous effects) or buried in some additive noise ( exogenous effects). 
For such reasons, some additional processing is usually required to enhance the relevant informa
tion and to extract from it parameters that quantify the behavior of the system under study, mainly 
for physiologic studies, or that define the degree of pathology for routine clinical procedures ( diag
nosis, therapy, or rehabilitation ). 

Several processing techniques can be used for such purposes (they are also called preprocessing 
techniques): time- or frequency-domain methods including filtering, averaging, spectral estimation, 
and others. Even if it is possible to deal with continuous time waveforms, it is usually convenient to 
convert them into a numerical form before processing. The recent progress of digital technology, in 
terms of both hardware and software, makes more efficient and flexible digital rather than analog 
processing. Digital techniques have several advantages: Their performance is generally powerful, 
being able to easily implement even complex algorithms, and accuracy depends only on the trun
cation and round-off errors, whose effects can be predicted and controlled by the designer and are
largely unaffected by other unpredictable variables such as component aging and temperature, 
which can degrade the performances of analog devices. Moreover, design parameters can be more 
easily changed because they involve software rather than hardware modifications. 

A few basic elements of signal acquisition and processing will be presented in the following; our 
aim is to stress mainly the aspects connected with acquisition and analysis of biologic signals, leaving 
to the cited literature a deeper insight into the various subjects for both the fundamentals of digital 
signal processing and the applications. 

55.1 Acquisition 

A schematic representation of a general acquisition system is shown in Fig. 55.1. Several physical 
magnitudes are usually measured from biologic systems. They include electromagnetic quantities 
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FIGURE 55.l General block diagram of the acquisition procedure of a digital signal. 

(currents, potential differences, field strengths, etc.), as well as mechanical, chemical, or generally 
nonelectrical variables (pressure, temperature, movements, etc.). Electric signals are detected by 
sensors (mainly electrodes), while nonelectric magnitudes are first converted by transducers into 
electric signals that can be easily treated, transmitted, and stored. Several books of biomedical 
instrumentation give detailed descriptions of the various transducers and the hardware requirements 
associated with the acquisition of the different biologic signals [ Cobbold, 1988; Tompkins & Web
ster, 1981; Webster, 1992). 

An analog preprocessing block is usually required to amplify and filter the signal (in order to make 
it satisfy the requirements of the following hardware such as the dynamic of the analog-to-digital 
converter), to compensate some unwanted sensor characteristics, or to reduce the portion of 
undesired noise. Moreover, the continuous-time signal should be bandlirnited before analog-to
digital (ND) conversion. Such an operation is needed to reduce the effect of aliasing induced by 
sampling, as will be described in the next section. Here it is important to remember that the acqui
sition procedure should preserve the information contained in the original signal waveform. This is 
a crucial point when recording biologic signals, whose characteristics often may be considered by 
physicians as indices of some underlying pathologies (i.e., the ST-segment displacement on an ECG 
signal can be considered a marker of ischemia, the peak-and-wave pattern on an EEG tracing can 
be a sign of epilepsy, and so on). Thus the acquisition system should not introduce any form of 
distortion that can be misleading or can destroy real pathologic alterations. For this reason, the ana
log prefiltering block should be designed with constant modulus and linear phase (or zero-phase) 
frequency response, at least in the passband, over the frequencies of interest. Such requirements 
make the signal arrive undistorted up to the AID converter. 

The analog waveform is then ND converted into a digital signal; i.e., it is transformed into a series 
of numbers discretized both in time and amplitude that can be easily managed by digital processors. 
The ND conversion ideally can be divided in two steps, as shown in Fig. 55.1: the sampling process, 
which converts the continuous signal in a discrete-time series and whose elements are named 
samples, and a quantization procedure, which assigns the amplitude value of each sample within a 
set of determined discrete values. Both processes modify the characteristics of the signal, and their 
effects will be discussed in the following sections. 

The Sampling Theorem 

The advantages of processing a digital series instead of an analog signal have been reported previ
ously. Furthermore, the basic property when using a sampled series instead of its continuous wave
form lies in the fact that the former, under certain hypotheses, is completely representative of the 
latter. When this happens, the continuous waveform can be perfectly reconstructed just from the 
series of sampled values. This is known as the sampling theorem (or Shannon theorem) [Shannon, 
1949). It states that a continuous-time signal can be completely recovered from its samples if, and 
only if, the sampling rate is greater than twice the signal bandwidth. 

In order to understand the assumptions of the theorem, let us consider a continuous band-lim
ited signal x(t) (up to fi,) whose Fourier transform X(f) is shown in Fig. 55.2a and suppose to uni-
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FIGURE 55.2 Effect of sampling frequency(/.) on a band-limited signal (up to frequency fi,). Fourier trans
form of the original time signal (a), of the sampled signal whenf. < 2/b (b),and when/.> 2fi, (c). The dark areas 
in part b indicate the aliased frequencies. 

formly sample it. The sampling procedure can be modeled by the multiplication of x(t) with an 
impulse train 

i(t) = I o(t - kT,) (55.1) 
k=-00,00 

where 6(t) is the delta (Dirac) function, k is an integer, and T, is the sampling interval. The sampled 
signal becomes 

x,(t) = x(t) . i(t) = I x(t) . o(t - kT,) (55.2) 
k=-oo, oo 

Taking into account that multiplication in time domain implies convolution in frequency domain, 
we obtain 

1 "' 1 x,(f) = X(f)*I(f) = X(f)* r L o(f - kfs) = T 
s k=-00,00 s 

I X(f- kf,) 
k= -00,00 

(55.3) 

where f, = 1/ T, is the sampling frequency. 
Thus X,(f), i.e., the Fourier transform of the sampled signal, is periodic and consists of a series 

of identical repeats of X(f) centered around multiples of the sampling frequency, as depicted in 
Fig. 55.2b,c. It is worth noting in Fig. 55.2b that the frequency components of X(f) placed above f,/2 
appears, when f, < 2fb, as folded back, summing up to the lower-frequency components. This phe
nomenon is known as aliasing (higher components look "alias" lower components). When aliasing 
occurs, the original information (Fig. 55.2a) cannot be recovered because the frequency components 
of the original signal are irreversibly corrupted by the overlaps of the shifted versions of X(f). 
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A visual inspection of Fig. 55.2 allows one to observe that such frequency contamination can be 
avoided when the original signal is bandlirnited [X(f) = 0 for J> Ji,] and sampled at a frequency f, 
2:: 2/b· In this case, shown in Fig. 55.2c, no overlaps exist between adjacent replay of X(f), and the 
original waveform can be retrieved by low-pass filtering the sampled signal [Oppenheim & Schafer, 
1975]. Such observations are the basis of the sampling theorem previously reported. 

The hypothesis of a bandlimited signal is hardly verified in practice, due to the signal character
istics or to the effect of superimposed wideband noise. It is worth noting that filtering before sam
pling is always needed even if we assume the incoming signal to be bandlimited. Let us consider the 
following example of an EEG signal whose frequency content of interest ranges between 0 and 40 
Hz (the usual diagnostic bands are 6, 0 to 3.5 Hz; -fr, 4 to 7 Hz; a, 8 to 13 Hz; 13, 14 to 40 Hz). We 
may decide to sample it at 80 Hz, thus literarily respecting the Shannon theorem. If we do it without 
prefiltering, we could find some unpleasant results. Typically, the SO-Hz mains noise will replicate 
itself in the signal band (30 Hz, i.e., the 13 band), thus corrupting irreversibly the information, which 
is of great interest from a physiologic and clinical point of view. The effect is shown in Fig. 55.3a 
(before sampling) and Fig. 55.3b (after sampling). Generally, it is advisable to sample at a frequency 
greater than 2/b [Gardenhire, 1964] in order to take into account the nonideal behaviour of the filter 
or the other preprocessing devices. Therefore, the prefiltering block of Fig. 55.1 is always required 
to bandlimit the signal before sampling and to avoid aliasing errors. 

The Quantization Effects 

The quantization produces a discrete signal, whose samples can assume only certain values accord
ing to the way they are coded. Typical step functions for a uniform quantizer are reported in 
Fig. 55.4a,b, where the quantization interval/),. between two quantization levels is evidenced in two 
cases: rounding and truncation, respectively. 

Quantization is a heavily nonlinear procedure, but fortunately, its effects can be statistically 
modeled. Figure 55.4c,d shows it; the nonlinear quantization block is substituted by a statistical 
model in which the error induced by quantization is treated as an additive noise e(n) (quantization 
error) to the signal x(n). The following hypotheses are considered in order to deal with a simple 
mathematical problem: 

1. e(n) is supposed to be a white noise with uniform distribution. 
2. e(n) and x(n) are uncorrelated. 

First of all, it should be noted that the probability density of e(n) changes according to the adopted 
coding procedure. If we decide to round the real sample to the nearest quantization level, we have 
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FIGURE 55.3 Power spectrum of an EEG signal (originally bandlimited up to 40 Hz). The presence of 50-Hz 
mains noise (a) causes aliasing error in the 30-Hz component (i.e., in the f3 diagnostic band) in the sampled sig
nal (b) if f, = 80 Hz. 
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FIGURE 55.4 Nonlinear relationships for rounding (a) and truncation 
(b) quantization procedures. Description of quantization block (c) by a statis
tical model (d) and probability densities for µie quantization noise e(n) for 
rounding (e) and truncation (f). 11 is the quantization interval. 

-1)./2 ::5 e(n) < /1/2, while if we decide to truncate the sample amplitude, we have -11 ::s e(n) < 0. 
The two probability densities are plotted in Fig. 55.4e,f 

The two ways of coding yield processes with different statistical properties. In the first case the 
mean and variance value of e(n) are 

m, = 0 

while in the second case m, = - 11/2, and the variance is still the same. Variance reduces in the 
presence of a reduced quantization interval as expected. 

Finally, it is possible to evaluate the signal-to-noise ratio (SNR) for the quantization process: 

having set /1 = r 2b and where O'~ is the variance of the signal and b is the number of bits used for 

coding. It should be noted that the SNR increases by almost 6 dB for each added bit of coding. 
Several forms of quantization are usually employed: uniform, nonuniform (preceding the uniform 
sampler with a nonlinear block), or roughly (small number of quantization levels and high quanti
zation step). Details can be found in Carassa (1983], Jaeger (1982], and Widrow (1956]. 

55.2 Signal Processing 

A brief review of different signal-processing techniques will be given in this section. They include 
traditional filtering, averaging techniques, and spectral estimators. 
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Only the main concepts of analysis and design of digital filters are presented, and a few examples 
are illustrated in the processing of the ECG signal. Averaging techniques will then be described 
briefly and their usefulness evidenced when noise and signal have similar frequency contents 
but different statistical properties; an example for evoked potentials enhancement from EEG 
background noise is illustrated. Finally, different spectral estimators will be considered and 
some applications shown in the analysis of RR fluctuations [i.e., the heart rate variability (HRV) 
signal]. 

Digital Filters 

A digital filter is a discrete-time system that operates some transformation on a digital input signal 
x(n) generating an output sequence y(n), as schematically shown by the block diagram in Fig. 55.5. 
The characteristics of transformation T[ ·] identify the filter. The filter will be time-variant if T[ ·] is 
a function of time or time-invariant otherwise, while is said to be linear if, and only if, having x1 (n) 
and x2(n) as inputs producingy,(n) and yi(n), respectively, we have 

(55.5) 

In the following, only linear, time-invariant filters will be considered, even if several interesting 
applications of nonlinear [Glaser & Ruchkin, 1976; Tompkins, 1993] or time-variant [Cohen, 1983; 
Huta & Webster, 1973; Thakor, 1987; Widrow et al., ·1975] filters have been proposed in the literature 
for the analysis of biologic signals. 

The behavior of a filter is usually described in terms of input-output relationships. They are 
usually assessed by exciting the filter with different inputs and evaluating which is the response 
(output) of the system. In particular, if the input is the impulse sequence 6(n), the resulting output, 
the impulse response, has a relevant role in describing the characteristic of the filter. Such a response 
can be used to determine the response to more complicated input sequences. In fact, let us consider 
a generic input sequence x(n) as a sum of weighed and delayed impulses 

x(n) = L x(k) · 8(n - k) (55.6) 
k=-00,00 

and let us identify the response to 6(n - k) as h(n - k). If the filter is time-invariant, each delayed 
impulse will produce the same response, but time-shifted; due to the linearity property, such 
responses will be summed at the output: 

y(n) = L x(k) · h(n - k). (55.7) 
k=-00,00 

This convolution product links input and output and defines the property of the filter. Two of 
them should be recalled: stability and causality. The former ensures that bounded (finite) inputs will 

:x(n) 
Digital Fllttr 

T[•] 

y(n) 
. 
y(n) = T [ :x(n) ] 

FIGURE 55.5 General block diagram of a digital filter. The out
put digital signal y(n) is obtained from the input x(n) by means 
of a transformation T[ ·] which identifies the filter. 
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produce bounded outputs. Such a property can be deduced by the impulse response; it can be proved 
that the filter is stable if and only if 

I lh(k)I < OO (55.8) 
k=-00,00 

Causality means that the filter will not respond to an input before the input is applied. This is in 
agreement with our physical concept of a system, but it is not strictly required for a digital filter that 
can be implemented in a noncausal form. A filter is causal if and only if 

h(k) = o fork< 0 

Even if relation (55.7) completely describes the properties of the filter, most often it is necessary to 
express the input-output relationships of linear discrete-time systems under the form of the z-trans
form operator, which allows one to express relation (55.7) in a more useful, operative, and simpler 
form. 

The z-Transform 

The z-transform of a sequence x(n) is defined by [Rainer et al., 1972] 

X(z) = I x(k) • z-k (55.9) 
k=-00,00 

where z is a complex variable. This series will converge or diverge for different z values. The set of 
z values which makes Eq. (55.9) converge is the region of convergence, and it depends on the series 
x(n) considered. 

Among the properties of the z-transform, we recall 

The delay (shift) property: 
If w(n) = x(n - T) then W(z) = X(z) · z-r 

• The product of convolution: 

If w(n) = L x(k) · y(n - k) then W(z) = X(z) · Y(z) 
k=--.-

The Transfer Function in the z-Domain 

Thanks to the previous property, we can express Eq. (55.7) in the z-domain as a simple multiplication: 

Y(z) = H(z) · X(z) (55.10) 

where H(z), known as transfer function of the filter, is the z-transform of the impulse response. H(z) 
plays a relevant role in the analysis and design of digital filters. The response to input sinusoids can 
be evaluated as follows: Assume a complex sinusoid x(n) = efa.>nT, as input, the correspondent filter 
output will be 

y(n) = L h(k)e jwT,(n-k) = ejwnTs L h(k)e-jwkT, = x(n) · H(z)lz=efauT, (55.11) 
k=O,- k=O,-

Then a sinusoid in input is still the same sinusoid at the output, but multiplied by a complex 
quantity H( w ). Such complex function defines the response of the filter for each sinusoid of w pulse 
in input, and it is known as the frequency response of the filter. It is evaluated in the complex z plane 
by computing H(z) for z = ei"'T,, namely, on the point locus that describes the unitary circle on the 
z plane (lei"'r,I = 1). As a complex function, H(w) will be defined by its module IH(w)J and by its 
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phase LH(w) functions, as shown in Fig. 55.6 
for a moving average filter of order 5. The figure 
indicates that the lower-frequency components 
will come through the filter almost unaffected, 
while the higher-frequency components will be 
drastically reduced. It is usual to express the 
horizontal axis of frequency response from Oto 
'TT. This is obtained because only pulse frequen
cies up to w,/2 are reconstructable ( due to the 
Shannon theorem), and therefore, in the hori
zontal axis, the value of wT, is reported which 
goes from 0 to 'TT. Furthermore, Fig. 55.6b 

demonstrates that the phase is piecewise linear, 
and in correspondence with the zeroes of 
IH(w)I, there is a change in phase of 'TT value.Ac
cording to their frequency response, the filters 
are usually classified as (1) low-pass, (2) high
pass, (3) bandpass, or ( 4) bandstop filters. Fig
ure 55.7 shows the ideal frequency response for 
such filters with the proper low- and high-fre
quency cutoffs. 

For a large class of linear, time-invariant sys
tems, H(z) can be expressed in the following 
general form: 

L bmz-m 
H(z) = _m_=_cO,_M __ _ 

1 + L akz-k 

k=l,N 

(55.12) 

which describes in the z domain the following 
difference equation in the discrete time domain: 

y(n) = - L aky(n - k) 
k=l,N 

+ L bmx(n - m) 
(55.13) 

m=O,M 

a) 

1-----~----~---, 

7t 

b) 
Jt-----~----~---, 

-JtL-----~-----'-~---' 
0 7t 

FIGURE 55.6 Modulus (a) and phase (b) diagrams 

of the frequency response of a moving average filter of 
order 5. Note that the frequency plots are depicted up 
to 'IT. In fact, taking into account that we are dealing 
with a sampled signal whose frequency information is 

up to f,/2, we have Wmax = 2'1Tf,/2 = 'IT!, or Wmax = 'IT if 
normalized with respect to the sampling rate. 

When at least one of the ak coefficient is different from zero, some output values contribute to the 
current output. The filter contains some feedback, and it is said to be implemented in a recursive 
form. On the other hand, when the ak values are all zero, the filter output is obtained only from the 
current or previous inputs, and the filter is said to be implemented in a nonrecursive form. 

The transfer function can be expressed in a more useful form by finding the roots of both 
numerator and denominator: 

(55.14) 

where Zm are the zeroes and pk are the poles. It is worth nothing that H(z) presents N - M zeros in 
correspondence with the origin of the z plane and M zeroes elsewhere (N zeroes totally) and N poles. 
The pole-zero form of H(z) is of great interest because several properties of the filter are immedi-
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FIGURE 55.7 Ideal frequency•response moduli for low•pass (a), high•pass (b), bandpass (c), and 
bandstop filters (d). 

ately available from the geometry of poles and zeroes in the complex z plane. In fact, it is possible to 

easily assess stability and by visual inspection to roughly estimate the frequency response without 

making any calculations. 
Stability is verified when all poles lie inside the unitary circle, as can be proved by considering the 

relationships between the z-transform and the Laplace s-transform and by observing that the left 
side of the s plane is mapped inside the unitary circle [Jackson, 1986; Oppenheim & Schafer, 1975]. 

The frequency response can be estimated by noting that (z - Zm)l,=)"'r, is a vector joining the rnth 

zero with the point on the unitary circle identified by the angle wT,. Defining 

-> 
B"' = (z - z,,,)lz=ejwT, 

xk = (z - A)lz=ejwT, 
(55.15) 

we obtain 

(55.16) 

LH (w) = L Lit - L LA\+ (N- M)wT,. 
m=l,M k=l ,N 

Thus the modulus of H(w) can be evaluated at any frequency w0 by computing the distances between 
poles and zeroes and the point on the unitary circle corresponding to w = w0

, as evidenced by 

Fig. 55.8, where a filter with two pairs of complex poles and three zeros is considered. 

To obtain the estimate of H( w), we move around the unitary circle and roughly evaluate the effect 
of poles and zeroes by keeping in mind a few rules [Challis & Kitney, 1982]: (1) when we are close 

to a zero, IH(w)J will approach zero, and a positive phase shift will appear in LH(w) as the vector 

from the zero reverses its angle; (2) when we are close to a pole, IH(w)I will tend to peak, and a 

92



Digital Biomedical Signal Acquisition and Processing 837 

negative phase change is found in LH(w) (the closer the pole to unitary circle, the sharper is the 
peak until it reaches infinite and the filter becomes unstable); and (3) near a closer pole-zero pair, 
the response modulus will tends to zero or infinity if the zero or the pole is closer, while far from 
this pair, the modulus can be considered unitary. As an example, it is possible to compare the mod
ulus and phase diagram of Fig. 55.Bb,c with the relative geometry of poles and zeroes of Fig. 55.8a. 

Fffi and IlR Filters 

A common way of classifying digital filters is based on the characteristics of their impulse response. 
For finite impulse response (FIR) filters, h(n) is composed of a finite number of nonzero values, 
while for infinite impulse response (IIR) filters, h(n) oscillates up to infinity with nonzero values. It 
is clearly evident that in order to obtain an infinite response to an impulse in input, the IIR filter 
must contain some feedback that sustains the output as the input vanishes. The presence of feed
back paths requires to put particular attention to the filter stability. 

Even if FIR filters are usually implemented in a nonrecursive form and IIR filters in a recursive 
form, the two ways of classification are not coincident. In fact, as shown by the following example, 
a FIR filter can be expressed in a recursive form 

H(z) = L z- k= I (55.17) 
k=O,N-l k= O,N- l 

for a more convenient computational implementation. 
As shown previously, two important requirements for filters are stability and linear phase 

response. FIR filters can be easily designed to fulfill such requirements; they are always stable (having 
no poles outside the origin), and the linear phase response is obtained by constraining the impulse 
response coefficients to have symmetry around their midpoint. Such constrain implies 

bm = ± b~- m (55.18) 

where the bm are the M coefficients of an FIR filter. The sign + or - stays in accordance with the 
symmetry (even or odd) and M value (even or odd). This is a necessary and sufficient condition for 
FIR filters to have linear phase response. Two cases of impulse response that yield a linear phase filter 
are shown in Fig. 55.9. 

It should be noted that condition (55.18) imposes geometric constrains to the zero locus of H(z). 
Taking into account Eq. (55.12), we have 

(55.19) 

Thus, both Zm and 1/z~, must be zeros of H(z). Then the zeroes of linear phase FIR filters must lie on 
the unitary circle, or they must appear in pairs and with inverse moduli. 

Design Criteria 

In many cases, the filter is designed in order to satisfy some requirements, usually on the frequency 
response, which depend on the characteristic of the particular application the filter is intended for. 
It is known that ideal filters, like those reported in Fig. 55. 7, are not physically realizable ( they would 
require an infinite number of coefficients of impulse response); thus we can design FIR or IIR fil
ters that can only mimic, with an acceptable error, the ideal response. Figure 55.10 shows a frequency 
response of a not ideal low-pass filter. Here, there are ripples in passband and in stopband, and there 
is a transition band from passband to stopband, defined by the interval w, - wp-

Several design techniques are available, and some of them require heavy computational tasks, 
which are capable of developing filters with defined specific requirements. They include window tech-
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nique, frequency-sampling method, or equirip
ple design for FIR filters. Butterworth, Cheby
chev, elliptical design, and impulse-invariant or 
bilinear transformation are instead employed 
for IIR filters. For detailed analysis of digital fil
ter techniques, see Antoniou (1979], Cerutti 
(1983], and Oppenheim and Schafer (1975]. 

Examples 

A few examples of different kinds of filters will 
be presented in the following, showing some ap
plications on ECG signal processing. It is known 
that the ECG contains relevant information 
over a wide range of frequencies; the lower
frequency contents should be preserved for 
correct measurement of the slow ST displace
ments, while higher-frequency contents are 
needed to correctly estimate amplitude and 
duration of the faster contributions, mainly at 
the level of the QRS complex. Unfortunately, 
several sources of noise are present in the same 
frequency band, such as, for example, higher
frequency noise due to muscle contraction 
(EMG noise), the lower-frequency noise due to 
motion artifacts (baseline wandering), the effect 
of respiration or the low-frequency noise in the 
skin-electrode interface, and others. 

In the first example, the effect of two differ
ent low-pass filters will be considered. An ECG 
signal corrupted by an EMG noise (Fig. 55.lla) 
is low-pass filtered by two different low-pass fil
ters whose frequency responses are shown in 
Fig. 55.1 lb,c. The two FIR filters have cutoff fre
quencies at 40 and 20 Hz, respectively, and were 
designed through window techniques (Weber
Cappellini window, filter length = 256 points) 
[Cappellini et al., 1978]. 

The output signals are shown in Fig. 55.1 ld,e. 
Filtering drastically reduces the superimposed 
noise but at the same time alters the original 
ECG waveform. In particular, the R wave ampli
tude is progressively reduced by decreasing the 
cutoff frequency, and the QRS width is progres
sively increased as well. On the other hand, P 
waves appears almost unaffected, having fre
quency components generally lower than 20 to 
30 Hz. At this point, it is worth noting that an 
increase in QRS duration is generally associated 

al 0 
"O 10 
Q) 

"O 

~ 

b) 

f 10·1 

Biomedical Signal Analysis 

a) 

10·2----~~--~----' 

0 1t 

c) 

-1t ~----~----~-----' 

0 1t 

FIGURE 55.8 Poles and zeroes geometry (a) and 
relative frequency response modulus (b) and phase (c) 
characteristics. Moving around the unitary circle a 
rough estimation of IH(w)I and LH(w) can be ob
tained. Note the zeros' effects at 1r and ,r/2 and mod-
ulus rising in proximity of the poles. Phase shifts are 
deary evident in part c closer to zeros and poles. 

with various pathologies, such as ventricular hypertrophy or bundle-branch block. It is therefore 
necessary to check that an excessive band limitation does not introduce a false-positive indication 
in the diagnosis of the ECG signal. 
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a) 
Center of 1ymmetry 

2 3 5 

n 

b) Center of symmetry 

0 2 3 4 5 

n 

FIGURE 55.9 Examples of impulse response for linear phase FIR fil
ters: odd (a) and even (b) number of coefficients. 

839 

An example of an application for stopband filters (notch filters) is presented in Fig. 55.12. It is 
used to reduce the 50-Hz mains noise on the ECG signal, and it was designed by placing a zero in 
correspondence of the frequency we want to suppress. 

Finally, an example of a high-pass filter is shown for the detection of the QRS complex. Detect
ing the time occurrence of a fiducial point in the QRS complex is indeed the first task usually 
performed in ECG signal analysis. The QRS complex usually contains the higher-frequency com
ponents with respect to the other ECG waves, and thus such components will be enhanced by a high
pass filter. Figure 55.13 shows how QRS complexes (Fig. 55.13a) can be identified by a derivative 
high-pass filter with a cutoff frequency to decrease the effect of the noise contributions at high 
frequencies (Fig. 55.13b). The filtered signal (Fig. 55.13c) presents sharp and well-defined peaks that 
are easily recognized by a threshold value. 
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passband 

stopband 

Ca) 

FIGURE 55.10 Amplitude response for a real low-pass filter. 
Ripples are admitted in both passband and stopband, but they 
are constrained into restricted areas. Limitations are also 
imposed to the width of the transition band. 

Signal Averaging 

Traditional filtering performs very well when the frequency content of signal and noise do not 
overlap. When the noise bandwidth is completely separated from the signal bandwidth, the noise 
can be decreased easily by means of a linear filter according to the procedures described earlier. On 
the other hand, when the signal and noise bandwidth overlap and the noise amplitude is enough to 
seriously corrupt the signal, a traditional filter, designed to cancel the noise, also will introduce signal 
cancellation or, at least, distortion. As an example, let us consider the brain potentials evoked by a 
sensory stimulation (visual, acoustic, or somatosensory) generally called evoked potentials (EP). 
Such a response is very difficult to determine because its amplitude is generally much lower than the 
background EEG activity. Both EP and EEG signals cO'ntain information in the same frequency 
range; thus the problem of separating the desired response cannot be approached via traditional 
digital filtering [Aun on et al., 1981). Another typical example is in the detection of ventricular late 
potentials (VLP) in the ECG signal. These potentials are very small in amplitude and are compara
ble with the noise superimposed on the signal also for what concerns the frequency content [Simson, 
1981). In such cases, an increase in the SNR may be achieved on the basis of different statistical 
properties of signal and noise. 

When the desired signal repeats identically at each iteration (i.e., the EP at each sensory stimulus, 
the VLP at each cardiac cycle), the averaging technique can satisfactorily solve the problem of 
separating signal from noise. This technique sums a set of temporal epochs of the signal together 
with the superimposed noise. If the time epochs are properly aligned, through efficient trigger-point 
recognition, the signal waveforms directly sum together. If the signal and the noise are characterized 
by the following statistical properties: 

1. All the signal epochs contain a deterministic signal component x(n) that does not vary for all 
the epochs. 

2. The superimposed noise w(n) is a broadband stationary process with zero mean and vari
ance a 2 so that 

E[w(n)] = 0 

E[w2(n)] = <J' 2 (55.20) 

3. Signal x(n) and noise w(n) are uncorrelated so that the recorded signal y(n) at the ith 

iteration can be expressed as 

y(n); = x(n) + w;(n), (55.21) 
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Then the averaging process yields y,: 

l N N 

Yi(n) = N Ly; = x(n) + L w;(n) 
i= l i=l 

(55.22) 

The noise term is an estimate of the mean by taking the average of N realizations. Such an average 
is a new random variable that has the same mean of the sum terms (zero in this case) and which has 
variance of cr2/N. The effect of the coherent averaging procedure is then to maintain the amplitude 
of the signal and reduce the variance of the noise by a factor of N. In order to evaluate the 
improvement in the SNR (in rms values) in respect to the SNR; (at the generic ith sweep): 

SNR= SNR-·VN I (55.23) 

Thus signal averaging improves the SNR by a factor of VN in rms value. 
A coherent averaging procedure can be viewed as a digital filtering process, and its frequency 

characteristics can be investigated. From expression (55.17) through the z-transform, the transfer 
function of the filtering operation results in 

1 + z-h + z-2h + ... + z -(N-l)h 

H(z) = N (55.24) 

where N is the number of elements in the average, and his the number of samples in each response. 
An alternative expression for H(z) is 

(55.25) 

This is a moving average low-pass filter as discussed earlier, where the output is a function of the 
preceding value with a lag of h samples; in practice, the filter operates not on the time sequence but 
in the sweep sequence on corresponding samples. 

The frequency response of the filter is shown in Fig. 55.14 for different values of the parameter 
N. In this case, the sampling frequency f, is the repetition frequency of the sweeps, and we may 
assume it to be 1 without loss of generality. The frequency response is characterized by a main lobe 
with the first zero corresponding to f = 1/N and by successive secondary lobes separated by zeroes 
at intervals 1/N. The width of each tooth decreases as well as the amplitude of the secondary lobes 
when increasing the number N of sweeps. 

The desired signal is sweep-invariant, and it will be unaffected by the filter, while the broadband 
noise will be decreased. Some leakage of noise energy takes place in the center of the sidelobes and, 
of course, at zero frequency. Under the hypothesis of zero mean noise, the de component has no 
effect, and the diminishing sidelobe amplitude implies the leakage to be not relevant for high 
frequencies. It is important to recall that the average filtering is based on the hypothesis of broad
band distribution of the noise and lack of correlation between signal and noise. Unfortunately, these 
assumptions are not always verified in biologic signals. For example, the assumption of indepen
dence of the background EEG and the evoked potential may be not completely realistic [ Gevins & 

Remond, 1987). In addition, much attention must be paid to the alignment of the sweeps; in fact, 
slight misalignments (fiducial point jitter) will lead to a low-pass filtering effect of the final result. 

Example 

As mentioned previously, one of the fields in which signal-averaging technique is employed exten
sively is in the evaluation of cerebral evoked response after a sensory stimulation. Figure 55.15a shows 
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a) 1.0 N=4 

s :I: 0.5 

0.0 

b) 0.0 0.1 0.2 0.3 0.4 0.5 
1.0 

N = 16 
c;:--:c o.5 

0.0 

c) 0.0 0.1 0.2 0.3 0.4 0.5 
1.0 

N =25 
c;:--

0.5 -:r: 
0.0 

d) 0.0 0.1 0.2 0.3 0.4 0.5 
1.0 

c;:-- N = 100 - 0.5 J: 

0.0 
0.0 0.1 0.2 0.3 0.4 0.5 

frequency 
FIGURE 55.14 Equivalent frequency response for the signal-averaging procedure for different values 
of N (see text). 

the EEG recorded from the scalp of a normal subject after a somatosensory stimulation released 
at time t = 0. The evoked potential (N = 1) is not visible because it is buried in the background EEG 
(upper panel). In the successive panels there is the same evoked potential after averaging different 
numbers of sweeps corresponding to the frequency responses shown in Fig. 55.14. As N increases, the 
SNR is improved by a factor VN (in rms value), and the morphology of the evoked potential becomes 
more recognizable while the EEG contribution is markedly diminished. In this way it is easy to eval
uate the quantitative indices of clinical interest, such as the amplitude and the latency of the relevant 
waves. 
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FIGURE 55.15 Enhancement of evoked potential (EP) by means of averaging technique. The 
EEG noise is progressively reduced, and the EP morphology becomes more recognizable as the 
number of averaged sweeps (N) is increased. 

Spectral Analysis 

The various methods to estimate the power spectrum density (PSD) of a signal may be classified as 
nonparametric and parametric. 

Nonparametric Estimators of PSD 

This is a traditional method of frequency analysis based on the Fourier transform that can be 
evaluated easily through the fast Fourier transform (FFT) algorithm [Marple, 1987]. The expression 
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of the PSD as a function of the frequency P(f) can be obtained directly from the time series y( n) by 
using the periodogram expression 

P(f) = TI, IT, II y(k)e- j2rrfkT, ,2 = _!_T IY(f)i2 
k=O N s 

(55.26) 

where T, is the sampling period, N is the number of samples, and Y(f) is the discrete time Fourier 
transform of y(n). 

On the basis of the Wiener-Khintchin theorem, PSD is also obtainable in two steps from the FFT 
of the autocorrelation function R,y(k) of the signal, where Ryy(k) is estimated by means of the fol
lowing expression: 

N-k-1 

L y(i)y* (i + k) 
i=O 

where* denotes the complex conjugate. Thus the PSD is expressed as 

N 

P(f) = T, · L Ryy(k)e-jZrrfkT, 
k=-N 

based on the available lag estimates Ryy(k), where -(l/2T,) :sf :s (l/2T,) 

(55.27) 

(55.28) 

FFT-based methods are widely diffused, for their easy applicability, computational speed, and 
direct interpretation of the results. Quantitative parameters are obtained by evaluating the power 
contribution at different frequency bands. This is achieved by dividing the frequency axis in ranges 
of interest and by integrating the PSD on such intervals. The area under this portion of the spec
trum is the fraction of the total signal variance due to the specific frequencies. However, autocorre
lation function and Fourier transform are theoretically defined on infinite data sequences. Thus 
errors are introduced by the need to operate on finite data records in order to obtain estimators of 
the true functions. In addition, for the finite data set it is necessary to make assumptions, sometimes 
not realistic, about the data outside the recording window; commonly they are considered to be zero. 
This implicit rectangular windowing of the data results in a spectral leakage in the PSD. Different 
windows that smoothly connect the side samples to zero are most ?ften used in order to solve this 
problem, even if they may introduce a reduction in the frequency resolution [Harris, 1978). Fur
thermore, the estimators of the signal PSD are not statistically consistent, and various techniques 
are needed to improve their statistical performances. Various methods are mentioned in the litera
ture; the methods of Dariell [ 1946], Bartlett [ 1948], and Welch [ 1970) are the most diffused ones. 
Of course, all these procedures cause a further reduction in frequency resolution. 

Parametric Estimators 

Parametric approaches assume the time series under analysis to be the output of a given mathe
matical model, and no drastic assumptions are made about the data outside the recording window. 
The PSD is calculated as a function of the model parameters according to appropriate expressions. 
A critical point in this approach is the choice of an adequate model to represent the data sequence. 
The model is completely independent of the physiologic, anatomic, and physical characteristics of 
the biologic system but provides simply the input-output relationships of the process in the 
so-called black-box approach. 

Among the numerous possibilities of modeling, linear models, characterized by a rational trans
fer function, are able to describe a wide number of different processes. In the most general case, they 
are represented by the following linear equation that relates the input-driving signal w(k) and the 
output of an autoregressive moving average (ARMA) process: 

103



848 Biomedical Signal Analysis 

p q 

y(k) = - L a;y(k - i) + L biw(k - j) + w(k) (55.29) 
i= l j= I 

where w(k) is the input white noise with zero mean value and variance X.2, p and q are the orders of 
AR and MA parts, respectively, and a; and bi are the proper coefficients. 

The ARMA model may be reformulated as an AR or an MA if the coefficients bi or a; are, respec
tively, set to zero. Since the estimation of the AR parameters results in linear equations, AR models 
are usually employed in place of ARMA or MA models, also on the basis of the Wold decomposi
tion theorem [Marple, 1987] that establishes that any stationary ARMA or MA process of finite 
variance can be represented as a unique AR model of appropriate order, even infinite; likewise, any 
ARMA or AR process can be represented by an MA model of sufficiently high order. 

The AR PSD is then obtained from the following expression: 

P(f) = X.2 T, 2 

I 
p I 1 + L a;z- i 

i= I z=exp(j2-rrffs) 

(55.30) 
p TI (z - z1) 

I= I z=exp(j2-rr/T,) 

The right side of the relation puts into evidence the poles of the transfer function that can be plot
ted in the z-transform plane. Figure 55.16b shows the PSD function of the HRV signal depicted in 
Fig. 55.16a, while Fig. 55.16c displays the corresponding pole diagram obtained according to the 
procedure described in the preceding section. 

a) Tachogr.im 
1.-------.------r----,------.-----,--------,--, 

0.4 
0 50 100 150 200 250 300 

beat number 
ARPSD Pole diagram 

b) 0.01 c) Im 1 

0.008 

~ 0.006 VLF X 
X 

~0.004 X 
X 

0.002 

0.1 0.2 0.3 0.4 
frequency (Hz) 

FIGURE 55.16 (a) Interval tachogram obtained from an ECG recording as the sequence of the RR 
time intervals expressed in seconds as a function of the beat number. (b) PSD of the signal (a) eval
uated by means of an AR model (see text). (c) Pole diagram of the PSD shown in (b). 
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Parametric methods are methodologically and computationally more complex than the 
nonparametric ones, since they require an a priori choice of the structure and of the order of the 
model of the signal-generation mechanism. Some tests are required a posteriori to verify the white
ness of the prediction error, such as the Anderson test (autocorrelation test) [Box & Jenkins, 1976] 
in order to test the reliability of the estimation. Postprocessing of the spectra can be performed as 
well as for nonparametric approaches by integrating the P(f) function in predefined frequency 
ranges; however, the AR modeling has the advantage of allowing a spectral decomposition for a di
rect and automatic calculation of the power and frequency of each spectral component. In the 
z-transform domain, the autocorrelation function (ACF) R(k) and the P(z) of the signal are related 
by the following expression: 

l I -R(k) = -
2

. P(z)zk I dz 
'TT} lzl=l 

(55.31) 

If the integral is calculated by means of the residual method, the ACF is decomposed into a sum of 
dumped sinusoids, each one related to a pair of complex conjugate poles, and of dumped exponen
tial functions, related to the real poles [Zetterberg, 1969]. The Fourier transform of each one of these 
terms gives the expression of each spectral component that fits the component related to the rele
vant pole or pole pair. The argument of the pole gives the central frequency of the component, while 
the ith spectral component power is the residual 'Yi in case of real poles and 2Re(-y;) in case of 
:onjugate pole pairs. 'Yi is computed from the following expression: 

(55.32) 

It is advisable to point out the basic characteristics of the two approaches that have been described 
above: the nonparametric and the parametric. The latter (parametric) has evident advantages with 
respect to the former, which can be summarized in the following: 

It has a more statistical consistency even on short segments of data; i.e., under certain 
assumptions, a spectrum estimated through autoregressive modeling is a maximum entropy 
spectrum (MES). 

• The spectrum is more easily interpretable with an "implicit" filtering of what is considered 
random noise. 

An easy and more reliable calculation of the spectral parameters (postprocessing of the spec
trum), through the spectral decomposition procedure, is possible. Such parameters are di
rectly interpretable from a physiologic point of view. 

• There is no need to window the data in order to decrease the spectral leakage. 

The frequency resolution does not depend on the number of data. 

On the other hand, the parametric approach 

• Is more complex from a methodologic and computational point of view. 

Requires an a priori definition of the kind of the model (AR, MA, ARMA, or other) to be 
fitted and mainly its complexity defined (i.e., the number of parameters). 

Some figures of merit introduced in literature may be of help in determining their value [Akaike, 
197 4]. Still, this procedure may be difficult in some cases. 

Example 

As an example, let us consider the frequency analysis of the ]:ieart rate variability (HRV) signal. In 
Fig. 55.16a, the time sequence of the RR intervals obtained from an ECG recording is shown. The 
RR intervals are expressed in seconds as a function of the beat number in the so-called interval 
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tachogram. It is worth noting that the RR series is not constant but is characterized by oscillations 
of up to the 10% of its mean value. These oscillations are not casual but are the effect of the action 
of the autonomic nervous system in controlling heart rate. In particular, the frequency analysis of 
such a signal (Fig. 55.16b shows the PSD obtained by mean of an AR model) has evidenced three 
principal contributions in the overall variability of the HRV signal. A very low frequency (VLF) 
component is due to the long-term regulation mechanisms that cannot be resolved by analyzing 
a few minutes of signal (3 to 5 minutes are generally studied in the traditional spectral analysis 
of the HRV signal). Other techniques are needed for a complete understanding of such mechan
isms. The low-frequency (LF) component is centered around 0.1 Hz, in a range between 0.03 and 
0.15 Hz. An increase in its power has always been observed in relation to sympathetic activations. 
Finally, the high-frequency (HF) component, in synchrony with the respiration rate, is due to the 
respiration activity mediated by the vagus nerve; thus it can be a marker of vagal activity. In partic
ular, LF and HF power, both in absolute and in normalized units (i.e., as percentage value on the 
total power without the VLF contribution), and their ratio LF/HF are quantitative indices widely 
employed for the quantification of the sympathovagal balance in controlling heart rate [Malliani 
et al., 1991]. 

55.3 Conclusion 

The basic aspects of signal acquisition and processing have been illustrated, intended as fundamen
tal tools for the treatment of biologic signals. A few examples also were reported relative to the ECG 
signal, as well as EEG signals and EPs. Particular processing algorithms have been described that use 
digital filtering techniques, coherent averaging, and power spectrum analysis as reference examples 
on how traditional or innovative techniques of digital signal processing may impact the phase of in
formative parameter extraction from biologic signals. They may improve the knowledge of many 
physiologic systems as well as help clinicians in dealing with new quantitative parameters that could 
better discriminate between normal and pathologic cases. 

Defining Terms 

Aliasing: Phenomenon that takes place when, in ND conversion, the sampling frequency f, is 
lower than twice the frequency content!,, of the signal; frequency components above f,/2 are 
folded back and are summed to the lower-frequency components, distorting the signal. 

Averaging: Filtering technique based on the summation of N stationary waveforms buried in ca
sual broadband noise. The SNR is improved by a factor of VN. 

Frequency response: A complex quantity that, multiplied by a sinusoid input of a linear filter, 
gives the output sinusoid. It completely characterizes the filter and is the Fourier transform 
of the impulse response. 

Impulse response: Output of a digital filter when the input is the impulse sequence 6(n). It 
completely characterizes linear filters and is used for evaluating the output corresponding to 
different kinds of inputs. 

Notch filter: A stopband filter whose stopped band is very sharp and narrow. 
Parametric methods: Spectral estimation methods based on the identification of a signal gener

ating model. The power spectral density is a function of the model parameters. 
Quantization error: Error added to the signal, during the ND procedure, due to the fact that the 

analog signal is represented by a digital signal that can assume only a limited and predefined 
set of values. 

Region of convergence: In the z-transform plane, the ensemble containing the z-complex points 
that makes a series converge to a finite value. 
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Further Information 

A book that provides a general overview of basic concepts in biomedical signal processing is Digital 
Biosignal Processing, by Rolf Weitkunat (ed) (Elsevier Science Publishers, Amsterdam, 1991). 
Contributions by different authors provide descriptions of several processing techniques and many 
applicative examples on biologic signal analysis. A deeper and more specific insight of actual knowl
edge and future perspectives on ECG analysis can be found in Electrocardiography: Past and Future, 
by Philippe Coumel and Oscar B. Garfein (eds) (Annals of the New York Academy Press, vol 601, 
1990). Advances in signal processing are monthly published in the journal IEEE Transactions 
on Signal Processing, while the IEEE Transaction on Biomedical Engineering provides examples of 
applications in biomedical engineering fields. 
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Optical measures of physiologic status are attractive because they can provide a simple, noninva
sive, yet real-time assessment of medical condition. Noninvasive optical monitoring is here taken to 
mean the use of visible or near-infrared light to directly assess the internal physiologic status of a 
person without the need of extracting a blood or tissue sample or using a catheter. Liquid water 
strongly absorbs ultraviolet and infrared radiation, and thus these spectral regions are useful only 
for analyzing thin surface layers or respiratory gases, neither of which will be the subject of this 
review. Instead, it is the visible and near-infrared portions of the electromagnetic spectrum that 
provide a unique "optical window" into the human body, opening new vistas for noninvasive 
monitoring technologies. 

Various molecules in the human body possess distinctive spectral absorption characteristics in 
the visible or near-infrared spectral regions and therefore make optical monitoring possible. The 
most strongly absorbing molecules at physiologic concentrations are the hemoglobins, myoglobins, 
cytochromes, melanins, carotenes, and bilirubin (see Fig. 88.1 for some examples). Perhaps less ap
preciated are the less distinctive and weakly absorbing yet ubiquitous materials possessing spectral 
characteristics in the near-infrared: water, fat, proteins, and sugars. Simple optical methods are now 
available to quantitatively and noninvasively measure some of these compounds directly in intact 
tissue. The most successful methods to date have used hemoglobins to assess the oxygen content of 
blood, cytochromes to assess the respiratory status of cells, and possibly near-infrared to assess 
endogenous concentrations of metabolytes, including glucose. 

88.1 Oximetry and Pulse Oximetry 

Failure to provide adequate oxygen to tissues-hypoxia-can in a matter of minutes result in re
duced work capacity of muscles, depressed mental activity, and ultimately cell death. It is therefore 
of considerable interest to reliably and accurately determine the amount of oxygen in blood or tis
sues. Oximetry is the determination of the oxygen content of blood or tissues, normally by optical 
means. In the clinical laboratory the oxygen content of whole blood can be determined by a bench
top cooximeter or blood gas analyzer. But the need for timely clinical information and the desire to 
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FIGURE 88.1 Absorption spectra of some endogenous biologic materials (a) hemoglo
bins, (b) cytochrome aa3, (c) myoglobins, and (d) melanin. 
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minimize the inconvenience and cost of extracting a blood sample and later analyze it in the lab has 
led to the search for alternative noninvasive optical methods. Since the 1930s, attempts have been 
made to use multiple wavelengths of light to arrive at a complete spectral characterization of a tissue. 
These approaches, although somewhat successful, have remained of limited utility owing to the 
awkward instrumentation and unreliable results. 

It was not until the invention of pulse oximetry in the 1970s and its commercial development and 
application in the 1980s that noninvasive oximetry became practical. Pulse oximetry is an extremely 
easy-to-use, noninvasive, and accurate measurement of real-time arterial oxygen saturation. Pulse 
oximetry is now used routinely in clinical practice, has become a standard of care in all U.S. oper
ating rooms, and is increasingly used wherever critical patients are found. The explosive growth of 
this new technology and its considerable utility led John Severinghaus and Poul Astrup [ 1986] in an 
excellent historical review to conclude that pulse oximetry was "arguably the most significant tech
nological advance ever made in monitoring the well-being and safety of patients during anesthesia, 
recovery and critical care." 
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Background 

Medical Instruments and Devices 

The partial pressure of oxygen (pO2) in tissues need only be about 3 mmHg to support basic meta
bolic demands. This tissue level, however, requires capillary pO2 to be near 40 mmHg, with a corre
sponding arterial pO2 of about 95 mmHg. Most of the oxygen carried by blood is stored in red blood 
cells reversibly bound to hemoglobin molecules. Oxygen saturation (SaO2) is defined as the per
centage of hemoglobin-bound oxygen compared to the total amount of hemoglobin available for 
reversible oxygen binding. The relationship between the oxygen partial pressure in blood and the 
oxygen saturation of blood is given by the hemoglobin oxygen dissociation curve as shown in Fig. 
88.2. The higher the pO2 in blood, the higher the SaO2• But due to the highly cooperative binding of 
four oxygen molecules to each hemoglobin molecule, the oxygen binding curve is sigmoidal, and 
consequently the SaO2 value is particularly sensitive to dangerously low pO2 levels. With a normal 
arterial blood pO2 above 90 mmHg, the oxygen saturation should be at least 95%, and a pulse oxime
ter can readily verify a safe oxygen level. If oxygen content falls, say to a pO2 below 40 mmHg, meta
bolic needs may not be met, and the corresponding oxygen saturation will drop below 80%. Pulse 
oximetry therefore provides a direct measure of oxygen sufficiency and will alert the clinician to any 
danger of imminent hypoxia in a patient. 

Although endogenous molecular oxygen is not optically observable, hemoglobin serves as an 
oxygen-sensitive "dye" such that when oxygen reversibly binds to the iron atom in the large heme 
prosthetic group, the electron distribution of the heme is shifted, producing a significant color 
change. The optical absorption of hemoglobin in its oxygenated and deoxygenated states is shown 
in Fig. 88.1. Fully oxygenated blood absorbs strongly in the blue and appears bright red; deoxy
genated blood absorbs throughout the visible region and is very dark (appearing blue when 
observed through tissue due to light scattering effects). Thus the optical absorption spectra of oxy
hemoglobin ( O2Hb) and "reduced" deoxyhemoglobin (RHb) differ substantially, and this difference 
provides the basis for spectroscopic determinations of the proportion of the two hemoglobin states. 
In addition to these two normal functional hemoglotiins, there are also dysfunctional hemoglobins
carboxyhemoglobin, methemoglobin, and sulfhemoglobin-which are spectroscopically distinct 
but do not bind oxygen reversibly. Oxygen saturation is therefore defined in Eq. (88.1) only in terms 
of the functional saturation with respect to O2Hb and RHb: 

(88.1) 

Cooximeters are bench-top analyzers that accept whole blood samples and utilize four or more 
wavelengths of monochromatic light, typically between 500 and 650 nm, to spectroscopically 
determine the various individual hemoglobins in the sample. If a blood sample can be provided, this 
spectroscopic method is accurate and reliable. Attempts to make an equivalent quantitative analy
sis noninvasively through intact tissue have been fraught with difficulty. The problem has been to 
contend with the wide variation in scattering and nonspecific absorption properties of very com
plex heterogeneous tissue. One of the more successful approaches, marketed by Hewlett-Packard, 
used eight optical wavelengths transmitted through the pinna of the ear. In this approach a "blood
less" measurement is first obtained by squeezing as much blood as possible from an area of tissue; 
the arterial blood is then allowed to flow back, and the oxygen saturation is determined by analyz
ing the change in the spectral absorbance characteristics of the tissue. While this method works fairly 
well, it is cumbersome, operator dependent, and does not always work well on poorly perfused or 
highly pigmented subjects. 

In the early 1970s, Takuo Aoyagi recognized that most of the interfering nonspecific tissue effects 
could be eliminated by utilizing only the change in the signal during an arterial pulse. Although an 
early prototype was built in Japan, it was not until the refinements in implementation and applica
tion by Biox (now Ohmeda) and Nellcor Incorporated in the 1980s that the technology became 
widely adopted as a safety monitor for critical care use. 
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Pulse oximetry is based on the fractional change in light transmission during an arterial pulse at two 
different wavelengths. In this method the fractional change in the signal is due only to the arterial 
blood itself, and therefore the complicated nonpulsatile and highly variable optical characteristics of 
tissue are eliminated. In a typical configuration, light at two different wavelengths illuminating one 
side of a finger will be detected on the other side, after having traversed the intervening vascular 
tissues (Fig. 88.3). The transmission of light at each wavelength is a function of the thickness, color, 
and structure of the skin, tissue, bone, blood, and other material through which the light passes. The 

Light Source 

0000000000000000000 
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00 0 0 0 0 oo 

---~ 
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FIGURE 88.3 Typical pulse oximeter sensing configuration on a 
finger. Light at two different wavelengths is emitted by the source, 
diffusely scattered through the finger, and detected on the opposite 
side by a photodetector. 
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absorbance of light by a sample is defined as the negative logarithm of the ratio of the light intensity 
in the presence of the sample (I) to that without (10 ): A = -log(I!I0 ). According to the Beer-Lambert 
law, the absorbance of a sample at a given wavelength with a molar absorptivity (E) is directly 
proportional to both the concentration (c) and pathlength (I) of the absorbing material: A = Eel. (In 
actuality, biologic tissue is highly scattering, and the Beer-Lambert law is only approximately correct; 
see the references for further elaboration.) Visible or near-infrared light passing through about one 
centimeter of tissue (e.g., a finger) will be attenuated by about one or two orders of magnitude for a 
typical emitter-detector geometry, corresponding to an effective optical density (OD) of 1-2 OD (the 
detected light intensity is decreased by one order of magnitude for each OD unit). Although hemo
globin in the blood is the single strongest absorbing molecule, most of the total attenuation is due to 
the scattering of light away from the detector by the highly heterogeneous tissue. Since human tissue 
contains about 7% blood, and since blood contains typically about 14 g/dL hemoglobin, the effective 
hemoglobin concentration in tissue is about 1 g/dL (-150 uM). At the wavelengths used for pulse 
oximetry (650-950 nm), the oxy- and deoxyhemoglobin molar absorptivities fall in the range of 
100-1000 M- 1cm- 1

, and consequently hemoglobin accounts for less than 0.2 OD of the total observed 
optical density. Of this amount, perhaps only 10% is pulsatile, and consequently pulse signals of only 
about a few percent are ultimately measured, at times even one-tenth of this. 

A mathematical model for pulse oximetry begins by considering light at two wavelengths, >.. 1 and 
>..2, passing through tissue and being detected at a distant location as in Fig. 88.3. At each wavelength 
the total light attenuation is described by four different component absorbances: oxyhemoglobin in 
the blood (concentration c0 , molar absorptivity E0 , and effective pathlength l0), "reduced" deoxyhe
moglobin in the blood ( concentration c,, molar absorptivity En and effective pathlength /,), specific 
variable absorbances that are not from the arterial blood (concentration c"' molar absorptivity Ex, 

and effective pathlength Ix), and all other non-specific sources of optical attenuation, combined as 
Ay, which can include light scattering, geometric factors, and characteristics of the emitter and de
tector elements. The total absorbance at the two wavelengths can then be written: 

!
Ah[ : Eo/olo + E.,,c,l, + Ex,cxlx + Ay, 

Ah2 - Ealala + E.,2c,l, + Ex2cxlx + AY2 (88.2) 

The blood volume change due to the arterial pulse results in a modulation of the measured ab
sorbances. By taking the time rate of change of the absorbances, the two last terms in each equation 
are effectively zero, since the concentration and effective pathlength of absorbing material outside 
the arterial blood do not change during a pulse [d(cxlx)ldt = O], and all the nonspecific effects on 
light attenuation are also effectively invariant on the time scale of a cardiac cycle (dA 1/dt = O). Since 
the extinction coefficients are constant, and the blood concentrations are constant on the time scale 
of a pulse, the time-dependent changes in the absorbances at the two wavelengths can be assigned 
entirely to the change in the blood pathlength (d/0 /dt and dl,!dt). With the additional assumption 
that these two blood pathlength changes are equivalent (or more generally, their ratio is a constant), 
the ratio R of the time rate of change of the absorbance at wavelength I to that at wavelength 2 re
duces to the following: 

R = dAh/dt = -d log(IJia)ldt 

dAh/dt -d log(I2lla)ldt 

(Cl.Ii/I,) 
(Cl.l2ll2) 

E.01 C0 + EqC, 

Eolo + E,2C, 
(88.3) 

Observing that functional oxygen saturation is given by S = c0 /(c0 + c,), and that (1-S) = c,!(c0 + c,), 
the oxygen saturation can then be written in terms of the ratio Ras follows: 

E,1 - E,2R s = -----------
( E,1 - E.01) - ( E,2 - Eo2)R 

115



Noninvasive Optical Monitoring 1351 

Equation (88.4) provides the desired relationship between the experimentally determined ratio 
R and the clinically desired oxygen saturation S. In actual use, commonly available LEDs are used as 
the light sources, typically a red LED near 660 nm and a near-infrared LED selected in the range 
890-950 nm. Such LEDs are not monochromatic light sources, typically with bandwidths between 
20 and 50 run, and therefore standard molar absorptivities for hemoglobin cannot be used directly 
in Eq. (88.4). Further, the simple model presented above is only approximately true; for example, 
the two wavelengths do not necessarily have the exact same pathlength changes, and second-order 
scattering effects have been ignored. Consequently the relationship between S and R is instead 
determined empirically by fitting the clinical data to a generalized function of the form S = (a - bR)! 
(c - dR). The final empirical calibration will ultimately depend on the details of an individual sensor 
design, but these variations can be determined for each sensor and included in unique calibration 
parameters. A typical empirical calibration for R versus S is shown in Fig. 88.4, together with the 
curve that standard molar absorptivities would predict. 

In this way the measurement of the ratio of the fractional change in signal intensity of the two 
LEDs is used along with the empirically determined calibration equation to obtain a beat-by-beat 
measurement of the arterial oxygen saturation in a perfused tissue--continuously, noninvasively, 
and to an accuracy of a few percent. 

Applications and Future Directions 

Pulse oximetry is now routinely used in nearly all operating rooms and critical care areas in the 
United States and increasingly throughout the world. It has become so pervasive and useful that it 
is now being called the "fifth" vital sign (for an excellent review of practical aspects and clinical 
applications of the technology see Kelleher [I 989]). 

The principal advantages of pulse oximetry are that it provides continuous, accurate, and reliable 
monitoring of arterial oxygen saturation on nearly all patients, utilizing a variety of convenient 
sensors, reusable as well as disposable. Single-patient-use adhesive sensors can easily be applied to 
fingers for adults and children and to arms or legs for neonates. Surface reflectance sensors have also 
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FIGURE 88.4 Relationship between the measured ratio of fractional changes in 
light intensity at two wavelengths, R, and the oxygen saturation S. Beer-Lambert 
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been developed based on the same principles and offer a wider choice for sensor location, though 
they tend to be less accurate and prone to more types of interference. 

Limitations of pulse oximetry include sensitivity to high levels of optical or electric interference, 
errors due to high concentrations of dysfunctional hemoglobins (methemoglobin or carboxyhe
moglobin) or interference from physiologic dyes (such as methylene blue). Other important factors, 
such as total hemoglobin content, fetal hemoglobin, or sickle cell trait, have little or no effect on 
the measurement except under extreme conditions. Performance can also be compromised by poor 
signal quality, as may occur for poorly perfused tissues with weak pulse amplitudes or by motion 
artifact. 

Hardware and software advances continue to provide more sensitive signal detection and filter
ing capabilities, allowing pulse oximeters to work better on more ambulatory patients. Already some 
pulse oximeters incorporate ECG synchronization for improved signal processing. A pulse oxime
ter for use in labor and delivery is currently under active development by several research groups 
and companies. A likely implementation may include use of a reflectance surface sensor for the fetal 
head to monitor the adequacy of fetal oxygenation. This application is still in active development, 
and clinical utility remains to be demonstrated. 

88.2 Nonpulsatile Spectroscopy 

Background 

Nonpulsatile optical spectroscopy has been used for more than half a century for noninvasive 
medical assessment, such as in the use of multiwavelength tissue analysis for oximetry and skin 
reflectance measurement for bilirubin assessment in jaundiced neonates. These early applications 
have found some limited use, but with modest impact. Recent investigations into new nonpulsatile 
spectroscopy methods for assessment of deep-tissue oxygenation ( e.g., cerebral oxygen monitoring), 
for evaluation of respiratory status at the cellular le~el, and for the detection of other critical 
analytes, such as glucose, may yet prove more fruitful. The former applications have led to spectro
scopic studies of cytochromes in tissues, and the latter has led to considerable work into new 
approaches in near-infrared analysis of intact tissues. 

Cytochrome Spectroscopy 

Cytochromes are electron-transporting, heme-containing proteins found in the inner membranes of 
mitochondria and are required in the process of oxidative phosphorylation to convert metabolytes 
and oxygen into CO2 and high-energy phosphates. In this metabolic process the cytochromes are 
reversibly oxidized and reduced, and consequently the oxidation-reduction states of cytochromes c 

and aa3 in particular are direct measures of the respiratory condition of the cell. Changes in the 
absorption spectra of these molecules, particularly near 600 nm and 830 nm for cytochrome aa3, 

accompany this shift. By monitoring these spectral changes, the cytochrome oxidation state in the 
tissues can be determined (see, for example, Jobsis [1977] and Jobsis et al. [1977]). As with all 
nonpulsatile approaches, the difficulty is to remove the dependence of the measurement on the var
ious nonspecific absorbing materials and highly variable scattering effects of the tissue. To date, in
struments designed to measure cytochrome spectral changes can successfully track relative changes 
in brain oxygenation, but absolute quantitation has not yet been demonstrated. 

Near-Infrared Spectroscopy and Glucose Monitoring 

Near-infrared (NIR), the spectral region between 780 nm and 3000 nm, is characterized by broad 
and overlapping spectral peaks produced by the overtones and combinations of infrared vibrational 
modes. Figure 88.5 shows typical NIR absorption spectra of fat, water, and starch. Exploitation of 
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FIGURE 88.5 Typical near-infrared absorption spectra of several biologic 
materials. 
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this spectral region for in vivo analysis has been hindered by the same complexities of nonpulsatile 
tissue spectroscopy described above and is further confounded by the very broad and indistinct 
spectral features characteristic of the NIR. Despite these difficulties, NIR spectroscopy has garnered 
considerable attention, since it may enable the analysis of common analytes. 

Karl Norris and coworkers pioneered the practical application of NIR spectroscopy, using it to 
evaluate water, fat, and sugar content of agricultural products (see Osborne et al. [ 1993] and Burns 
and Cuirczak (1992]). The further development of sophisticated multivariate analysis techniques, 
together with new scattering models (e.g., Kubeika-Munk theory) and high-performance instru
mentation, further extended the application of NIR methods. Over the past decade, many research 
groups and companies have touted the use of NIR techniques for medical monitoring, such as for 
determining the relative fat, protein, and water content of tissue, and more recently for noninvasive 
glucose measurement. The body composition analyses are useful but crude and are mainly limited 
to applications in nutrition and sports medicine. Noninvasive glucose monitoring, however, is of 
considerable interest. 

More than 2 million diabetics in the United States lance their fingers three to six times a day to 
obtain a drop of blood for chemical glucose determination. The ability of these individuals to 
control their glucose levels, and the quality of their life generally, would dramatically improve if a 
simple, noninvasive method for determining blood glucose levels could be developed. Among the 
noninvasive optical methods proposed for this purpose are optical rotation, NIR analysis, and 
raman spectroscopy. The first two have received the most attention. Optical rotation methods aim 
to exploit the small optical rotation of polarized light by glucose. To measure physiologic glucose 
levels in a 1-cm thick sample to an accuracy of 25 mg/dL would require instrumentation that can 
reliably detect an optical rotation of at least 1 millidegree. Finding an appropriate in vivo optical 
path for such measurements has proved most difficult, with most approaches looking to use either 
the aqueous humor or the anterior chamber of the eye [Cote et al., 1992; Rabinovitch et al., 1982]. 
Although several groups have developed laboratory analyzers that can measure such a small effect, 
so far in vivo measurement has not been demonstrated, due both to unwanted scattering and optical 
activity of biomaterials in the optical path and to the inherent difficulty in developing a practical 
instrument with the required sensitivity. 

NIR methods for noninvasive glucose determination are particularly attractive, although the task 
is formidable. Glucose has spectral characteristics near 1500 nm and in the 2000-2500 nm band 
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where many other compounds also absorb, and the magnitude of the glucose absorbance in biologic 
samples is typically two orders of magnitude lower than those of water, fat, or protein. The normal 
detection limit for NIR spectroscopy is on the order of one part in 103

, whereas a change of25 mg/dL 
in glucose concentration corresponds to an absorbance change of 10- 4 to 10- s. In fact, the temper
ature dependence of the NIR absorption of water alone is at least an order of magnitude greater than 
the signal from glucose in solution. Indeed some have suggested that the apparent glucose signature 
in complex NIR spectra may actually be the secondary effect of glucose on the water. 

Sophisticated chemometric (particularly, multivariate analysis) methods have been employed to 
try to extract the glucose signal out of the noise (for methods reviews see Martens and Nres [ 1989] 
and Haaland [1992]). Several groups have reported using multivariate techniques to quantitate 
glucose in whole blood samples, with encouraging results [Haaland et al., 1992]. And despite all 
theoretical disputations to the contrary, some groups claim the successful application of these 
multivariate analysis methods to noninvasive in vivo glucose determination in patients [Robinson 
et al., 1992]. Yet even with the many groups working in this area, much of the work remains 
unpublished, and few if any of the reports have been independently validated. 

Time-Resolved Spectroscopy 

The fundamental problem in making quantitative optical measurements through intact tissue is 
dealing with the complex scattering phenomena. This scattering makes it difficult to determine the 
effective pathlength for the light, and therefore attempts to use the Beer-Lambert law, or even to 
determine a consistent empirical calibration, continue to be thwarted. Application of new tech
niques in time-resolved spectroscopy may be able to tackle this problem. Thinking of light as a 
packet of photons, if a single packet from a light source is sent through tissue, then a distant receiver 
will detected a photon distribution over time-the photons least scattered arriving first and the pho
tons most scattered arriving later. In principle, the first photons arriving at the detector passed di
rectly through the tissue. For these first photons the distance between the emitter and the detector 
is fixed and known, and the Beer-Lambert law should apply, permitting determination of an absolute 

concentration for an absorbing component. The difficulty in this is, first, that the measurement time 
scale must be on the order of the photon transit time (subnanosecond), and second, that the number 
of photons getting through without scattering will be extremely small, and therefore the detector 
must be exquisitely sensitive. Although these considerable technical problems have been overcome 
in the laboratory, their implementation in a practical instrument applied to a real subject remains 
to be demonstrated. This same approach is also being investigated for noninvasive optical imaging, 
since the unscattered photons should produce sharp images (see Chance et al., [1988], Chance 
[1991], and Yoo and Alfano [1989]). 

88.3 Conclusions 

The remarkable success of pulse oximetry has established noninvasive optical monitoring of vital 
physiologic functions as a modality of considerable value. Hardware and algorithm advances in 
pulse oximetry are beginning to broaden its use outside the traditional operating room and critical 
care areas. Other promising applications of noninvasive optical monitoring are emerging, such as 
for measuring deep tissue oxygen levels, determining cellular metabolic status, or for quantitative 
determination of other important physiologic parameters such as blood glucose. Although these lat
ter applications are not yet practical, they may ultimately impact noninvasive clinical monitoring 
just as dramatically as pulse oximetry. 

Defining Terms 

Beer-Lambert law: Principle stating that the optical absorbance of a substance is proportional to 
both the concentration of the substance and the pathlength of the sample. 
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Cytochromes: Heme-containing proteins found in the membranes of mitochondria and required 
for oxidative phosphorylation, with characteristic optical absorbance spectra. 

Dysfunctional hemoglobins: Those hemoglobin species that cannot reversibly bind oxygen 
(carboxyhemoglobin, methemoglobin, and sulfhemoglobin). 

Functional saturation: The ratio of oxygenated hemoglobin to total nondysfunctional hemoglo
bins (oxyhemoglobin plus deoxyhemoglobin). 

Hypoxia: Inadequate oxygen supply to tissues necessary to maintain metabolic activity. 
Multivariate analysis: Empirical models developed to relate multiple spectral intensities from 

many calibration samples to known analyte concentrations, resulting in an optimal set of 
calibration parameters. 

Oximetry: The determination of blood or tissue oxygen content, generally by optical means. 
Pulse oximetry: The determination of functional oxygen saturation of pulsatile arterial blood by 

ratiometric measurement of tissue optical absorbance changes. 
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Further Information 

Two collections of papers on pulse oximetry include a book edited by J. P. Payne and J. W. Sever
inghaus, Pulse Oximetry (New York, Springer-Verlag, 1986), and a journal collection-International 
Anesthesiology Clinics (25( 4), 1987]. For technical reviews of pulse oximetry, see J. A. Pologe's 1987 
"Pulse Oximetry" [Int Anesthesiol Clin 25(3):137], Kevin K. Tremper and Steven J. Barker's 1989 
"Pulse Oximetry" [Anesthesiology 70{ 1 ):98], and Michael W. Wukitsch, Michael T. Patterson, David 
R. Tobler, anc; coworkers' 1988 "Pulse Oximetry: Analysis of Theory, Technology, and Practice" 
[J Clin Monit 4( 4):290]. 

For a review of practical and clinical applications of pulse oximetry, see the excellent review by 
Joseph F. Kelleher [ 1989] and John Severinghaus and Joseph F. Kelleher (1992). John Severinghaus 
and Yoshiyuki Honda have written several excellent histories of pulse oximetry [ 1987 a, 1987b ]. 

For an overview of applied near-infrared spectroscopy, see Donald A. Burns and Emil W. Ciurczak 
(1992) and B. G. Osborne, T. Fearn, and P.H. Hindle (1993). For a good overview of multivariate 
methods, see Harald Martens and Tormod Nres (1989]. 
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89.1 Scope of the Market for Home Medical Devices 

The market for medical devices used in the home and alternative sites has increased dramatically in 
the last 10 years and has reached an overall estimated size of more than $1.6 billion [FIND/SVP, 
1992]. In the past, hospitals have been thought of as the only places to treat sick patients. But with 
the major emphasis on reducing healthcare costs, increasing numbers of sicker patients move from 
hospitals to their homes. Treating sicker patients outside the hospital places additional challenges 
on medical device design and patient use. Equipment designed for hospital use can usually rely on 
trained clinical personnel to support the devices. Outside the hospital, the patient and/or family 
members must be able to use the equipment, requiring these devices to have a different set of design 
and safety features. This chapter will identify some of the major market segments using medical 
devices in the home and discuss important design considerations associated with home use. 

Table 89.1 outlines market segments where devices and products are used to treat patients outside 
the hospital [FIND/SVP, 1992]. The durable medical equipment market is the most established mar
ket providing aids for patients to improve access and mobility. These devices are usually not life sup
porting or sustaining, but in many cases they can make the difference in allowing a patient to be able 
to function outside a hospital or nursing or skilled facility. Other market segments listed employ gen
erally more sophisticated sol_utions to clinical problems. These will be discussed by category of use. 

The incontinence and ostomy area of products is one of the largest market segments and is grow
ing in direct relationship to our aging society. Whereas sanitary pads and colostomy bags are not 
very "high-tech," well-designed aids can have a tremendous impact on the comfort and indepen
dence of these patients. Other solutions to incontinence are technically more sophisticated, such as 
use of electric stimulation of the sphincter muscles through an implanted device or a miniature 
stimulator inserted as an anal or vaginal plug to maintain continence [Wall et al., 1993]. 

Many forms of equipment are included in the Respiratory segment. These devices include those 
that maintain life support as well as those that monitor patients' respiratory function. These patients, 
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TABLE 89.1 Major Market Segments Outside Hospitals 

Market Segment 

Durable medical equipment 
Incontinence and ostomy products 
Respiratory equipment 

Drug infusion, drug measurement 

Pain control and functional stimulation 

•source: FIND/SVl- [1992] . 

Estimated 
Equipment Size 
1991 Device Examples 

$373 M' Specialty beds, wheelchairs, toilet aids, ambulatory aids 
$600 M' Sanitary pads, electrical stimulators, colostomy bags 
$180 M• Oxygen therapy, portable ventilators, nasal CPAP, monitors, 

apnea monitors 
$300 M Infusion pumps, access ports, patient-controlled analgesia 

(PCA), glucose measurement, implantable pumps 
$140 M Transcutaneous electrical nerve stimulation (TENS), functional 

electrical nerve stimulation (FES) 

with proper medical support, can function outside the hospital at a significant reduction in cost and 
increased patient comfort [Pierson, 1994]. One area of this segment, infant apnea monitors, pro
vides parents or caregivers the cardio/respiratory status of an at-risk infant so that intervention 
(CPR etc.) can be initiated if the baby has a life-threatening event. The infant monitor shown in 
Fig. 89.1 is an example of a patient monitor designed for home use and will be discussed in more 
detail later in this chapter. Pulse oximetry monitors are also going home with patients. They are used 
to measure noninvasively the oxygen level of patients receiving supplemental oxygen or ventilator
dependent patients to determine if they are being properly ventilated. 

Portable infusion pumps are an integral part of providing antibiotics, pain management, 
chemotherapy, and parenteral and enteral nutrition. The pump shown in Fig. 89.2 is an example of 
technology that allows the patient to move about freely while receiving sometimes lengthy drug ther
apy. Implantable drug pumps are also available for special long-term therapy needs. 

Pain control using electric stimulation in place of drug therapy continues to be an increasing 
market. The delivery of small electric impulses to block pain is continuing to gain medical accep-

FIGURE 89.1 Infant apnea monitor used in a typical home setting (photo courtesy of EdenTec 

Corporation). 
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FIGURE 89.2 Portable drug pump used throughout the day (photo courtesy of Pharmacia Deltec 
Inc.). 

tance for treatment outside the hospital setting. A different form of electric stimulation called 
functional electric stimulation (FES) applies short pulses of electric current to the nerves that 
control weak or paralyzed muscles. This topic is covered as a separate chapter in this book. 

Growth of the homecare business has created problems in overall healthcare costs since a corre
sponding decrease in hospital utilization has not yet occurred. In the future, however, increased 
homecare will necessarily result in reassessment and downsizing in the corresponding hospital 
segment. There will be clear areas of growth and areas of consolidation in the new era of healthcare 
reform. It would appear, however, that homecare has a bright future of continued growth. 

89.2 Unique Challenges to the Design and Implementation of 
High-Tech Homecare Devices 

What are some of the unique requirements of devices that could allow more sophisticated equip
ment to go home with ordinary people of varied educational levels without compromising their 
care? Even though each type of clinical problem has different requirements for the equipment that 
must go home with the patient, certain common qualities must be inherent in most devices used in 
the home. Three areas to consider when equipment is used outside of the hospital are that the device 
(1) must provide a positive clinical outcome, (2) must be safe and easy to use, and (3) must be user
friendly enough so that it will be used. 

The Device Must Provide a Positive Clinical Outcome 

Devices cannot be developed any longer just because new technology becomes available. They must 
solve the problem for which they were intended and make a significant clinical difference in the out
come or management of the patient while saving money. These realities are being driven by those 
who reimburse for devices, as well as by the FDA as part of the submission for approval to market a 
new device. 
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The Device Must Be Safe to Use 

Homecare devices may need to be even more reliable and even safer than hospital devices. We often 
think of hospitals as having the best quality and most expensive devices that money can buy. In 
addition to having the best equipment to monitor patients, hospitals have nurses and aids that keep 
an eye on patients so that equipment problems may be quickly discovered by the staff. A failure in 
the home may go unnoticed until it is too late. Thus systems for home use really need extra reliability 
with automatic backup systems and/or early warning signals. 

Safety issues can take on a different significance depending on the intended use of the device. 
Certain safety issues are important regardless of whether the device is a critical device such as an 
implanted cardiac pacemaker or a noncritical device such as a bed-wetting alarm. No device should 
be able to cause harm to the patient regardless of how well or poorly it may be performing its 
intended clinical duties. Devices must be safe when exposed to all the typical environmental condi
tions to which the device could be exposed while being operated by the entire range of possible users 
of varied education and while exposed to siblings and other untrained friends or relatives. For 
instance, a bed-wetting alarm should not cause skin burns under the sensor if a glass of water spills 
on the control box. This type of safety issue must be addressed even when it significantly affects the 
final cost to the consumer. 

Other safety issues are not obviously differentiated as to being actual safety issues or simply 
nuisances or inconveniences to the user. It is very important for the designer to properly define these 
issues; although some safety features can be included with little or no extra cost, other safety features 
may be very costly to implement. It may be a nuisance for the patient using a TENS pain control 
stimulator to have the device inadvertently turned off when its on/off switch is bumped while watch
ing TY. In this case, the patient only experiences a momentary cessation of pain control until the 
unit is turned back on. But it could mean injuries or death to the same patient driving an automo
bile who becomes startled when his TENS unit inadvertently turns on and he causes an accident. 

Reliability issues can also be mere inconveniences of major safety issues. Medical devices should 
be free of design and materials defects so that they can perform their intended functions reliably. 
Once again, reliability does not necessarily need to be expensive and often can be obtained with good 
design. Critical devices, i.e., devices that could cause death or serious injury if they stopped operat
ing properly, may need to have redundant systems for backup, which likely will increase cost. 

The Device Must Be Designed So That It Will Be Used 

A great deal of money is being spent in healthcare on device for patients that end up not being used. 
There are numerous reasons for this happening including that the wrong device was prescribed for 
the patient's problem in the first place; the device works, but it has too many false alarms; the device 
often fails to operate properly; it is cumbersome to use or difficult to operate or too uncomfortable 
to wear. 

Ease of Use 

User-friendliness is one of the most important features in encouraging a device to be used. Techno
logical sophistication may be just as necessary in areas that allow ease of use as in attaining accuracy 
and reliability in the device. The key is that the technologic sophistication be transparent to the user 
so that the device does not intimidate the user. Transparent features such as automatic calibration 
or automatic sensitivity adjustment may help allow successful use of a device that would otherwise 
be too complicated. 

Notions of what makes a device easy to use, however, need to be thoroughly tested with the patient 
population intended for the device. Caution needs to be taken in defining what "simple" means to 
different people. A VCR may be simple to the designer because all features can be programmed with 
one button, but it may not be simple to users if they have to remember that it takes two long pushes 
and one short to get into the clock-setting program. 
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Convenience for the user is also extremely important in encouraging use of a device. Applications 
that require devices to be portable must certainly be light enough to be carried. Size is almost always 
important for anything that must fit within the average household. Either a device must be able to 
be left in place in the home or it must be easy to set up, clean, and put away. Equipment design can 
make the difference between the patient appropriately using the equipment or deciding that it is just 
too much hassle to bother. 

Reliability 

Users must also have confidence in the reliability of the device being used and must have confidence 
that if it is not working properly, the device will tell them that something is wrong. Frequent break
downs or false alarms will result in frustration and ultimately in reduced compliance. Eventually 
patients will stop using the device altogether. Most often, reliability can be designed into a product 
with little or no extra cost in manufacturing, and everything that can be done at no cost to enhance 
reliability should be done. It is very important, however, to understand what level of additional 
reliability involving extra cost is necessary for product acceptance. Reliability can always be added 
by duplicated backup systems, but the market or application may not warrant such an approach. 
Critical devices which are implanted, such as cardiac pacemakers, haw: much greater reliability 
requirements, since they involve not only patient frustration but also safety. 

Cost Reimbursement 

Devices must be paid for before the patient can realize the opportunity to use new, effective equip
ment. Devices are usually paid for by one of two means. First, they are covered on an American 
Medical Association Current Procedural Terminology Code ( CPT-code) which covers the medical, 
surgical, and diagnostic services provided by physicians. The CPT-codes are usually priced out by 
Medicare to establish a baseline reimbursement level. Private carriers usually establish a similar or 
different level of reimbursement based on regional or other considerations. Gaining new CPT-codes 
for new devices can take a great deal of time and effort. The second method is to cover the proce
dure and device under a capitated fee where the hospital is reimbursed a lump sum for a procedure 
including the device, hospital, homecare, and physician fees. 

Every effort should be made to design devices to be low cost. Device cost is being scrutinized more 
and more by those who reimburse. It is easy to state, however, that a device needs to be inexpensive. 
Unfortunately the reality is that healthcare reforms and new regulations by FDA are making medical 
devices more costly to develop, to obtain regulatory approvals for [FDA, 1993], and to manufacture. 

Professional Medical Service Support 

The more technically sophisticated a device is, the more crucial that homecare support and educa
tion be a part of a program. In fact, in many cases, such support and education are as important as 
the device itself. 

Medical service can be offered by numerous homecare service companies. Typically these 
companies purchase the equipment instead of the patient, and a monthly fee is charged for use of 
the equipment along with all the necessary service. The homecare company then must obtain 
reimbursement from third-party payers. Some of the services offered by the homecare company 
include training on how to use the equipment, CPR training, transporting the equipment to the 
home, servicing/repairing equipment, monthly visits, and providing on-call service 24 hours a day. 
The homecare provider must also be able to provide feedback to the treating physician on progress 
of the treatment. This feedback may include how well the equipment is working, the patient's 
medical status, and compliance of the patient. 

89 .3 Infant Monitor Example 

Many infants are being monitored in the home using apnea monitors because they have been iden
tified with breathing problems [Kelly, 1992]. Theses include newborn premature babies who have 
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apnea of prematurity [Henderson-Smart, 1992; NIH, 1987), siblings of babies who have died of 
sudden infant death syndrome (SIDS) [Hunt, 1992; NIH, 1987], or infants who have had an 
apparent life-threatening episode (ALTE) related to lack of adequate respiration [Kahn et al. 1992; 
NIH, 1987]. Rather than keeping infants in the hospital for a problem that they may soon outgrow 
(1-6 months), doctors often discharge them from the hospital with an infant apnea monitor that 
measures the duration of breathing pauses and heart rate and sounds an alarm if either parameter 
crosses limits prescribed by the doctor. 

Infant apnea monitors are among the most sophisticated devices used routinely in the home. 
These devices utilize microprocessor control, sophisticated breath-detection and artifact rejection 
firmware algorithms, and internal memory that keeps track of use of the device as well as recording 
occurrence of events and the physiologic waveforms associated with the events. The memory 
contents can be downloaded directly to computer or sent via modem remotely where a complete 
45-day report can be provided to the referring physician (see Fig. 89.3). 

Most apnea monitors measure breathing effort through impedance pneumography. A small 
(100-200 uA) high-frequency (25-100 kHz) constant-current train of pulses is applied across the 
chest between a pair of electrodes. The voltage needed to drive the current is measured, and thereby 
the effective impedance between the electrodes can be calculated. Impedance across the chest 
increases as the chest expands and decreases as the chest contracts with each breath. The impedance 
change with each breath can be as low as 0.2 ohms on top of an electrode base impedance of 2000 
ohms, creating some interesting signal-to-noise challenges. Furthermore, motion artifact and blood 
volume changes in the heart and chest can cause impedance changes of 0.6 ohms or more that can 
look just like breathing. Through the same pair of electrodes, heart rate is monitored by picking up 
the electrocardiogram (ECG) [AAMI, 1988]. 

Because the impedance technique basically measures motion of the chest, this technique can only 
be used to monitor central apnea or lack of breathing effort. Another less common apnea in infants 
called obstructive apnea results when an obstruction of the airway blocks air from flowing in spite 
of breathing effort. Obstructive apnea can not be monitored using impedance pneumography 
[Kelly, 1992]. 

There is a very broad socioeconomic and educational spectrum of parents or caregivers who may 
be monitoring their infants with an apnea monitor. This places an incredible challenge for the design 
of the device so that it is easy enough to be used by a variety of caregivers. It also puts special 
requirements on the homecare service company that must be able to respond to these patients 
within a matter of minutes, 24 hours a day. 

The user-friendly monitor shown in Fig. 89.1 uses a two-button operation, the on/off switch, and 
a reset switch. The visual alarm indicators are invisible behind a back-lit panel except when an actual 
alarm occurs. A word describing the alarm then appears. By not showing all nine possible alarm 
conditions unless an alarm occurs, parent confusion and anxiety is minimized. Numerous safety 
features are built into the unit, some of which are noticeable but many of which are internal to the 
operation of the monitor. One useful safety feature is the self-check. When the device is turned on, 
each alarm LED lights in sequence, and the unit beeps once indicating that the self-check was 
completed successfully. This gives users the opportunity to confirm that all the alarm visual indica
tors and the audible indicator are working and provides added confidence for users leaving their 
baby on the monitor. A dual-level battery alarm gives an early warning that the battery will soon 
need charging. The weak battery alarm allows users to reset the monitor and continue monitoring 
their babies for several more hours before depleting the battery to the charge battery level where the 
monitor must be attached to the ac battery charger/adapter. This allows parents the freedom to leave 
their homes for a few hours knowing that their child can continue to be monitored. 

A multistage alarm reduces the risk of parents sleeping through an alarm. Most parents are sleep
deprived with a new baby. Consequently, it can be easy for parents in a nearby room to sleep through 
a monitor alarm even when the monitor sounds at 85 dB. A three-stage alarm helps to reduce this 
risk. After 10 seconds of sounding at 1 beep per second, the alarm switches to 3 beeps per second for 
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the next 10 seconds. Finally, if an alarm has not resolved itself after 20 seconds, the alarm switches 
to 6 beeps per second. Each stage of alarm sounds more intense than the previous one and offers the 
chance of jolting parents out of even the deepest sleep. 

The physician always prescribes what alarm settings should be used by the homecare service 
company when setting up the monitor. As a newborn baby matures, these settings may need to be 
adjusted. Sometimes the parents can be relied upon for making these setting changes. To allow both 
accessibility to these switches as well as to keep them safe from unauthorized tampering from a help
ing brother or sister, a special tamper-resistant-adjustment procedure is utilized. Two simultaneous 
actions are required in order to adjust the alarm limit settings. The reset button must be continu
ally pressed on the front of the unit while changing settings on the back of the unit. Heart rate lev
els are set in beats per minute, and apnea duration is set in single-second increments. Rather than 
using easy-to-set push-button switches, "pen-set" switches are used which require a pen or other 
sharp implement to make the change. If the proper switch adjustment procedure is not followed, 
the monitor alarms continuously and displays a switch alarm until the settings are returned to their 
original settings. A similar technique is used for turning the monitor Off. The reset button must first 
be pressed and then the on/off switch turned to the off position. Violation of this procedure will 
result in a switch alarm. 

Other safety features are internal to the monitor and are transparent to the user. The monitor's 
alarm is designed to be normally on from the moment the device is turned on. Active circuitry 
controlled by the microprocessor turns the alarm off when there are no active alarm conditions. If 
anything hangs up the ptocessor or if any of a number of components fail, the alarm will not turn 
off and will remain on in a fail-safe mode. This "alarm on unless turned off" technique is also used 
in a remote alarm unit for parents with their baby in a distant room. If a wire breakage occurs 
between the monitor and the remote alarm unit, or a connector pulls loose, or a component fails, 
the remote alarm no longer is turned off by the monitor and it alarms in a fail-safe condition. 

Switches, connectors, and wires are prone to fail. One way to circumvent this potential safety 
issue is use of switches with a separate line for each poss1ble setting. The monitor continuously polls 
every switch line of each switch element to check that "exactly" one switch position is making con
tact. This guards against misreading bad switch elements, a switch inadvertently being set between 
two positions, or a bad connector or cable. Violation of the exactly one contact condition results in 
a switch alarm. 

It is difficult to manage an apnea monitoring program in rural areas where the monitoring family 
may be a hundred miles or more away from the homecare service company. There are numerous 
ways to become frustrated with the equipment and stop using the monitor. Therefore, simplicity of 
use and reliability are important. Storing occurrence of alarms and documenting compliance in 
internal memory in the monitor help the homecare service company and the remote family cope 
with the situation. The monitor shown in Fig. 89.1 stores in digital memory the time, date, and 
duration of (1) each use of the monitor; (2) occurrence of all equipment alarms; and (3) all physi
ologic alarms including respiratory waveforms, heart rate, and ECG for up to a 45-day period. These 
data in the form of a report (see Fig. 89.3) can be downloaded to a laptop PC or sent via modem to 
the homecare service company or directly to the physician. 

89 .4 Conclusions 

Devices that can provide positive patient outcomes with reduced overall cost to the healthcare sys
tem while being safe, reliable, and user-friendly will succeed based on pending healthcare changes. 
Future technology in areas of sensors, communications, and memory capabilities should continue 
to increase the potential effectiveness of homecare management programs by using increasingly 
sophisticated devices. The challenge for the medical device designer is to provide cost-effective, 
reliable, and easy-to-use solutions that can be readily adopted by the multidisciplinary aspects of 
homecare medicine while meeting FDA requirements. 
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Apnea: Cessation of breathing. Apnea can be classified as central, obstructive, or mixed, which is 
a combination. 

Apnea of prematurity: Apnea in which the incidence and severity increases with decreas
ing gestational age attributable to immaturity of the respiratory control system. The inci
dence has increased due to improved survival rates for very-low-birth-weight premature 
infants. 

Apparent life-threatening episode (ALTE): An episode characterized by a combination of apnea, 
color change, muscle tone change, choking, or gagging. To the observer it may appear the 
infant has died. 

Capitated fee: A fixed payment for total program services versus the more traditional fee for 
service in which each individual service is charged. 

Cardiac pacemaker: A device that electrically stimulates the heart at a certain rate used in absence 
of normal function of the heart's sino-atrial node. 

Central apnea: Apnea secondary to lack of respiratory or diaphragmatic effort. 
Chemotherapy: Treatment of disease by chemical agents. Term popularly used when fighting 

cancer chemically. 
Colostomy: The creation of a surgical hole as an alternative opening of the colon. 
CPR (cardiopulmonary resuscitation): Artificially replacing heart and respiration function 

through rhythmic pressure on the chest. 
CPT-code (current procedural terminology code): A code used to describe specific proce

dures/tests developed by the AMA. 
Electrocardiogram (ECG): The electric potential recorded across the chest due to depolarization 

of the heart muscle with each heartbeat. 
Enteral nutrition: Chemical nutrition injected intestinally. 
Food and Drug Administration (FDA): Federal agency that oversees and regulates foods, drugs, 

and medical devices. 
Functional electrical stimulation (FES): Electric stimulation of peripheral nerves or muscles to 

gain functional, purposeful control over partially or fully paralyzed muscles. 
Incontinence: Loss of voluntary control of the bowel or bladder. 
Obstructive apnea: Apnea in which effort to breath continues but airflow ceases due to obstruc

tion or collapse of the airway. 
Ostomy: Surgical procedure that alters the bladder or bowel to eliminate through an artificial 

passage. 
Parenteral nutrition: Chemical nutrition injected subcutaneously, intramuscularly, intraster

nally, or intravenously. 
Sphincter: A band of muscle fibers that constricts or closes an orifice. 
Sudden infant death syndrome (SIDS): The sudden death of an infant which is unexplained by 

history or postmortem exam. 
Transcutaneous electrical nerve stimulation (TENS): Electrical stimulation of sensory nerve 

fibers resulting in control of pain. 
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ABSTRACT This paper relates to a genuine wrist pulse oximeter, which is a noninvasive medical device
that can measure the pulse rate and oxygen saturation level in a person’s blood. The device is novel due to its
innovative design. It is a new type of reflective oximeter, which has a concave structure for housing the optical
source and sensor. The neo-reflective sensor module of the device is designed to send the sensor data to a
nearby intelligent mobile phone usingwireless data transmission. The pulse oximeter has been developed and
calibrated, and the calibration curve was analyzed. The innovative design of this pulse oximeter would enable
the user to wear the low-cost device on one wrist continuously throughout the day, without the inconvenience
of a conventional finger pulse oximeter.

INDEX TERMS Biomedical sensor, pulse oximetry, blood oxygen saturation, wrist oximeter, reflective
oximetry.

I. INTRODUCTION
A pulse oximeter is a non-invasive medical device that can
measure the pulse rate and oxygen saturation level in a
person’s blood. People with cardiac or pulmonary disease
may check on their blood oxygenation continuously,
especially while jogging or exercising. Pilots use them to
determine if they need supplemental oxygen, especially when
they fly a non-pressurized airplane. When climbing on high
altitudes, alpinists may use pulse oximeters as well.

In the blood vessels, the hemoglobin with oxygen
are called oxygenated hemoglobin (oxy Hb), whereas
the hemoglobin without oxygen are called deoxygenated
hemoglobin (deoxy Hb). The basic principle of operation of a
pulse oximeter depends on the use of LED light, which is used
to determine the oxygen saturation. In particular, red LED
light of around 630nm wavelength and infrared LED light of
around 880nm wavelength are utilized. (Some pulse oxime-
ters use LEDs of around 660nm and 940 nm wavelengths.)
It must be noted that oxy Hb absorbs red and infrared light
differently. One fundamental property is that oxy Hb absorbs
more infrared light than red light, whereas deoxy Hb absorbs
more red light than infrared light. A pulse oximeter calculates
the oxygen saturation by comparing how much red light and
infrared light are absorbed by the blood.

Currently, there are many different models of pulse
oximeters in the market. They differ in size, quality and cost.
The complex ones used in hospitals are typically large and not
portable. However, there are many hand held pulse oxime-
ters for home use which are very compact and easy to use.

The most common model is the finger model, which displays
the blood oxygenation level (SpO2) and pulse rate.
A wrist-finger model is very common in the market [1].

The device is actually a finger model as the sensor is placed
on a finger which is then connected to a wrist display. Yet,
the pulse oximeter on the finger is quite noticeable and the
finger may not be too comfortable for long period and con-
tinuous monitoring. Early work on reflectance type of pulse
oximeter have been carried out by Mendelson et al. [2], [3].
Design to lower the power consumption has also been
studied in [4] and [5].
The development of a small-sized reflectance pulse oxime-

ter was investigated by Santha et al. [6]. The distance between
the light sources and the detector was examined, as well as the
pressure of the reflective pulse oximeter sensor head onto the
skin. In [7], a reflectance pulse oximeter with circuitry and
method for obtaining the percentage of oxygen saturation is
given. A microcomputer is used for the signal processing, as
well as the calculation of the oxygen saturation based on the
input light intensity signals.
A wrist-worn pulse oximeter is described in [8] which has

illustrated the feasibility of reflectance oximetry based on a
sensor mounted onto a wrist band. The motivation is that the
typical finger-tip model is a transmittance pulse oximeter,
and is practical only when the patient is hospitalized or lying
steadily. Usually, the sensor would press on a finger or the ear
lobe which would sometimes cause discomfort or pain as the
sensor would block the blood flow. In their prototype model,
the reflectance sensor and LED light source are mounted onto
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a wrist band of width 30mm. The wristband sensor design is
novel and a wireless data transmission module would further
enable the data to be sent to a remote receiver for processing
and display. Yet, the calibration of the oximeter and further
details on the implementation are not shown.

In [9], a ring-shaped photodiode designed for use in a
reflectance pulse oximetry sensor is shown.
Li and Warren [10] have also developed a small and low-
cost wireless reflectance oximeter suitable for wearable and
surface-based applications including at the wrist location.
High quality photoplethysmographic (PPG) data can be col-
lected. Further signal processing is needed to obtain the actual
value of oxygen saturation. In [11], another reflectance type
PPG device is developed for the continuous monitoring of
arterial oxygen saturation. The result obtained was in good
agreement with the finger PPG.

II. THE INNOVATIVE FEATURES OF A NEO-REFLECTIVE
WRIST PULSE OXIMETER
In this paper, we present another novel reflective wrist
pulse oximeter that has been developed in our laboratory.
As mentioned in the previous section, recent mature
technology and products of oximeter are mostly based on
the principle of transmittance of light through a finger.
However, oximetry based on the principle of light reflectance
from human tissue has a great potential for wide acceptance.
In our design, the light source and sensor are placed in a
concave structure using the principle of reflective oximetry.
In addition, the design is for wrist wearing as it is a more
convenient and comfortable location than the finger for long
duration measurement and continuous monitoring. It must be
noted that for pulse and blood pressure monitoring, some
products located at the wrist already exist in the market
(e.g. Casio BP-100 and Omron HEM-608).

To summarize, our design has a novel sensor module
design. A concave structure is designed to house the sensor
module components so as to obtain improved operational
efficiency when collecting the wrist pulse signals. In order
to obtain desirable wrist pulse signals, the sensor module is
designed to be placed at an inner part of the wrist. The special
design of its concave shape helps the sensor module to stay in
the chosen location of the wrist. The device has a very simple
hardware structure without even a display because all data
further processing, calculations and displaywill not be carried
out on the wearable wrist device. A wireless transmission
module will transmit all sensor data to an application of a
nearby smart phone, which would perform all those tasks.
Hence, the device can communicate in a cordless manner with
a remote monitoring system. The radio interface can use the
Bluetooth protocol.

III. PRINCIPLE OF OPERATION OF REFLECTIVE OXIMETRY
The scattering coefficient is much bigger than the absorption
coefficient for most human tissue. Therefore, it is possible
to build a model where the photon movement in the body
tissue can be considered as a diffusion process, when the

geometric dimension is bigger than the scattering length, and
then the photon will mainly scatter before it get sized by the
photo-transistor. Therefore, light through wrist tissue can be
described by photon diffusion equation [8]:

1
c
∂

∂t
∅(r, t)− D∇2

∅(r, t)+ µa∅(r, t) = S(r, t) (1)

where ∅(r, t) is the fluence rate, which represents the effective
photon density at the position r and at time t. D denotes a
diffusion coefficient, µa represents absorption coefficient of
the tissue and S(r, t) represents the light source.
Hence, the density of the photon reflecting from the body

tissue is determined by the flux of the illumination and the
detected light intensity. The equation of the density of the
photon reflected is [8]:

R(ρ, r, t) = (4πDc)−3/.2Z0t−5/.2 exp(−µact)exp(−
ρ2 + z20
4Dct

)

(2)

When time is long enough, the change ratio of reflected light
intensity will be close to −µact, as below:

lim
t→∞

∂

∂t
ln R(ρ, r, t) = −µact (3)

As a result, the change ratio of reflected light intensity
W = IAC/IDC is proportional to the absorption coefficient of
the tissue. The AC part of the signal represents absorption
of fluctuating wave of pulsing blood, while the DC part
represents absorption of human tissue and vessel.
The absorption of red and infrared light by oxygenated

hemoglobin (HbO2) and reduced hemoglobin (Hb) is much
bigger than that by other human tissue or water. Besides at
different wavelengths, the light absorbance of HbO2 and Hb
are different. By this principle, we can deduce the oxygen
saturation from the different ratio of reflective light intensity
rate when two light with different wavelengths go through
vessel blood inside human tissue [7], [8].

SpO2 = α − β
wλ1
wλ2
= α − β

Iλ1AC
/
Iλ1DC

Iλ2AC
/
Iλ2DC

SpO2 = α − βR (4)

where R is defined as follows:

R =
Iλ1AC

/
Iλ1DC

Iλ2AC
/
Iλ2DC

and α, β are parameters that need to be determined experi-
mentally. Hence, when the values of the DC and AC compo-
nent of the red and infrared light intensity are obtained, the
blood oxygen saturation can be calculated.
Equation (4) has assumed a linear relationship between

oxygen saturation and the R value, which is commonly used
in the field and in the market products. Yet, considering
the differences in light intensities between red and infrared
light, it is also reasonable to state a second-order relationship
between R and the oxygen saturation:

SpO2= α − βR− γR
2 (5)
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The parameters α, β and γ can be determined in an
experimental study. It can be shown that the second order
equation can potentially provide a more accurate calculation
for the value of oxygen saturation.

IV. SYSTEM DESIGN
Fig. 1 gives the overall system design of the reflective
oximeter, which consists of Concave Sensor Module,
Signal Processing Module, A/D Converter Module, Wireless
Transmission Module and Smart Phone.

FIGURE 1. System design diagram.

The Concave Sensor Module is used to acquire the original
light signal reflected from fluctuating blood and tissue. In the
Signal Processing Module, the original signal is separated
into a DC and AC component.

In the A/D converter Module, the analog signal is
transferred to the digital signal by sampling and regulating.
This is because the digital signal is easier to be transferred by
wireless transmission module and more suitable for further
processing and application.

TheWireless TransmissionModule ismade of a transmitter
and a receiver, which would establish a communication link
between the wrist band and the smart phone. Fig. 2 shows
the wireless transmission of sensor data from the wrist worn
pulse oximeter to the smart phone.

FIGURE 2. Wireless transmission of sensor data from the wrist pulse
oximeter.

Further signal processing and computing are done in the
application in the smart phone for saving hardware. The result
can also be displayed by the smart phone and the data can be

stored inside the smart phone. As a result of using minimal
hardware for the device and the use of a flexible software
solution for handling the sensor data, the cost of device will
be very low. In this paper, we focus on the description of the
wrist concave sensor and the signal processing module.

V. CONCAVE SENSOR MODULE
As shown in Fig. 3 and Fig. 4, the concave oximeter sensor
consists of a concave support structure, one red LED and one
infrared LED and two photo-transistors.

FIGURE 3. Section plan of Concave Sensor Module

FIGURE 4. Top view of Concave Sensor Module.

The soft concave support structure matches with the
convexity of the human wrist, with the two LEDs inside
the pinhole. The two photo-transistors are placed on the
other end of the structure at a suitable distance from the
LEDs. The separation distance has been verified after many
experiments.
The peak wavelengths of the red LED and infrared LED

are 630nm and 880nm respectively, which are sensitive to the
changes in oxygen saturation.
The photo-transistors are placed directly in contact with the

skin and their flat surfaces would not cause any discomfort to
the wrist. The photo-transistors have nearly the same spec-
tral responsivity at wavelength of 630nm and 880nm, which
would have the same the sensitivity for better accuracy.
The black cover wrist band attaches the structure to the

wrist tightly to make it wearable, stable and comfortable, and
also to reduce noise effect.
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The implemented sensor after many testing experiments is
shown in Fig. 5, and the sensor with further plan is shown
in Fig. 6. At the moment, the wireless data transmission
module has not been implemented yet.

FIGURE 5. Photo of the implemented sensor.

FIGURE 6. Photo of the sensor with further plan.

VI. SIGNAL PROCESSING MODULE
The Fig. 7 shows the diagram of the signal processing module
consisting of pass filters and amplifiers, providing signal
processing of wave filtering and amplifying. The received
signal reflected from blood contains AC signal and DC signal,
which are separated by the pass filters and then amplified
respectively.

FIGURE 7. Diagram of signal processing module.

The DC Component is filtered by low pass filter (LPF).
Circuit Diagram of low pass filter is shown in Fig. 8. The Cor-
ner Frequency of low pass filter is 0.16 Hz. As a result, the

FIGURE 8. Circuit diagram of low pass filter.

LPF can filter fluctuating pulse wave (AC Component) and
high frequency noise such as interference from daylight lamp
and electromagnetic interference from power source.
The AC Component is through a band pass filter and an

amplifier. Circuit diagram of Band Pass filter (BPF) and
amplifier (shown with LED and Photo-transistor) is given
in Fig. 9. The Center Frequency of the BPF is 1 Hz, which is
close to the normal pulse frequency of a person. As a result,
the BPF can filter the signal that is caused by light going
through the body tissue and vein (DC Component) as well
as high frequency noise such as interference from electro-
magnetic interference from power source and daylight lamp.
As the AC component of the signal is too small (about 1 mV),
an amplifier is used to amplify it for further processing.

FIGURE 9. Circuit diagram of band pass filter and amplifier (shown with
LED and photo-transistor).

The AC and DC signals of red and infrared light are used
together to compute the oxygen saturation by equation (4).
The computation can be carried out by the application inside
a smart phone.
The AC signal is also used to obtain the pulse waveform.

By calculating the cycle of pulse waves, we can get the heart
rate. TheAC signal presenting the pulse wave has other values
of further medical research, which can be developed by other
applications in the smart phone.

VII. SYSTEM IMPLEMENTATION AND
EXPERIMENTAL RESUALTS
In Fig. 10, the overall system implementation is shown. The
supply voltage to the prototype is 3V.
The experimental results of the AC pulse signals

obtained by red LED and infrared LED are shown
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FIGURE 10. The photo of the overall implementation.

in Fig. 11 and Fig. 12 respectively. A section of the recorded
data verses time are shown. The two recorded photoplethys-
mograms both display the cardiovascular cycle clearly.

FIGURE 11. The pulse signal obtained by the red LED.

Figure 11 shows the initial pulse wave signal after filtering.
The system has detected the pulse wave signal efficiently,
which indicates that the incident light can indeed visit the
arterial vessel. The DC components and the AC components
of the red and infrared light intensity can be obtained with
proper processing of the signals. The oxygen saturation can
then be calculated by the ratio of the light intensity change
rates under the two different wavelengths.

The calibration of an oxygen oximeter can be a
complicated task. Experimental procedures are used to
obtain the parameters required in equations (4) and (5).
An oxygen saturation simulator is used and by doing some
experiments, data relating the oxygen saturation and the
R values are obtained. The Index 2XL SpO2 simulator by
Fluke Biomedical [12] has been used. Figure 13 shows the
empirical R to oxygen saturation curve under the linear and
quadratic relationships.

FIGURE 12. The pulse signal obtained by the infrared LED.

FIGURE 13. The R curve modeled by two relationships.

In the calibration process, the linear equation becomes

SpO2 = 130.4− 44.4 R

If modeled by second-order, the quadratic equation is

SpO2 = 106.9− 3.9 R− 15.6 R2

It can be seen that the quadratic (second-order), nonlinear
relationship can provide a better fit with the data.

VIII. CONCLUSIONS
This paper describes the development of a new kind of wrist
pulse oximeter. It is different from the conventional finger
pulse oximeter due to the following reasons:
1. The device has a novel design of the sensor module. The

optical source has two LEDs (red and infrared). The receiver
is consisted of two photodiodes. A new optical structure is
designed to house the sensor module components so as to
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obtain improved operational efficiency when collecting the
wrist pulse signals.

2. The location in the wrist for placing the sensor module of
the pulse oximeter is also unique. In order to obtain desirable
wrist pulse signals, the sensor module is designed to be placed
in an inner part of the wrist. The special design of its concave
shape helps the sensor module to stay in the chosen location
of the wrist.

3. The device is a genuine wrist pulse oximeter as opposed
to the usual finger pulse oximeter. It has a very simple
hardware structure without even a display because all data
processing, calculations and display will not be carried out
on the wearable wrist device.

4. During the calibration process, it is found that a
second-order relationship between the R value and the oxygen
saturation can provide a better fit with the data.

In the future, a Bluetooth module can be developed to
transmit all sensor data to an application of a nearby smart-
phone, which would perform all those tasks. As a result
of using minimal hardware for the device and the use of a
flexible software solution for handling the sensor data, the
cost of device will be very low. It is expected that the final
cost can be only around a fraction of the cost of a typical
finger oximeter in the market.
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A Wireless Reflectance Pulse Oximeter With Digital
Baseline Control for Unfiltered Photoplethysmograms

Kejia Li, Student Member, IEEE, and Steve Warren, Member, IEEE

Abstract—Pulse oximeters are central to the move toward
wearable health monitoring devices and medical electronics either
hosted by, e.g., smart phones or physically embedded in their
design. This paper presents a small, low-cost pulse oximeter
design appropriate for wearable and surface-based applications
that also produces quality, unfiltered photo-plethysmograms
(PPGs) ideal for emerging diagnostic algorithms. The design’s
“filter-free” embodiment, which employs only digital baseline
subtraction as a signal compensation mechanism, distinguishes
it from conventional pulse oximeters that incorporate filters for
signal extraction and noise reduction. This results in high-fidelity
PPGs with thousands of peak-to-peak digitization levels that are
sampled at 240 Hz to avoid noise aliasing. Electronic feedback con-
trols make these PPGs more resilient in the face of environmental
changes (e.g., the device can operate in full room light), and data
stream in real time across either a ZigBee wireless link or a wired
USB connection to a host. On-board flash memory is available for
store-and-forward applications. This sensor has demonstrated an
ability to gather high-integrity data at fingertip, wrist, earlobe,
palm, and temple locations from a group of 48 subjects (20 to 64
years old).

Index Terms—Filter-free, high-fidelity photoplethysmogram,
low cost, pulse oximeter, reflectance sensor, surface biosensor,
wearable, wireless.

I. INTRODUCTION

H EALTH problems such as cardiovascular disease, hyper-
tension, diabetes, and congestive heart failure continue to

plague society [1]. These conditions are primary drivers for the
development of wearable and mobile health monitoring tech-
nologies that offer the potential to (a) increase the quality of life
for individuals that already suffer from these health conditions
and (b) prevent or mitigate the onset of disease in those that are
at risk to acquire these health issues [2]. Of the array of medical
devices that can be brought to bear for wearable/mobile appli-
cations that address these diseases, pulse oximeters offer signif-
icant relative promise because they provide two clinically rele-
vant health parameters [heart rate (HR) and blood oxygen sat-
uration (SpO )], they do not require electrical contact to tissue,
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and they can operate at very low power [3], [4]. Additionally,
the pulsatile plethysmographic data offered by this light-based
sensing technique (which are usually discarded by commercial
pulse oximeters after being used to calculate the parameters
for the front panel display) can help to ascertain hemodynamic
information that is well-suited for the assessment of the dis-
ease states listed above [5]–[8]. This information includes blood
pressure [9], [10], arterial compliance [6], [11], [12], pulse wave
velocity (PWV) [2], [13], stroke volume (and therefore cardiac
output) [14], and other vascular parameters [7], [8], [15], [16].
Other relevant quantities include respiration rate [17], [18], pa-
tient motion [16], and even patient authentication [19]–[21].

However, low-cost pulse oximeter designs are unavailable
that provide (a) quality, unfiltered PPGs ideally suitable for re-
search and education toward the realization of new PPG diag-
nostics and (b) positional flexibility suitable for mobile and sur-
face-based applications. While PPGs are often accessible from
commercial desktop units via serial ports, these data have been
filtered in proprietary ways to stabilize HR and calcula-
tions. Further, due to their clinical prevalence, pulse oximetry
and PPG analysis deserve coverage in biomedical instrumenta-
tion laboratories offered in secondary education curricula, yet
low-cost pulse oximeters that provide reasonable-quality PPGs
are not a staple in off-the-shelf educational kits.

Regarding ambulatory pulse oximeters, several types of
wearable designs exist. Some of these use ring form factors,
and others use finger clips. These designs use predominantly
transmission-mode sensors. For broader use with wrist watches,
head bands, socks, sensor ‘Band Aids’, and other wearable plat-
forms that are unobtrusive and well suited for mobility, it makes
sense to consider reflectance-mode layouts. This is especially
true when one contemplates the immense potential of ‘surface
biosensors’ (SBs): medical sensors embedded in the surface
of everyday consumer electronics such as hand-held personal
device assistants (PDAs), cell phones, smart phones, tablet PCs,
head-mounted displays, etc. In this paradigm, physiological
sensors will be accessible and signals will be easy to obtain,
as human factors considerations for the overall product design
will drive ease of use for the integrated biosensors. Addition-
ally, each SB will utilize its host device’s processor, memory,
display, and wireless communication resources to provide user
services typically unavailable in wearable platforms [22]. E.g.,
consider a reflectance pulse oximeter embedded on the back
side of a cell phone alongside a built-in camera. As the user
holds their finger against the reflectance sensor, these data will
be processed by the microprocessor in the cell phone, and the
LCD screen will display the signals and parameters.

In this domain, a reflectance sensor can employ a single small
photodiode [23] as in most transmittance sensors. However,
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tissue is highly forward scattering, so the relative number of
remitted photons detected in reflectance mode is low, yielding
lower quality PPGs [5]. Improved sensor configurations are
therefore often adopted to better acquire the radial reflectance
profile, including a ring-shaped photodiode design [24], [25], a
photodiode array around the central LEDs [26], and conversely
an LED array around a central photodiode [27]. These designs
generally employ cascaded high pass and low pass filters to
extract the PPGs [28]. Such analog filters inevitably alter and
even distort the signals of interest. These alterations are visibly
obvious in some papers, and cycle-to-cycle inconsistencies can
be significant. For this reason, a filter-free design is desirable.
Finally, in a low-cost wearable sensor with a limited voltage
range (e.g., [0, 3.3] V if battery powered) and a low-precision
analog-to-digital converter (e.g., 8 to 12 bits), maintaining a
sensible vertical resolution, number of digitization levels, and
sampling frequency for a PPG can be difficult without flexible
baseline subtraction and PPG amplification strategies.

In summary, the desire to extract additional physiological
information from PPGs acquired with reflectance-mode sen-
sors imposes design constraints with respect to signal quality.
This paper presents the design of a low-cost, wireless, re-
flectance-mode pulse oximeter suitable for these needs. It is
initially housed on the surface of a printed circuit board but
can be easily migrated to other surface-based applications.
Here, a unique filter-free circuit (that digitally extracts the
PPG waveform) and a two-stage, feedback-loop-driven con-
trol system enable the acquisition of unfiltered PPGs with

levels of precision from varied body locations. An
optimized LED/detector configuration promotes surface use,
and the device signal quality and cost enhance its potential for
integration into SB-based consumer devices.

II. METHODS

This section presents a design for a filter-free, reflectance
pulse oximeter that combines many desirable features into a
single platform. Implementation hardware is unspecified here;
board-level components are detailed in Section III. DEVICE

PROTOTYPE.

A. Requirements and Device Layout

The design requirements are outlined in Table I. Signal re-
quirements include quality, unfiltered PPGs whose baselines are
digitally removed, consistent with the discussion in Section I.
INTRODUCTION. The high sampling rate ensures that (a) primary
signal and noise components are adequately sampled without
aliasing and (b) secondary noise harmonics, e.g., 120 Hz up to
several kHz from fluorescent lighting, are not aliased on top of
the signal components of interest.

Regarding sensor requirements, the photodetectors are ide-
ally distributed radially around the central excitation LEDs
to maximize the number of photons collected. Further, an
LED/detector separation of 3 to 5 mm is appropriate at these
wavelengths, as it maximizes the AC/DC ratio for each sensor
channel, as verified experimentally [26], [29] and with Monte
Carlo simulations [21]. In other words, reflectance photons
that contain DC information from shallow, poorly perfused
epidermal layers reflect near the central excitation LEDs and

TABLE I
WIRELESS REFLECTANCE PULSE OXIMETER DESIGN REQUIREMENTS

are undetected. Photons collected at greater radial distances
are more likely to have traveled deeper into blood-perfused
tissue and contain a greater percentage of AC data. Given the
increased sensing area in a large-area detector, the control
circuitry must easily compensate for baseline changes due to
ambient light, tissue perfusion, respiration depth, etc.

Fig. 1 shows the block diagram for the pulse oximeter cir-
cuitry; a brief description was also included in [30]. The LED,
sensor array, and operational amplifier (OPA) circuitry are coor-
dinated by a Jennic JN5139 microcontroller. The intensity and
timing of the bi-color LED are controlled by a digital-to-analog
converter (DAC) and digital input/output ports (DIOs), respec-
tively. A signal from the sensor array (four photodiodes sur-
rounding the central bi-color LED) is first buffered and then fed
to a differential OPA circuit. The buffered signal, designated
here as the first-stage PPG signal (entire AC + DC contribu-
tion), is sampled by an analog-to-digital converter (ADC). An-
other ADC collects the second-stage PPG signal (the AC portion
only) from the output of the differential OPA circuit that has a
positive input from another microcontroller DAC.

No filters are used in the signal acquisition process, whose
elements will be introduced in Part C. Closed-Loop System.
The battery (unstable power source) is isolated from the PPG
excitation and collection circuitry, since it is powered by the
microcontroller’s analog peripheral regulator (APR). Normally,
the pulse oximeter uses a wireless link to communicate with
a receiver on a PC, and data are stored on the PC through a
MATLAB graphical user interface (GUI). A mini-USB connec-
tion can provide a wired interface to the PC while the battery is
recharged. If neither the wireless link nor the USB connection
is available, sampled data will be temporarily stored on the flash
memory module (e.g., for store-and-forward applications).

B. AC Extraction and Drift Resistance

The first-stage PPG is characterized by a large DC portion
and a small AC portion, as in Fig. 2. The goal is to extract the
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Fig. 1. Circuit-level system layout. Coordinated by the microcontroller, signal baselines are digitally extracted as an alternative to conventional filtering.

Fig. 2. A differential amplifier with gain� compares the first-stage PPG �� �
to a DC reference voltage to obtain the second-stage PPG �� �.

second-stage AC signal by eliminating the DC component. (In
many systems, a high pass filter extracts the AC signal.) If the
DC portion instead remains, then obtaining hundreds to thou-
sands of digitization levels in the AC portion over its small
voltage range requires an ADC of very high precision (e.g.,
16-bit), which is inappropriate for a low-cost, low-power-con-
sumption device. This extraction, or DC removal, process is ex-
ecuted by the OPA unit. Its role is expressed as

(1)

where and are the first-stage and second-stage signals, re-
spectively, is the gain of the OPA, and is a user-defined
reference voltage that functionally equates to the DC signal
level. To show an upward-oriented PPG peak during systole as
with a blood pressure curve, is connected to the positive

pin of the OPA, effectively inverting the AC signal amplitude
prior to digitization.

is naturally unstable, as both its AC and DC levels are
influenced by changes in intrinsic blood flow, extrinsic motion,
respiration, background light, etc. These factors cause drifting
in . The input voltage range, or digitization range, of the
12-bit ADC is set to [0, 2.4] V, so one digitization level is

. For example, given a gain
and a constant , one digitization-level increment

in the DC signal results in a decrement of 30 digitization levels
in according to (1). As in Fig. 2, may drift 0.3 V (512
digital levels) in 10 seconds, which is unacceptable because the
signal will eventually clip at the lower bound of the sampling
range, and clipped data mean signal corruption. To address this
issue, (1) implies that one can adjust one or more elements on
the right side to adjust the value of on the left. In this effort,
a adjustment is employed to resist drifting, since
is an output of the DAC and can be easily updated. is
defined as

(2)

where , the estimator of the DC component, , is a
-point (e.g., ) moving average of the first-stage

signal over the time interval that ends at . (the adjustable
term) is added to to ensure that makes in (1)
positive.

usually varies slowly (several seconds per digitization
level change, in an environment with minimal motion and am-
bient noise), and the adjustment leads to a discontinuity
in . Hence, the data must also be transmitted or stored
along with the digitized second-stage data in order to restore the
original PPGs, a process called “compensation.”

Fig. 3 shows a data set from the palm. Collected data are
compensated to remove discontinuities caused by jumps,
or immediate value changes, in the pulsatile waveform using
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Fig. 3. Palm PPG data before (blue) and after (red) compensation.

the following method. Inserting from (2) into (1) and then
rearranging the result isolates the first-stage signal,

(3)

The compensated second-stage signal, , can be represented
as

(4)

where is added to to ensure a positive . Substituting
(3) into (4) yields

(5)

Typically, is an unknown constant, but it is sensible to
initially set at time and define

at time so that (5) becomes

(6)

With this method, each PPG can be restored as long as the
second-stage signal is unsaturated. The adjustment effec-
tively resists first-stage-signal drifting. For example, in Fig. 3,
the compensated signal drifts below 0 V after 6 seconds. If no

adjustment occurs, the subsequent signal is sampled as 0 V.
To calculate blood oxygen saturation, is usually considered
equal to .

C. Closed-Loop System

The adjustment mechanism not only helps to realize the
AC extraction task; it also results in resilience in the PPG signal.
In the control system, as illustrated in Fig. 4, two closed loops
provide stability for the whole data acquisition process. The
closed loop in the lower left maintains the value in a prede-
termined range, which is set by the Intensity Regulator that con-
trols the led intensity via a DAC. The physical function of this
control loop is to maintain the number of reflected photons at

Fig. 4. Pulse oximeter control flow that illustrates how the first-stage PPG �� �
can be used to create the second-stage PPG �� �, where both signals provide
feedback to stabilize the acquisition process.

an optimal level within the active range of the photodiode, inde-
pendent of a subject’s vascular and perfusion profiles [30]. The
closed loop in the upper right prevents from saturation, since
the compensation method described in (6) requires an unsatu-
rated second-stage signal. Upon detecting saturation onset, the
Saturation Inhibitor adjusts the component of , which
leads to a corresponding change in according to (1).

To maintain signal quality, the Intensity Regulator sensitivity
should be minimized. When the regulator affects changes in
LED excitation level, the influence on the first-stage signal con-
verted by the photodiode sensor array will be hard to predict be-
cause the blood-perfused tissue between the LED and the sensor
is an unknown system. Conversely, the sensitivity of the Satu-
ration Inhibitor should be set high to ensure a rapid response to
signal drift. Since this adjustment only influences , the na-
tive PPG is uncontaminated, and the second-stage signal can be
adjusted using (6).

In a controlled scenario, ambient noise variations can be ig-
nored. If the desired signal intensity increases as the LED in-
tensity increases, the signal-to-noise ratio (SNR) will improve.
However, this implies a saturation risk due to a second-stage
signal with too large of a magnitude within a fixed digitization
range, in spite of the aforementioned drift-resistant method. Ad-
ditionally, a more intense LED consumes more power. So, an
optimized intensity level should be empirically predetermined
as an Intensity Regulator reference.

D. Removable Noise

In the U.S.A, ambient light often includes a 60 Hz compo-
nent and the associated harmonic noise, e.g., 120 Hz flicker
from full-wave-rectified fluorescent room lights plus higher-fre-
quency harmonics. Most physiological information in a PPG re-
sides in the range of 0–20 Hz. From the Nyquist-Shannon sam-
pling theorem, the lowest sampling frequency, , should then
be 40 Hz, but to prevent ambient noise aliasing, sampling fre-
quencies of at least 240 Hz are needed.

Fig. 5 depicts the magnitude spectrum of a PPG containing
ambient noise. The heart rate component is 1.329 Hz, and its
harmonics dominate in the frequency band below 20 Hz. At
greater frequencies, noise is apparent at 60.02 Hz, 84.43 Hz (un-
clear source), and 119.9 Hz. Most of this noise is removable
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Fig. 5. An example of removable noise. (a) Compensated PPG corrupted by
ambient noise. (b) Frequency spectrum of these data sampled at 240 Hz.

by post-processing as long as the sampling frequency is high
enough that these noise components do not alias into the fre-
quency range of the signal components of interest. Note that the
raw signal exhibits a low SNR compared to PPGs from pulse
oximeters that employ filters, but all signal components are in-
tact and many can be removed to create a high SNR (see Fig. 12).

E. Motion Artifact

Motion artifact is an issue for a pulse oximeter, especially in
reflectance mode [5]. Existing literature focuses on signal pro-
cessing to reduce motion artifact and restore PPGs [31]. Most
methods assume that enough information exists in the corrupted
signal for PPG recovery. However, if motion is severe, satura-
tion occurs frequently and lasts for some time, leading to data
loss. With this in mind, this development considered motion ar-
tifact to be a type of signal drift that can be partially addressed
with a drift-resistant method ( adjustment); the design does
not address motion extraction.

Motion artifact can be classified into two categories: slight
and severe. Fig. 6 demonstrates the severe condition character-
ized by three axes of hand motion, where the sensor is taped to
the finger. Movements are within a 10 cm range and occur at a
rate of 1 Hz. The PPG is severely corrupted (the fundamental
frequency is 1.028 Hz), and it is clipped at the upper and lower
bounds of the digitization range; many AC segments are lost and
unrecoverable.

The slight condition refers to, e.g., slow body movements,
where a PPG retains its general shape but contains spurious
components relative to a still condition. To counteract this type
of artifact, the shift-resistant method is promising and relies on
the setting of an optimal assignment rate and window width for

adjustment. The DAC assigns the value to the positive
amplifier pin, and that voltage remains constant until the next

assignment to the DAC. The window size of the moving
average filter (the DC estimation time delay, or count) and the
rate of assigning to the DAC (not the rate of varia-
tion) influence the second-stage signal. An extreme case occurs
when the window size data point and the rate of as-
signing to the DAC is : motion will never influence

Fig. 6. (a) PPG severely corrupted by hand motion along three axes.
(b) Frequency spectrum of the 28 seconds of data sampled at 100 Hz.

Fig. 7. Three uncompensated PPGs acquired at � � ��� Hz under similar
slight-motion conditions but with different parameter pairs �����.

the signal since and consequently
according to (1) and (2).

As an illustration of slight motion response, Fig. 7 shows
three experimental records acquired under similar conditions
(exaggerated deep respiration activity), where a different
moving-average window width, , and assignment rate,

, are employed in each case. Only subplot (a) offers a reason-
able representation of the PPG. A lower assignment rate (b) or
wider window (c) causes the signal to drift severely, and some
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Fig. 8. Pulse oximeter MATLAB GUI. In this example, a series of calibration
coefficients (lower right) is extracted from the current data (upper right).

segments are nearly saturated. The empirical parameter pair
( , ) was adopted for adjustment.

F. MATLAB Interface

A MATLAB GUI allows a user to set/view communication
parameters, visualize PPGs, process these data in real time (e.g.,
digitally filter a signal with a linear-phase filter), and store raw
data to files, making it a helpful development tool (see [16] for a
full description). Fig. 8 illustrates an example data set obtained
by this GUI, where acquisition options (e.g., Serial Port, Sam-
pling Rate, Signal Channel, and Signal Processing Type) are
specified on the left control panel. The upper axes display the
raw PPG and baseline for the near-infrared channel, whereas the
lower axes show the real-time calibration coefficient, , calcu-
lated from the magnitudes of the fundamental red/infrared fre-
quency components using a Fourier transform method [21].
is updated every 0.5 seconds using the previous 4 seconds of
PPG data. An overall value is achieved by calculating the
median or mean of 40 consecutive values (in a 20-second seg-
ment) and inserting the result into a pre-determined linear cali-
bration equation.

III. DEVICE PROTOTYPE

Figs. 9 and 10 contain top and bottom views of the pulse
oximeter prototype, which consists of four main modules: mi-
crocontroller module, excitation LED module, signal sampling
module, and power management module. The main printed cir-
cuit board is 41 mm by 36 mm, excluding the antenna board.
This hardware combines functionality from the Jennic JN5139-
EK020 development kit with lessons learned from an earlier re-
flectance pulse oximeter design [29].

A microcontroller module is the prototype kernel. The
JN5139 wireless module, designed for robust and secure
low-power wireless applications, integrates a 32-bit RISC
processor with a 2.4 GHz IEEE 802.15.4 (ZigBee) transceiver,
192 kB of ROM, 96 kB of RAM, a mix of analog and digital

Fig. 9. Top view of the wireless reflectance pulse oximeter.

Fig. 10. Bottom view of the wireless reflectance pulse oximeter.

peripherals (including four 12-bit ADCs and two 11-bit DACs),
and up to 21 DIO ports. The wireless link requires the most
current, with a TX (transmitter) current draw of 38 mA and
an RX (receiver) current draw of 37 mA. The CPU consumes
7.75 mA at full speed, and the current required by the pe-
ripherals (ADC, DAC, UART, Timer, etc.) is less than 1 mA
in aggregate. The JN5139 sleep current (with an active sleep
timer) is only 2.6 .

The excitation LED module uses a low-cost Marubeni
SMT660/910 bi-color LED with a typical forward current of
20 mA and forward voltages of 1.9 V and 1.3 V for the 660 nm
and 910 nm sources, respectively. The 11-bit DAC output
(0–2.4 V) provides excitation signal modulation by managing
the power supply for the excitation LED module.

The signal sampling module consists of OPA circuitry con-
nected to the sensor array. Four API PDV-C173SM high-speed
photodiodes are connected in parallel; their responsivity to
wavelengths above 650 nm is more than 0.3 A/W. The pho-
todiodes are arranged radially around the central LEDs and
maintain a source/detector separation of 3–5 mm. The OPA
chip contains two amplifier units. The sensor array signal is
buffered at the first unit and amplified by the second unit.

The power management module includes two chips: (a) a Sil-
icon Labs CP2102 USB-to-UART bridge that powers the pulse
oximeter when the USB connection is detected and bridges
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Fig. 11. Fingertip results: 25 seconds of (a) near-infrared and (b) red PPG data, accompanied by their (c) near-infrared and (d) red magnitude spectra.

data communication to the host and (b) an STMicroelectronics
L6924D battery charger system with an integrated power
switch for lithium-ion batteries which charges the battery when
the USB connection is detected. An LIR2477 3.6 V lithium-ion
rechargeable button cell with a capacity of 180–200 mAh
serves as the power source when the USB connection is absent.

Memory chips, indicators, and buttons are also housed on the
board. Two Numonyx M25PX64 64-Mbit flash memory chips
with SPI bus interfaces provide storage space when the pulse
oximeter works in offline mode; each consumes 20 mA of cur-
rent while being accessed.

IV. RESULTS AND DISCUSSION

The pulse oximeter prototypes were used to acquire hundreds
of PPG records from 48 different subjects that are 20 to 64 years
old. Experimental results in this section were acquired in an
indoor environment. The results are categorized according to
conventional location (fingertip) versus other locations (wrist,
earlobe, temple, etc.).

A. Fingertip Data

Fig. 11 illustrates 25 seconds of representative fingertip data
from a 24-year-old subject. Both channels of PPG data, red
and near-infrared, are uncompensated. The AC values of the
near-infrared channel [Fig. 11(a)] offer 1.2 V peak-to-peak (i.e.,
2048 digitization levels), and the AC values of the red channel
[Fig. 11(b)] offer fewer digitization levels: about half compared
to the near-infrared channel. Even without the use of analog or
digital filters, the signal demonstrates distinguishable period and
amplitude information useful for HR and determination.
The SNRs of the raw near-infrared and red PPGs are 8.0, and
3.0, respectively. As shown in Fig. 11(c) and (d), up to seven
harmonics reside in the spectrum of the near-infrared data (the
inset shows frequency components above 5 Hz), and six dis-
tinguishable harmonics reside in the spectrum of the red data.
Additionally, the PPG information and noise components (e.g.,
60 Hz and 120 Hz grid noise) are clearly separated in the fre-
quency domain. To further refine the signal, a properly designed
digital band pass filter can be applied.
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Fig. 12. Fingertip signal processing and digital volume pulse (DVP) analysis.

Fig. 12 displays another short segment of an experimental fin-
gertip data set, where the raw near-infrared PPG is accompa-
nied by its real-time filtered form within a MATLAB GUI. The
filter is a 200 -order low pass filter with a 10 Hz cut-off fre-
quency realized by the MATLAB function firls(): a linear-
phase FIR filter that uses least-squares error minimization. This
high-order filter causes a time delay of

, where and ; the time
delay helps to visually separate the original and filtered wave-
forms. Since the peak-to-peak noise of the filtered signal is too
small to be recognizable ( 1 digitization level) the SNR is as-
sumed to be 2048/1 if the signal amplitude is 1.2 V.

Digital Volume Pulse (DVP) Analysis: Cardiovascular pa-
rameters other than HR and can be accurately extracted
[2], [13], [15] given the quality of this DVP waveform. For ex-
ample, the peak-to-peak time (PPT), as marked in Fig. 12, can be
used to calculate pulse wave velocity, which correlates to arterial
stiffness, and “a” and “b” are used to calculate the reflectance
index, which correlates to endothelial function. Additionally, as
noted in the Introduction, these unfiltered PPG waveforms could
potentially lead to improved assessments of blood pressure and
stroke volume via light.

B. Multi-Location Data

Fig. 13 displays experimental data from the wrist at the three
placement locations depicted in Fig. 14. The signal quality in
location 2 is obviously lower relative to the SNR in locations 1
and 3, but all three are suitable PPGs. At present, it is difficult
to consistently obtain high quality PPG data from the wrist; that
often requires the application of pressure to bring the optical
sensor closer to the major arteries [21]. An operation to achieve
the same effect (i.e., bending the wrist at about a 45 angle),
was usually employed if the PPG had a low SNR. Since subjects
demonstrate a variety of different arterial locations and depths
at the wrist, sensor placement flexibility is essential to acquire
commendable data sets at this body location, which was also
noted in [32].

Fig. 13. Wrist PPGs corresponding to the placement locations in Fig. 14.

Fig. 14. Pulse oximeter measurement locations on the left wrist.

New Pulse Wave Velocity (PWV) Estimation Approach:
Given the capability to acquire quality PPG data from the wrist
(where the SNR dramatically improves with post-filtering),
a new approach to estimate PWV has been evaluated by the
authors [33]. This approach compares near-infrared PPGs from
two synchronized pulse oximeters placed at the fingertip and
wrist of the same hand. PWVs can be estimated from several
time differences/delays extracted from corresponding features
on the two PPGs.

Fig. 15 displays two channels of data acquired from the
earlobe. The near-infrared channel has an SNR of 5.7 and
a peak-to-peak range of 1.0 V (1706 digital levels); the red
channel has a much lower SNR of 1.8 and a peak-to-peak range
of 0.6 V (1024 digital levels).

Respiration Activity Analysis: Fig. 16(a) displays 120 sec-
onds of experimental data from the temple that include respira-
tion activity and a swallowing motion. There are 33 respiration
cycles present during the 120-second recording time (i.e., the
respiration rate is 0.275 Hz). An FFT was applied to ascertain
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Fig. 15. Earlobe results. (a) Near-infrared channel. (b) Red channel.

Fig. 16. Temple results. (a) Time-domain PPG with respiration and swallowing
motion. (b) Corresponding frequency-domain spectrum.

the visibility of these events in the magnitude spectrum, as noted
in Fig. 16(b). The peak at 1.679 Hz corresponds to the subject’s
heart rate (100.7 bpm) and the 0.266 Hz frequency component
is likely the respiration rate.

V. CONCLUSION

A high-performance wireless reflectance pulse oximeter was
designed that includes functional features desired for research
and education that are either unavailable or hard to find on com-
mercial units and design optimizations based on lessons learned
from previous work or published in the pulse oximetry litera-
ture. These primary features include (a) a unique filter-free cir-
cuit design, (b) full access to unfiltered PPG data, (c) many dig-
itization levels in the pulsatile PPG signals that demonstrate a
sampling frequency up to 240 Hz, (c) a feedback mechanism to
allow sensor operation in normal ambient room light, and (d) a
large-area reflectance sensor that speaks to the promise of sur-
face-infused biosensors and enables sensor placement at many
body locations while optimizing the resistance of the sensor
to stray photons and motion artifact. Onboard flash memory,

ZigBee wireless support, and mini-USB connectivity for data
transfers and battery recharging are additional highlights. The
associated MATLAB GUI makes signal acquisition, visualiza-
tion, restoration, and post-processing convenient.

High-integrity PPGs acquired from 48 human subjects over
a wide range of ages (20 to 64 years old) indicate the device’s
potential as a research and teaching platform in support of the
extraction of new physiological parameters from time-domain
PPGs. Finally, the size, cost, layout, and design of the sensing
platform speak to its suitability for wearable applications and
scenarios where medical sensors are connected to or embedded
in consumer electronics such as smart phones and tablet PCs.
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the health of a user is disclosed herein. The monitoring
device (20) is preferably a watch (25), an optical sensor (30)
disposed on a band of the watch (25), a circuitry assembly
(35) embedded within a main body of the watch (25), a
display member (40) disposed on an exterior surface of the
main of the watch, and a control component (43). The
monitoring device (20) preferably displays the following
information about the user: pulse rate; blood oxygenation
levels; calories expended by the user of a pre-set time
period; target zones ofactivity; time; distance traveled; and
dynamic blood pressure. The watch (25) also displays the
time of day on the display member (40).
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MONITORING DEVICE, METHOD AND SYSTEM

CROSS REFERENCES TO RELATED
APPLICATION

[0001] The Present application claims priority to U.S.
Provisional Patent Application No. 60/669,325, filed on Apr.
7, 2005. The Present application is also a continuation-in-
part application of U.S. patent application Ser. No. 11/085,
778, filed on Mar. 21, 2005, which is a continuation-in-part
application of U.S. Provisional Application No. 60/613,785,
filed on Sep. 28, 2004, now abandoned.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

 

[0002] Not Applicable

BACKGROUNDOF THE INVENTION

[0003] 1. Field of the Invention

[0004] Thepresent invention is related to health monitor-
ing devices. More specifically, the present invention relates
to a wrist worn article for monitoring a user’s vital signs.

[0005] 2. Description of the Related Art

[0006] There is a need to know howoneis doing from a
health perspective. In some individuals, thereis a daily, even
hourly, need to know one’s health. The prior art has provided
some devices to meet this need.

[0007] One such device is a pulse oximetry device. Pulse
oximetry is used to determine the oxygen saturation of
arterial blood. Pulse oximeter devices typically contain two
light emitting diodes: one in the red band of light (660
nanometers) and one in the infrared band of light (940
nanometers). Oxyhemoglobin absorbs infrared light while
deoxyhemoglobin absorbs visible red light. Pulse oximeter
devices also contain sensors that detect the ratio of red/

infrared absorption several hundred times per second. A
preferred algorithm for calculating the absorption is derived
from the Beer-Lambert Law, which determines the trans-
mitted light from the incident light multiplied by the expo-
nential of the negative of the productof the distance through
the medium,the concentration of the solute and the extinc-
tion coefficient of the solute.

[0008] The major advantages of pulse oximetry devices
include the fact that the devices are non-invasive, easy to
use, allows for continuous monitoring, permits early detec-
tion of desaturation and is relatively inexpensive. The dis-
advantages of pulse oximetry devices are that it is prone to
artifact, it is inaccurate at saturation levels below 70%, and
there is a minimal risk of burns in poor perfusion states.
Several factors can cause inaccurate readings using pulse
oximetry including ambientlight, deep skin pigment, exces-
sive motion, fingernail polish, low flow caused by cardiac
bypass, hypotension, vasoconstriction, and the like.

[0009] Chin et al., U.S. Pat. No. 6,018,673 discloses a
pulse oximetry device that is positioned entirely on a user’s
nail to reduce out of phase motion signals for red and
infrared wavelengths for use in a least squares or ratio-of-
ratios technique to determine a patient’s arterial oxygen
saturation.
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[0010] Smith, U.S. Pat. No. 4,800,495 discloses an appa-
ratus for processing signals containing information concern-
ing the pulse rate and the arterial oxygen saturation of a
patient. Smith also discloses maintaining the position ofthe
LEDsand detectors to prevent motion-artifacts from being
produced in the signal.

{0011] Another method for using a pulse oximeter to
measure blood pressure is disclosed in U.S. Pat. No. 6,616,
613 to Goodman for a ‘Physiological Signal Monitoring
System’. The ’613 patent discloses processing a pulse oxim-
etry signal in combination with information from a calibrat-
ing device to determine a patient’s blood pressure.

[0012] Chen et al, U.S. Pat. No. 6,599,251 discloses a
system and method for monitoring blood pressure by detect-
ing pulse signals at two different locations on a subjects
body, preferably on the subject’s finger and earlobe. The
pulse signals are preferably detected using pulse oximetry
devices.

[0013] Schulze et al., U.S. Pat. No. 6,556,852, discloses
the use of an earpiece having a pulse oximetry device and
thermopile to monitor and measure physiological variables
of a user.

[0014] Malinouskas, U.S. Pat. No. 4,807,630, discloses a
method for exposing a patient’s extremity, such as a finger,
to light of two wavelengths and detecting the absorbance of
the extremity at each of the wavelengths.

[0015] Jobsis et al., U.S. Pat. No. 4,380,240 discloses an
optical probe with a light source and a light detector incor-
porated into channels within a deformable mounting struc-
ture which is adhered to a strap. The light source and the
light detector are secured to the patient’s body by adhesive
tapes and pressure induced by closing the strap around a
portion of the body.

[0016] Tan et al., U.S. Pat. No. 4,825,879 discloses an
optical probe with a T-shaped wrap having a vertical stem
and a horizontal cross bar, whichis utilized to secure a light
source and an optical sensor in optical contact witha finger.
A metallic material is utilized to reflect heat back to the

patient’s bodyand to provide opacity to interfering, ambient
light. The sensor is secured to the patient’s body using an
adhesive or hook and loop material.

[0017] Modgil et al., U.S. Pat. No. 6,681,454 discloses a
strap that is composed of an elastic material that wraps
around the outside of an oximeter probe and is secured to the
oximeter probe by attachment mechanisms such as Velcro,
which allowsfor adjustmentafter initial application without
producing excessive stress on the spring hinge of the oxime-
ter probe.

[0018] Diab et al, U.S. Pat. No. 6,813,511 discloses a
disposable optical probe suited to reduce noise in measure-
ments, which is adhesively securedto a patient’s finger, toe,
forehead, earlobe orlip.

[0019] Diab et al., U.S. Pat. No. 6,678,543 discloses an
oximeter sensor system that has a reusable portion and a
disposable portion. A method for precalibrating a light
sensor of the oximeter sensor system is also disclosed.

[0020] ‘Lripp, Jr. et al., U.S. Statutory Invention Registra-
tion Number H1039 discloses an intrusion free physiological
condition monitor that utilizes pulse oximetry devices.
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[0021] Hisanoet al., U.S. Pat. No. 6,808,473, discloses a
headphone-type exercise aid which detects a pulse wave
using an optical sensor to provide a user with an optimal
exercise intensity.

[0022] In monitoring one’s health there is a constant need
to know how many calories have been expended whether
exercising or going about one’s daily routine. A calorieis a
measure of heat, generated when energy is produced in our
bodies. The amount of calories burned during exercise is a
measure of the total amount of energy used during a work-
out. This can be important, since increased energy usage
through exercise helps reduce bodyfat. There are several
means to measure this expenditure of energy. To calculate
the calories burned during exercise one multiplies the inten-
sity level of the exercise by one’s body weight (in kilo-
grams). This provides the amount of calories burned in an
hour. A unit of measurement called a METis used to rate the

intensity of an exercise. One METis equal to the amount of
energy expendedatrest.

[0023] For example, the intensity of walking 3 miles per
hour (“mph”) is about 3.3 METS. At this speed, a person
who weighs 132 pounds (60 kilograms) will burn about 200
calories per hour (60x3.3=198).

[0024] The computer controls in higher-quality exercise
equipment can provide a calculation of how many calories
are burned by an individual using the equipment. Based on
the workload, the computer controls of the equipmentcal-
culate exercise intensity and calories burned according to
established formulae.

[0025] The readings provided by equipmentare only accu-
rate if one is able to input one’s body weight. If the machine
does not allow this, thenthe “calories per hour”or “calories
used”displays are only approximations. The machines have
built-in standard weights (usually 174 pounds) that are used
whenthere is no specific user weight.

[0026] There are devices that utilize a watch-type monitor
to provide the wearer with heart rate as measured by a
heartbeat sensor in a chest belt.

[0027] The prior art has failed to provide a means for
monitoring one’s health that is accurate, easy to wear on
one’s body for extended time periods, allows the user to
input information and control the output, and provides
sufficient information to the user about the user’s health.

Thus, there is a need for a monitoring device that can be
worn for an extended period and provide health information
to a user. Further, there is a need for an add-on product to
enhance the communication of information provided by a
sports watch to an individual wearing the sports watch.

BRIEF SUMMARY OF THE INVENTION

[0028] The present invention provides a solution to the
shortcomings of the prior art. The present invention is
accurate, comfortable to wear by a user for extended time
periods, is light weight, and provides sufficient real-time
information to the user about the user’s health. Further, the
present invention maybe addedto a sports watch to enhance
the amount of information provided to the user.

[0029] Oneaspectof the present invention is a monitoring
device comprising a digital watch and at least one band of
the watch having an optical sensor connected to a circuitry

Nov. 9, 2006

assembly. The circuitry assembly is in communication with
the digital watch to provide health-related information for
display on the display unit of the watch. In particular, the
band with the optical sensor and circuitry assembly may be
utilized with the BODYLINK system used on or with
TIMEX digital watches.

[0030] Another aspect of the present invention is a moni-
toring device comprising a digital watch and at least one
band of the watch having an optical sensor in communica-
tion with the digital watch to provide health-related infor-
mation for display on the display unit of the watch. The
location of the optical sensor on the band allows for inte-
gration with a conventional digital watch such as a TIMEX
digital watch, several of which are disclosed at www.timex-
.com. In particular, the band with the optical sensor may be
utilized with the BODYLINK system used on or with
TIMEX digital watches.

[0031] Another aspect of the present invention is a moni-
toring device for monitoring the health of a user. The
monitoring device includes an article, an optical device for
generating a pulse waveform, a circuitry assembly embed-
ded within the article, a display member positioned on an
exterior surface of the article, and a control means attached
to the article.

[0032] The article is preferably a watch having a main
body and bands connectable to each other. The article
preferably has a minimal mass, oneto five ounces, and each
band is preferably flexible so that the user can wear the
watch the entire day if necessary. The monitoring device
allows the user to track calories burnt during a set time
period, monitor heart rate, blood oxygenation levels, dis-
tance traveled, target zones and optionally dynamic blood
pressure.

[0033] Another aspect of the present invention is a method
for monitoring a user’s vital signs. The method includes
generating a signal corresponding to the flow of blood
through anartery of the user. The signal is generated from
an optical device. Next, the heart rate data of the user and an
oxygen saturation level data ofthe user is generated from the
signal. Next, the heart rate data of the user and the oxygen
saturation level data of the user are processed for analysis of
calories expended by the user and for display of the user’s
heart rate and blood oxygen saturation level. Next, the
calories expended by the user, the user’s heart rate or the
user’s blood oxygen saturation level are displayed on a
display memberdisposed on an exterior surface ofanarticle,
which is controlled by the user using a control component
extending from thearticle.

[0034] Having briefly described the present invention, the
above and further objects, features and advantages thereof
will be recognized by those skilled in the pertinent art from
the following detailed description of the invention when
taken in conjunction with the accompanying drawings.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

 
 

[0035] FIG.1is aperspective view of a preferred embodi-
ment of a monitoring device worn by a user.

[0036] FIG. 1A is a cross-sectional view of a band of a
watch of the present invention.
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[0037] FIG. 2 is a perspective view of an alternative
embodiment of a monitoring device worn by a user.

[0038] FIG. 2A is an isolated view of a light source and
plurality of photodetectors of the monitoring device of FIG.
2.

[0039] FIG. 3 is a perspective view of a watch of the
present invention.

[0040] FIG. 3A is an enlarged view of a band of a watch,
and the watch.

[0041] FIG. 4 is a view of a user’s wrist with the user’s
radial artery shown in phantom lines with an optical sensor
of an article of the present invention placed over the radial
artery.

[0042] FIG.5is a cut-awayof a user’s wrist to illustrate
the user’s radial artery.

[0043] FIG. 6 is a flowchart for using the control com-
ponent to input information and output information on a
display of the monitoring device.

[0044] FIG.7is an imageofan activity log of information
obtained from a monitoring device.

[0045] FIG. 8 is an imageofcalorie information obtained
from a monitoring device.

DETAILED DESCRIPTION OF THE
INVENTION 

[0046] As shown in FIGS. 1-4, a monitoring device is
generally designated 20. The monitoring device 20 prefer-
ably includes an article 25, an optical sensor 30, a circuitry
assembly 35, a control component 43, connection wires 45,
and optionally a display member 40. The monitoring device
20 is preferably worn on a user’s wrist 71.

[0047] Thearticle 25, which is preferably a watch, pref-
erably has a main body portion 95, a first band 96a and a
second band 96. The watch 25is sized to securely attach to
a user’s wrist 71. The watch 25 is adopted to act as a
monitoring device or a monitoring device is integrated into
a watch. The term article and watch are used interchange-
ably and those skilled in the pertinent art will recognize that
a watch is a preferred embodimentofthe article 25.

[0048] It is desirous to adapt the article 25 to the anatomy
of the user’s wrist. Each of the first band 96a and the second

96b is preferably composed of neoprene, leather, synthetic
leather, or other similar material, or a combination thereof.
The article 25 preferably has a mass ranging from 5 grams
to 50 grams. Preferably, the lower the massofthearticle 25,
the more comfort to the user. The optical sensor 30 and
optional circuitry assembly 35 are preferably disposed on
one ofthe first band 96a or second band 968.

 

[0049] The optical sensor 30is preferably positioned on an
interior surface 98 of one of the first band 96a or second

band 964 ofthe watch 25. The optical sensor 30 is preferably
connected to the circuitry assembly 35 by the connection
wires 45. The connection wires 45 are preferably embedded
within one of the first band 96a or second band 964 of the

watch 25, and also connected to the main body portion 95.

[0050] ‘lhe optical sensor 30 of the monitoring device 20
is preferably positioned over the radial artery 77 of a user.
Iowever, those skilled in the pertinent art will recognize that
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the optical sensor may be placed over other arteries of the
user without departing from the scope and spirit of the
presentinvention. Further, the optical sensor 30 need only be
in proximity to an artery of the user in order to obtain a
reading or signal.

[0051] Inapreferred embodiment, the optical sensor 30 is
a photodetector 130 and a single light emitting diode
(“LED”) 135 transmitting light at a wavelength of approxi-
mately 660 nanometers. As the heart pumps blood through
the arteries in the user’s ankle or wrist, blood cells absorb
and transmit varying amounts ofthe light depending on how
much oxygen binds to the cells’ hemoglobin. The photode-
tector 30, whichis typically a photodiode, detects transmis-
sion at the red wavelengths, and in response generates a
radiation-induced signal. Yet in an alternative embodiment,
the optical device 30 is based on green light wherein a LED
generates green light (A~500-600 nm), and the phtotodetec-
tor detects the greenlight.

[0052] Alternatively, the optical sensor 30 is a pulse
oximetry device with a light source 135 that typically
includes LEDs that generate both red (A~660 nm) and
infrared (A~900 nm) radiation. As the heart pumps blood
through the arterics in the wrist of the user, blood cells
absorb and transmit varying amounts of the red and infrared
radiation depending on how much oxygen bindsto the cells’
hemoglobin. The photodetector 130, which is typically a
photodiode, detects transmission at the red and infrared
wavelengths, and in response generates a radiation-induced
signal.

 

[0053] Alternatively, the optical sensor 30 is pulse oxim-
etry device comprising the photodetector 130, a first light
source 135 and a second light source 135a, not shown. In
this embodiment,the first light source 135 emits light in an
infrared range (A~900 nm) and the secondlight source 135a
emits light in a red range (A~630 nm).

[0054] The light source 135 typically is a light-emitting
diode that emits light in a range from 570 nanometers to
1100 nanometers. As the heart pumps blood through the
patient’s wrist, blood cells absorb and transmit varying
amounts of the red and infrared radiation depending on how
much oxygen binds to the cells’ hemoglobin. The photode-
tector 130, which is typically a photodiode, detects trans-
mission at the red and infrared wavelengths, and in response
generates a radiation-induced currentthat travels throughthe
connection wires 45 to the circuitry assembly 35 on the
article 25.

[0055] Alternatively, as shown in FIGS. 2 and 2A, the
optical sensor includesa plurality of photodetectors 130 and
a single LED 135.

[0056] A preferred photodetector 130 is a light-to-voltage
photodetector such as the TSL260R and TSL261, TSL261R
photodetectors available from TAOS, Inc of Plano Tex.
Alternatively, the photodetector 130 is a light-to-frequency
photodetector such as the TSL245R,whichis also available
from TAOS,Inc. The light-to-voltage photodetectors have
an integrated transimpedance amplifier on a single mono-
lithic integrated circuit, which reduces the need for ambient
light filtering. The TSL261 photodetector preferably oper-
ates at a wavelength greater than 750 nanometers, and
optimally at 940 nanometers, which would preferably have
a LED that radiates light at those wavelengths. A preferred
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optical sensor 30 utilizing green light is a TRS1755 sensor
from TAOS,Inc of Plano Tex. The TRS1755 comprises a
green LED light source (567 nm wavelength) and a light-
to-voltage converter. The output voltage is directly propor-
tional to the reflected light intensity.

[0057] Ina preferred embodiment, the circuit assembly 35
is flexible to allow for the contour of the user’s wrist, and the
movementthereof. Preferably the dimensions of a board of
the circuit assembly 35 are approximately 39 millimeters
(length) by approximately 21 millimeters (width) by 0.5
millimeters (thickness). The circuit assembly 35 is prefer-
ably embedded within a band 96a of the watch 25. The
circuit assembly 35 is preferably shapedto fit within the first
band 96a.

[0058] Alternatively, the circuitry assembly 35 includes a
flexible microprocessor board and a flexible pulse oximetry
board. An alternative pulse oximetry board is a BCI MICRO
POWERoximetry board, which is a low power, micro-size
easily integrated board which provides blood oxygenation
level, pulse rate (heart rate), signal strength bargraph,
plethysmogramandstatus bits data. The size of the board is
preferably 25.4 millimeters (length)x12.7 millimeters
(width)x5 millimeters (thickness). The microprocessor
board receives data from the pulse oximetry board and
processes the data to display on the display member 40. The
microprocessor can also store data. The microprocessor can
process the data to display pulse rate, blood oxygenation
levels, calories expendedbythe user of a pre-set time period,
target zone activity, time and dynamic blood pressure.
Alternatively, the circuitry assembly 35 is a single board
with a pulse oximetry circuit and a microprocessor.

[0059] The display member40is preferably a light emit-
ting diode (“LED”). Alternatively, the display member 40 is
a liquid crystal display (“LCD”) or other similar display
device.

[0060] Onthe circuitry assembly 35, a microcontroller
processes the signal generated from the optical sensor 30 to
generate the plurality of vital sign information for the user
whichis displayed on the display member 40. The control
component 43 is connected to the circuit assembly 35 to
control the input of information and the output of informa-
tion displayed on the display member 40.

[0061] The monitoring device 20is preferably powered by
a power source positioned on the watch 25. Preferably the
powersourceis a battery accessible at an interior surface of
the main body portion 95. The power source is preferably
connected to the circuit assembly 35 by positive wire and
ground wire, and the ground wire and positive wire are
embedded within the article 25.

[0062] In an alternative embodiment, a short range wire-
less transceiver 36 is included in the circuitry assembly 35
for transmitting information processed from the optical
sensor 30 to a receiver on the watch 25. Alternatively, the
information is transmitted to a handheld device or a com-

puter, not shown, to form a system. ‘The display member 40
is optional in this embodiment.

[0063] The short-range wireless transceiver is preferably a
transmitter operating on a wireless protocol, e.g. Blue-
tooth!,part-15, or 802.11. “Part-15” refers to a conven-
tional low-power, short-range wireless protocol, such asthat
used in cordless telephones. The short-range wireless trans-
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mitter (e.g., a Bluetooth™transmitter) receives information
from the microprocessor and transmits this information in
the form ofa packet through an antenna. The external laptop
computer or hand-held device features a similar antenna
coupled to a matched wireless, short-range receiver that
receives the packet. In certain embodiments, the hand-held
device is a cellular telephone with a Bluetooth circuit
integrated directly into a chipset used in the cellular tele-
phone. In this case, the cellular telephone may include a
software application that receives, processes, and displays
the information. The secondary wireless component may
also include a long-range wireless transmitter that transmits
information over a terrestrial, satellite, or 802.11-based
wireless network. Suitable networks include those operating
at least one of the following protocols: CDMA, GSM,
GPRS, Mobitex, DataTac, iDEN, and analogs and deriva-
tives thereof. Alternatively, the handheld deviceis a pager or
PDA,

[0064] A flow chart diagram 400 for using the control
component 43 with the display member 40 is shown in FIG.
6. As mentioned above, the control component43 allows a
user to scroll and select from terms displayed on the display
member 40. User inputs preferably include age, gender,
weight, height and resting heart rate which can be inputted
and stored in a memory ofthe circuit assembly 35. The real
time heart rate of the user is preferably displayed as a default
display, and the user’s real time heart rate is preferably
updated every ten seconds based on measurements from the
optical sensor 30. Based on the user inputs, the calories
expendedbythe userfor a set time period are calculated and
displayed on the display member 40 as desired by the user
using the control component 43. The monitoring device 20
will also preferably include a conventional stop watch
function, which is displayed on the display member 40 as
desired by the user. The display member 40 preferably
displays a visual alert when a user enters or exits a target
zone such as a cardio zone or fat burning zone. The
monitoring device 20 optionally includes an audio alert for
entering or exiting such target zones.

 

[0065] The user can use the control component 43 to
maneuver between the user’s real-time heart rate and real

time calories expended by the user during a set time period.
The user can also scroll through a menu-like display on the
display member 40 and enter options by pushing downward
on the control component 43. The options can preferably
include a “My Data” section which the user inputs by
scrolling and selection an option by pushing downward,
such as selecting between male and female for gender. The
user can also select target zones by scrolling through a
different section of the menu. As discussed below, each

target zone is calculated using a formula based upon the
user’s personal data. In operation, when a specific target
zone is selected, a visual alert in the form of a specific
display such as an icon-like picture is displayed on the
display member 40 to demonstrate that the user is now in the
specified target zone. The icon preferably blinks for a set
period of time such as ten seconds. ‘hose skilled in the
pertinent art will recognize that other options may be
included on the menu-like display without departing from
the spirit and scope of the present invention.

[0066] In yet an alternative embodiment, an accelerom-
eter, not shown, is embedded within the main body portion
95 of the watch 25 and connected to the circuitry assembly
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35 in order to provide information on the distance traveled
by the user. In a preferred embodiment, the accelerometeris
a mulliple-axis accelerometer, such as the ADXL202 made
by Analog Devices of Norwood, Mass. This device is a
standard micro-electronic-machine (‘MEMs’’) module that
measures acceleration and deceleration using an array of
silicon-based structures.

 

[0067] In yet another embodiment, the monitoring device
20 comprisesa first thermistor, not shown, for measuring the
temperature of the user’s skin and a second thermistor, not
shown, for measuring the temperate ofthe air. The tempera-
ture readings are displayed on the display member 40 and
the skin temperature is preferably utilized in further deter-
mining the calories expended by the user during a set time
period. One such commercially available thermistor is sold
under the brand LM34 from National Semiconductor of

Santa Clara, Calif. A microcontroller that is utilized with the
thermistor is sold under the brand name ATMega 8535 by
Atmel of San Jose, Calif.

[0068] The monitoring device 20 may also be able to
download the information to a computer for further process-
ing and storage of information. ‘he download may be
wireless or through cable connection. The information can
generate an activity log 250 such as shown in FIG.7, or a
calorie chart 255 such as shownin FIG.8.

[0069] The microprocessor can use various methods to
calculate calories burned by a user. One such method uses
the Harris-Benedict formula Other methods are set forth at

www.unu.edu/unupress/food2/which relevant parts are
hereby incorporated by reference. The Harris-Benedict for-
mula uses the factors of height, weight, age, and sex to
determine basal metabolic rate (BMR). This equation is very
accurate in all but the extremely muscular (will underesti-
mate calorie needs) and the extremely overweight (will
overestimate caloric needs) user.

[0070] The equations for men and womenare set forth
below:

Men: BMR=66+(13.7xmass (kg))+(5xheight (cm))-
(6.8xage (years))

Women: BMR=655+(9.6xmass)+(1.8xheight)-(4.7x
age)

[0071] The calories bummed are calculated by multiplying
the BMR by the following appropriate activity factor: sed-
entary; lightly active; moderately active; very active; and
extra active.

Sedentary=BMR multiplied by 1.2 (little or no exer-
cise, desk job)

Lightly active=BMR multiplied by 1.375 (light exer-
cise/sports 1-3 days/wk)

Moderately Active=BMR multiplied by 1.55 (moder-
ale exercise/sports 3-5 days/wk)

Very active=BMR multiplied by 1.725 (hard exercise/
sports 6-7 days/wk)

Extra Active=BMR multiplied by 1.9 (hard daily exer-
cise/sports & physical job or 2xday training, marathon,
football camp, contest, etc.)

[0072] Various target zones mayalso be calculated by the
microprocessor. These target zones include: fat burn zone;
cardio zone; moderate activity zone; weight management
zone; aerobic zone; anaerobic threshold zone; and red-line
zone.

Fat Burn Zone=(220-age)x60%&70%
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An example for a thirty-eight year old female:

(220-38)x0.6=109

(220-38)x0.7=127

[0073] Fat Burn Zone between 109 to 127 heart beats
per minute.

Cardio Zone=(220-your age)x70%&80%

An example for a thirty-eight year old female:

(220-38)x0.7=127

(220-38)x0.8=146

[0074] Cardio zone is between 127 & 146 heart beats
per minute.

[0075] Moderate Activity Zone, at 50 to 60 percent of your
maximum heart rate, burns fat more readily than carbohy-
drates. That is the zone one should exercise at if one wants

slow, even conditioning with little pain orstrain.

[0076] Weight Management Zone, at 60 to 70 percent of
maximum, strengthens ones heart and burns sufficient calo-
ries to lower one’s body weight.

[0077] Aerobic Zone,at 70 to 80 percent ofmaximum,not
only strengthens one’s heart but also trains one’s body to
process oxygen moreefficiently, improving endurance.

[0078] Anaerobic Threshold Zone, at 80 to 90 percent of
maximum, improves one’s ability to rid one’s body of the
lactic-acid buildup that leads to muscles ache near one’s
performance limit. Over time, training in this zone will raise
one’s limit.

[0079] Red-Line Zone, at 90 to 100 percent of maximum,
is where serious athletes train when they are striving for
speed instead of endurance.

EXAMPLE ONE

Female, 30 yrs old, height 167.6 centimeters, weight 54.5
kilograms.

The BMR=655+5234+302-141=1339 calories/day.

[0080] The BMRis 1339 calories per day. The activity
level is moderately active (work out 34 times per week). The
activity factor is 1.55. The TDEE=1.55x1339=2075 calo-
ries/day. TDEEis calculated by multiplying the BMRofthe
user by the activity multiplier of the user.

 
[0081] A system may use the heart rate to dynamically
determine an activity level and periodically recalculate the
calories burned based uponthat factor. An example of such
an activity level look up table might be as follows:

Activity/Intensity Multiplier Based on Heart Rate
Sedentary=BMRx1.2 (little or no exercise, average
heart rate 65-75 bpm or lower)

Lightly active=-BMRx3.5 (light exercise, 75 bpm-115
bpm)
Mod. active=BMRx5.75 (moderate exercise, 115-140
pm)

Very active=BMRx9.25 (hard exercise, 140-175 bpm)

Extra activesBMRx13 (175 bpm-maximum heart rate
as calculated with MHR formula)

[0082] For example, while sitting at a desk, a man in the
above example might have a heart rate ofbetween 65 and 75
beats per minute (BPM). (The average heart rate for an adult
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is between 65 and 75 beats per minute.) Based on this
dynamically updated heart rate his activity level might be
considered sedentary. If the heart rate remained in this range
for 30 minutes, based on the Harris-Benedict formula he
would have expended 1.34 calories a minutex1.2 (activity
level)x30 minutes, which is equal to 48.24 calories burned.

[0083] Ifthe man were to run a mile for 30 minutes, with
a heart rate ranging between 120 and 130 bpm,his activity
level might be considered very active. His caloric expendi-
ture would be 1.34 calories a minutex9.25 (activity level)x
30 minutes, which is equal to 371.85.

[0084] Another equation is weight multiplied by time
multiplied by an activity factor multiplied by 0.000119.

[0085] From the foregoing it is believed that those skilled
in the pertinent art will recognize the meritorious advance-
mentof this invention and will readily understand that while
the present invention has been described in association with
a preferred embodiment thereof, and other embodiments
illustrated in the accompanying drawings, numerous
changes modification and substitutions of equivalents may
be madetherein without departing from the spirit and scope
of this invention which is intended to be unlimited by the
foregoing except as may appearin the following appended
claim. Therefore, the embodiments of the invention in which
an exclusive property or privilege is claimed are defined in
the following appended claims.

We claim as our invention:

1. Amonitoring device for monitoring the health ofa user,
the monitoring device comprising:

an article having a main body, a first band attached to one
end of the main body and a second bandattached to a
second end of the body, the first band and the second
band having a connection mechanism for connecting to
each other;

means for measuring blood flow through an artery of the
wrist of the user, the measuring means disposed on the
first band ofthe article:

means for calculating calories expended by the user
during a time period, the calculating means disposed on
the main bodyof the article;

means for visually displaying the calories expended by
the user, the visually displaying means disposed on an
exterior surface of the main body ofthe article; and

means for controlling the input information and the output
of information displayed on the visually displaying
means, the controlling means disposed on the exterior
surface of the main body of the article.

2. The monitoring device according to claim 1 further
comprising means for determining the pulserate of the user.

3. The monitoring device according to claim 1 further
comprising a time function mechanism disposed on the main
bodyof the article to provide a time of day.

4. The monitoring device according to claim | wherein
each of the first band and the second band ofthe article is

composed of a neoprene material.
5. ‘he monitoring device according to claim 1 wherein

the measuring means is an optical sensor comprising a
light-to-voltage photodetector capable oftransmitting a digi-
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tal signal, and at least one light emitting diode capable of
radiating light ranging from 600 nanometers to 1100 nanom-
elers.

6. The monitoring device according to claim 1 wherein
the measuring meansis a pulse oximetry sensor comprising
a light-to-vollage photodetector capable of transmitting a
digital signal, first light emitting diode capable of radiating
red light and a second light emitting diode capable of
emitting infrared light.

7. The monitoring device according to claim 1 wherein
the measuring means is an optical sensor comprising a
light-to-frequency photodetector capable of transmitting a
digital signal, and at least one light emitting diode capable
of radiating light ranging from 570 nanometers to 1100
nanometers.

8. ‘he monitoring device according to claim 1 wherein
the measuring means is an optical sensor comprising a
plurality of light-to-voltage photodetectors capable of trans-
mitting a digital signal, and at least one light emitting diode
capable of radiating light ranging from 600 nanometers to
1100 nanometers.

9. The monitoring device according to claim | wherein
the measuring means is an optical sensor comprising a
plurality of light-to-frequency photodetectors capable of
transmitting a digital signal, and at least one light emitting
diode capable of radiating light ranging from 570 nanom-
eters to 1100 nanometers.

10. A monitoring device for monitoring the health of a
user, the monitoring device comprising:

 
an article to be worn on the user’s wrist, the article

comprising a main body having aninterior surface and
an exterior surface, a first band attached to one end of
the main body and a second band attached to a second
end of the body, the first band and the second band
having a connection mechanism for connecting to each
other;

an optical sensor disposed on an interior surface of the
first band of the article;

a circuitry assembly embedded within the main body of
the article;

a display member disposed on an exterior surface of the
main body ofthe article; and

a control component disposed on the exterior surface of
the main body of the article, the contro] component
controlling the input of information and the output of
information displayed on the display member.

11. The monitoring device according to claim 10 wherein
the optical sensor comprises a light-to-valtage photodetector
capable of transmitting a digital signal, and at least one light
emitting diode capable of radiating light ranging from 600
nanometers to 1100 nanometers.

12, The monitoring device according to claim 10 wherein
the optical sensor comprises a light-to-frequency photode-
tector capable of transmitting a digital signal, and at least
one light emitting diode capable of radiating light ranging
from 570 nanometers to 1100 nanometers.

13. The monitoring device according to claim 10 wherein
the optical sensor comprises a plurality of light-to-voltage
photodetectors capable of transmitting a digital signal, and
at least one light emitting diode capable of radiating light
ranging from 600 nanometers to 1100 nanometers.
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14. The monitoring device according to claim 10 wherein
the optical sensor comprises a plurality of light-to-frequency
photodetectors capable of transmitting a digital signal, and
at least one light emitting diode capable ofradiating light
ranging from 570 nanometers to 1100 nanometers.

15. A watch with a monitoring device for monitoring the
health of a user, the watch comprising:

a main body having an interior surface and an exterior
surface, the main body comprising a timepiece mecha-
nism;

a first band connected to a first end of the main body;
a second band connected to a second end of the main

body,thefirst band and the second connectable to each
other;

an optical sensor disposed on the interior surface of the
first band;

a circuitry assembly embedded within the first band, the
circuitry assembly comprising a microprocessor and
connected to the optical sensor;

a display member disposed on an exterior surface of the
main body; and

a control component dispased on the exterior surface of
the main body, the control component controlling the

Nov. 9, 2006

input of information and the output of information
displayed on the display member.

16, The watch according to claim 15 wherein the optical
sensor comprises a light-to-voltage photodetector capable of
transmitting a digital signal, and at least one light emitting
diode capable of radiating light ranging from 600 nanom-
eters to 1100 nanometers.

17. The monitoring device according to claim 15 wherein
the optical sensor comprises a light-to-frequency photode-
tector capable of transmitting a digital signal, and at least
one light emitting diode capable of radiating light ranging
from 570 nanometers to 1100 nanometers.

18. The monitoring device according to claim 15 wherein
the optical sensor comprises a plurality of light-to-voltage
photodetectors capable of transmitting a digital signal, and
at least one light emitting diode capable of radiating light
ranging from 600 nanometers to 1100 nanometers.

19, The monitoring device according to claim 15 wherein
the optical sensor comprises a plurality of light-to-frequency
photodetectors capable of transmitting a digital signal, and
at least one light emitting diode capable of radiating light
ranging from 570 nanometers to 1100 nanometers.

20. he monitoring device according to claim 15 wherein
the circuitry assembly is in wireless communication with a
receiver on the main body.

* # ES ES ES
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Abstract—In order to develop a wrist band pulse oximeter, the 
detected light intensities and effective transmission depth of 
reflectance oximetry are investigated by analyzing the light 
propagation through tissue. A reflectance probe is fabricated 
based on the analytical results. An oxygen saturation 
measurement system is also implemented and some preliminary 
experiments are conducted. The experimental results have 
confirmed the feasibility of this wrist-band oximeter. Home 
healthcare can be ensured by transmitting the realtime 
measurements through wireless technology to the community 
monitoring system. 

Keywords- Wrist-band sensor; Oxygen saturation; Remote 
healthcare 

I.  INTRODUCTION 
Non-invasive pulse oximetry has been widely used in 

clinical care for critical ill patient, monitor of patient during the 
anesthesia in operations, research of breath state while sleeping, 
etc. It’s a safe, reliable, real time and continuous measurement 
method. Nowadays transmittance oximetry has been fully 
developed and there’re many mature products which are widely 
and frequently used in hospitals. However, a transmittance 
pulse oximeter is reliable and practical only in case the patient 
is hospitalized or lying steadily. Besides, transmittance 
measurements sometimes cause discomfort, pain or injury 
because its sensor lightly presses a finger or ear lobe and 
occasionally blocks the blood flow. A reflectance oximeter 
which increases the flexibility of installation can avoid such 
problems and meet the needs of modern home healthcare, 
whereas the research  of reflectance oximeters is still in a 
shortage relative to the transmittance type and there are few 
complete solutions for reflectance oximetry[1][2]. 

In this study, the detected light intensities and effective 
transmission depth of reflectance oximetry are investigated by 
analyzing light propagation through tissue using the photon 
diffusion equation. We fabricated a reflectance probe based on 
the analytical results, implemented an oxygen saturation 
measurement system and conducted some preliminary 
experiments, whose results have comfirmed the feasibility of 
our oximeter. We also implemented a RF transmitting module 
to found a communication between the measurement system 
and community care center to ensure home monitor of oxygen 
saturation, which is mainly used in night care of patients with 
sleep apnea syndrome [3]. 

II. THE PRINCIPLE OF RELECTANCE OXIMETRY BASED ON 
DIFFUSION PROPAGATION THEORY 

Human tissue is a strongly scattering media, in which the 
movement of light is random. In transmittance oximetry, the 
light detector mainly receives the forward scattered light; while 
in reflectance oximetry, the light source and the detector are 
both placed on the same side of the measurement site, the 
detector mainly receives scattered light after a parabolic path in 
tissue, as shown in figure 1.  

 

Figure 1.  Boundary of the parabolic region for photon path distribution 

A. Detected light intensity 
For most human tissue, the scattering coefficient is much 

greater than the absorption coefficient. Therefore, when the 
scattering length of tissue is much smaller than its geometric 
dimensions, the photon will experience repeatedly scattering 
before it’s absorbed or escaping outside the tissue boundary. In 
this case, the photon migration in biological tissue can be 
considered as a diffusion process. Light propagation in 
homogeneous biological tissue can be described by photon 
diffusion equation [4]: 

 2
a

1 ( , ) ( , ) ( , ) ( , )r t D r t r t r t
c t

φ φ μ φ∂ − ∇ +
∂

=S                (1) 

Where ( , )r tφ  is the fluence rate at the position r in the 
tissue, which means the effective photon density at the position 

r at time t. D represents diffusion coefficient, aμ is absorption 

coefficient and ( , )r tS represents the light source. 

The diffusion coefficient D for photon migration is: 
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1
3{ (1 ) }a s

D
gμ μ

=
+ −

                          (2) 

Thus the density of the photon leaving the tissue is given by 
the flux of the fluence and the detected light intensity is: 

2 2
3 2 5 2 0

0( , ) (4 ) exp( )exp( )
4a

d zt Dc z t ct
Dct

φ ρ π μ− − += − −           (3) 

Where 0z is
1[(1 ) ]sg μ −− , d is the source-detector 

separation. 

When time is long enough, the change rate of reflected light 
intensity is as below: 

lim ln ( , ) at
t c

t
φ ρ μ

→∞

∂ = −
∂                    （4） 

Therefore the change rate of reflected light intensity is 
proportional to tissue’s absorption coefficient [4]. 

In the near infrared region, the absorption caused by such 
substance as water, cytopigment, etc. is much smaller than that 
caused by oxygenated hemoglobin (HbO2) and reduced 
hemoglobin (Hb), and the light absorbance of HbO2 is different 
from that of Hb at two different wavelengths. Therefore when 
illuminating the tissue containing an arterial bed with light of 
different wavelengths, we can deduce the oxygen saturation 
from the ratio of change rates of reflected light intensity in 
these two wavelengths. 

Note the change rate of reflectance light intensity W, the 
blood oxygen saturation can be expressed as: 

1
2

2

WSpO A B
W

λ

λ

= − ⋅                              (5) 

The light attenuated by body tissue consists of a direct 
current (DC) component and an alternating current (AC) 
component. The DC component is the result of the absorption 
by the body tissue and veins, while the AC component is the 
result of the absorption by the fluctuating volume of arterial 
blood. The change rate of reflectance light intensity can be 

expressed as: AC DCW I I= , accordingly the formula for 
determining oxygen saturation can be obtained :  

1 1

2 2 2
AC DC

AC DC

I ISpO A B
I I

λ λ

λ λ= − ⋅
                  （6） 

B. Effective transmission depth 
In order to measure oxygen saturation, it is important to 

know whether or not the light reaches the arteries and the pulse 

wave is detected. The distribution function of photon path in 
tissue is [5]: 

2 2 2 2 1 2 2 2 2 1 2

2 2 2 3 2 2 2 2 3 2

2 2 2 1 2 2 2 2 1 2

exp( {( ) [( ) ] })( , , )
( ) [( ) ]

*[ ( ) 1]{[( ) ] 1}

z k x y z d x y zP x y z
x y z d x y z

k x y z d x y z

− + + + − + +=
+ + − + +

+ + + − + + +      (7) 

As is shown in figure 1, the photon path in tissue is 
parabolic in the x-z cross section. Under conditions of weak 
absorption (kd<<1), when coordinate is (x,0,0) the z position z0 
(x) of the cambered region is: 

22 2 2 2 2 2
0

1( ) ( ) 32 ( ) ( )
8

z x x d x x d x x d x⎡ ⎤⎡ ⎤≈ + − + − − − −⎣ ⎦⎢ ⎥⎣ ⎦
    (8) 

The maximum depth the incident light reaches is called 
effective transmission depth. z0 reaches the maximum when 
x=d/2; 

max
0 2 4z d≈                              (9) 

This shows that the effective transmission depth depends on 
the source-detector separation d. So choose a suitable distance 
between the light source and detector can ensure the effective 
detection of blood oxygen saturation. 

III. SYSTEM DESIGN AND IMPLEMENTATION 

A. System design 
The system consists of wristband sensor, signal acquisition 

and processing module, wireless transmission module, power 
module, display module, etc. Figure 2 shows the system block 
diagram.  

 

Figure 2.  System block diagram 

B. Sensor 
A wrist located reflectance sensor is used to sample the 

pulse wave signal. It has functions of optical source control, 
signal conversion and signal amplification. It’s composed of 
light source, light detector, and a wrist band which is used for 
mounting the sensor. 

For reflectance oximetry, the ratio of absorption coefficient 
in the wavelength of 660nm and 900nm is the most sensitive to 
the change in oxygen saturation. To avoid the difference of 
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transmission path caused by the distance between two 
separated light sources, the system employs dual-wavelength 
light-emitting diode as the light source, with the peak emission 
wavelength of 940nm and 660nm. 

 

Figure 3.  Wristband sensor 

By the formula (3) and (9), both the detected light intensity 
and effective transmission depth are affected by the source-
detector separation. To ensure sufficient detected light intensity 
and transmission depth, the optimum source-detector 
separation was chose as 8mm based on several experiments. 
The wristband sensor design is shown in Figure 3. To get the 
best measurement effect, the wrist band mounts the sensor on 
the inner wrist right above the arterial vessel. 

C. Signal sampling and processing 
To meet the design requirements of miniaturization, 

portable and low power consumption, the system employs 
MSP430 microcontroller as the core of hardware control, data 
processing and transmission. 

The internal 12-bit DAC0 in the MCU periodically send 
two pulses to light source drive module, making light emitting 
diode emit red and infrared light alternatively to obtain optical 
modulation. When the pulse beats, the volume of blood flow 
through the wrist artery changes, the detected red and infrared 
light intensity changed consequently. The ADC sampled the 
output signal of the light detector so as to get the modulated 
photoplethysmography signal. 

 

Figure 4.  Signal procesing diagram 

The AC component of this signal is effectively extracted 
and amplified through differential amplification performed by 
the built-in operational amplifier OA1 of the microcontroller. 
Figure 4 shows the processing procedure of pulse signal. 

The initial pulse wave signal extracted at this stage 
comprises electromagnetic interference and power supply noise; 
therefore, it’s necessary to eliminate ambient noises in 50Hz 
and above, considering the fundamental frequency of the pulse 
wave is about 1Hz[6]. A symmetric FIR filter as is shown in 

formula (10) is implemented for removing the noise, with 
cutoff frequency of 6Hz and -50dB attenuation in 50 Hz and 
above. Where x[n] and y[n] represents the input and output 
signal respectively, while N represents the length of the FIR 
filter. h[n] is the FIR filter coefficients. 

0

[ ] [ ] [ ]

[ ] [ ]

N

k
y n h k x n k

h n h N n
=

= −

= −

∑

                    (10) 

Figure 5 shows the initial pulse wave signal extracted by 
the built-in amplifier and effective pulse wave signal after 
filtering. As can be seen from the figure, the system efficiently 
detected the human pulse wave signal， indicating that the 
incident light can visit the arterial vessel. 
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Figure 5.  Original signal(upper) and filtered signal(lower) of pulse wave 

The heart rate is measured by calculating the cycle of pulse 
wave signal, and the oxygen saturation is deduced by 
computing the ratio of the light intensity change rates under 
two different wavelengths. The real time measurement results 
and pulse wave are displayed on an OLED continuously 

D. Wireless data transmission 
The wireless transmission module founds a communication 

between measurement system and community care system, 
transfers the measurement results to a PC. Therefore, a number 
of users can be centralized monitored by creating a small 
wireless network. 

The wireless transmitting module consists of a transceiver 
CC2500, a chip antenna, etc. CC2500 is a single chip 
transceiver designed for very low power wireless applications 
and intended for the ISM frequency band at 2.4 GHz. Wireless 
receiving module integrates a MSP430 MCU, CC2500 RF 
transceiver and a USB interface. It can be directly connected to 
the PC of community care center. 

Wireless transmitting module communicates data with 
measurement system through the SPI interface and sends 
measurement results to the receiving module. Wireless 
receiving module transfers the received data to the PC of 
community care system via USB interface. RF chip CC2500 
keeps control of RF module and IEEE 802.15.4 protocol to 
regulate the wireless transmission of measurement data. 
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Several oximeters can easily set up a star wireless network [7]. 
Transmission distance can reach 100m in an open space, relay 
stations are needed while transferring data for farther distance 
or through walls. 

IV. EXPERIMENTAL RESULTS 
To test the reliability of this system, an apnea experiments 

is conducted; five healthy people took part in this experiment. 
We recorded the values of R at time intervals during the slowly 
recovery process after several seconds of breath holding, and 
drew the value changes in line graphs as shown in Figure 6. 

 

Figure 6.  Change map of the value of R after breath holding for 10s and 25s 

About 6s after the apnea, R values began to rise to a peak, 
which means oxygen saturation began to decrease. It can be 
seen from the comparison of these two graph that for the longer 
time of breath holding, the increasing amplitude of R is larger, 
that is the decreasing extend of oxygen saturation is larger, and 
the recovery time is longer as well. 

The experimental results indicate that this system can 
effectively detect the change of oxygen saturation 

V. CONCLUSION 
This paper describes the system design of a wristband pulse 

oximer and completes the prototype fabrication. This oximeter 
can obtain oxygen saturation and heart rate information 

continuously and non-invasively through a wearable reflection 
sensor placed on the inner wrist; its facility makes it quite 
suitable for daily home care. From the waveform and 
measurement results it can be seen that the system can achieve 
the wrist pulse signal acquisition and noise filtering. The 
preliminary experiments have confirmed the reliability of the 
measurement results. The wireless transmission module 
transfers real time measurement data to community care center, 
providing the basis for community centralized care and remote 
monitoring. This wrist band pulse oximeter offers an effective 
means of home monitoring oxygen saturation, which has a 
broad application scope and aspects 
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Method and apparatus for combined measurement of hemoglobin
and oxygen saturation.

The present invention relates to a non-invasive method

for determination of SpO,, including a first determination of

blood characteristics including hemoglobin (EVF/hematocrit), in

a vessel containing a mixture of liquid and blood cells using
the orientation effects of the red blood cells. The present

invention also relates to an apparatus for performing the
method.

Background to the invention

There are different non-invasive methods known for

measurement of hemoglobin. These methods make use of absorption

of energy at a certain light wavelength, of the red blood cells

(RBCs). Carim et al disclose in US 5755226 a non-invasive

method and apparatus for the direct non-invasive prediction of

hematocrit in mammalian blood using photopletysmography (PPG)

techniques and data processing. However, this method only makes

use of the ability of the RBCs to absorb energy. This method is

also quite complicated regarding the formulas which are to be

used when calculating the predicted hematocrit. Thus the method

is time consuming. This method has not taken into account the

red blood cell orientation and distribution in blood vessels.

Further, a method and an apparatus, are disclosed in WO

97/15229 for determining hemoglobin concentration in blood. The

method is used for detecting hemoglobin in the microvascular

system beneath the mucosal membranes on the inside of the lip

of a human subject by introducing a measuring tip into the

mouth of a subject. This means that the measuring tip of the

apparatus must have some kind of sterile shell before it may be

placed in the mouth. This sterility of the measuring tip means
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that either the apparatus must be autoclaved before measuring

or that a disposable plastic tip has to be used when performing

the method. This method further uses the reflection of light

for determining the concentration of hemoglobin. .
Photopletmysmography and pulse oximetry has been

thoroughly investigated by two of the present inventors

("Photopletmysmography, methodological studies and

applications", Lars-Géran Lindberg, Linkdéping Studies in

Science and Technology Dissertations, No 262, 1991 and "Pulse

oximetry - methodological considerations", Magnus Vegfors,

Linképing University Medical Dissertations, No 347 1992, both

hereby incorporated by reference thereto).

They found e.g. that when pulse oximeter was tested on an

artificial bed different flow conditions greatly affected the

accuracy of the pulse oximeter. Different states of the blood,

diluted and haemolysed blood changed the pulse oximeter

accuracy indicating that orientation of red blood cells and the

viscosity of blood as a whole may play important role for the

generation of the two PPG signals utilised in pulse oximetry.

(in Lindberg above)

Further there was mentioned in Vegfots’ paper above about

some previous studies which have indicated that pulse oximeter

accuracy may be dependent on blood haematocrit. For ethical

reasons, it is impossible to study the accuracy of pulse

oximetry on humans at very low haematocrit levels. Therefore,

little human data is available during anaemia. Some

investigations document an increasing negative bias in mildly

anaemic subjects.

The majority of pulse oximeters uses transmitted light to

calculate the oxygen saturation. This limits the probe

application to for example finger tips, toes or ear lobes.

198



199

WO 01/17421 , PCT/SE00/01740

There is therefore an increasing interest in reflection pulse

oximetry. (Vegfors above) Further examples of pulse oximeters

are described in the historical review “History of Blood Gas

Analysis. VI. Oximetry”, J. W. Severinghaus and P.B. Astrup,

Journal of Clinical Monitoring, Vol 2, No. 4, October 1986, pp

270-287 (hereby incorporated by reference thereto).

Since haematocrit values outside normal ranges are known

to effect the accuracy of pulse oximetry a combined measurement

of haemoglobin and oxygen saturation it would be desirable with

a method and apparatus which makes it possible to alert for

false pulse oximetry readings and perform on-line corrections.

Accordingly, there is a need for new methods for

detecting SpO, which takes into account blood characteristics

including Hb, and accordingly also the blood cell orientation

and thus give a more accurate detection value. Further,

methods which do not involve an extra step of making the

apparatus sterile before measuring or disposable tips are

desirable. The new methods should also be less sensitive to

variations in the blood pressure, e.g. the pulsative,

(systolic) pressure.

Summary of the invention

The present invention solves the above problems by

increasing the accuracy of pulse oximetry measurements by

reflection and transmittance measurements:

- on central arterial blood vessels better reflecting the

oxygenation than peripheral vascular beds,

- on-line correction for haematocrit values affecting the

accuracy,

- simultaneous results of oxygen saturation and blood

values (such as haematocrit) improving the quality and safety
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in patient monitoring.

In accordance with a first aspect of the present

invention there is provided a new non-invasive method for

accurate determination of SpO, from a mixture of liquid and

blood cells contained in a light pervious vessel comprising:

a) directing light beams against the mixture;

b) determining at least one blood characteristic other than

SpO, including hemoglobin of thé mixture by analyzing the

intensity of the light reflected from the mixture, or the

intensity of the light reflected from the mixture in

combination with the intensity of the light transmitted through

the mixture; and

c) determining oxygen saturation, SpO,, of the mixture by

analyzing the intensity of the light transmitted through the

mixture.

In the new method, (b) and (c) may be performed in the

reverse order or even simultaneously.

In accordance with the invention, the new method further

comprises establishing whether the result of c) is relevant

with respect to the result of b).

Advantageously, (c) is performed by pulse-oximetrically

determining oxygen saturation.

With regard to the determination of oxygen saturation,

first, (a) is performed by directing at least one light beam

with a wavelength in the red light range against the vessel,

and directing at least one light beam with a wavelength in the

infrared light range against the vessel. Then, (c) is performed

by detecting the intensities of the red light and infrared

light transmitted through the mixture, calculating a quotient

of the detected intensities, red/infrared, of the transmitted

light, and determining SpO, by analyzing the quotient.
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By analyzing the quotient of the detected intensities of

transmitted light the advantage is achieved that influences

from pressure and flow, in particular pulsating flow, of the

liquid mixture is compensated for, whereby the determined Spo,

will be accurate. The quotient is analyzed by comparing it with

previously obtained quotients for known values of Spo,.

With regard to the determination of the blood

characteristic (i.e. at least hemoglobin), (b) is performed by:

i) detecting the intensity of the light of the light beams

reflected from the mixture and the intensity of the light of

the light beams transmitted through the mixture;

ii) calculating a quotient of the detected intensity of the

transmitted light and detected intensity of the reflected light

or a quotient of the detected intensity of the reflected light

and detected intensity of the transmitted light; and

iii) analyzing the quotient to determine the blood

characteristic.

By analyzing the quotient of the detected intensities of

transmitted and reflected lights the advantage is achieved that

influences from pressure and flow, in particular pulsating

flow, of the liquid mixture is compensated for, whereby the

determined blood characteristic (hemoglobin) will be accurate.

The quotient is analyzed by comparing it with previously

obtained quotients for known values of the blood characteristic

in question.

Alternatively, first, (a) is performed by directing at

least two light beams with different wavelengths against the

vessel, then, (b) is performed by:

1) detecting the intensities of the light of the light beams

reflected from the vessel;

ii) calculating a quotient of the detected intensities of the
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reflected lights; and

iii) analyzing the quotient to determine the blood

characteristic.

In accordance with a second aspect of the present

invention there is provided an apparatus for accurate

determination of SpO, from a mixture of liquid and blood cells

contained in a light pervious vessel comprising:

- light sources for directing light beams against the

vessel,

- means for determining a blood characteristic other than

oxygen saturation, SpO, including hemoglobin and capable of

analyzing the intensity of the light reflected from the vessel,

or the intensity of the light reflected from the vessel in

combination with the intensity of the light transmitted through

the mixture, and

- means for determining oxygen saturation, SpO,, of the

mixture, preferably pulse-oximetrically, and of analyzing the

intensity of the light transmitted through the mixture.

In accordance with the invention, the apparatus further

comprises means for establishing whether the determined value

of Spo, is relevant with respect to the determined value of the

blood characteristic.

The light sources comprise a first light source for

emitting a first light beam with a wavelength in the red light

range against the vessel, and a second light source for

emitting a second light beam with a wavelength in the infrared

light range against the vessel.

The apparatus may further comprise a first detector for

detecting the intensity of the light of the red first light

beam transmitted through the vessel, and a second detector for

detecting the light of the infrared second light beam
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transmitted through the vessel. The oxygen saturation

determining means may comprise a processor adapted to calculate

a quotient of the detected intensities of the transmitted red
and infrared lights and to determine the value of the oxygen

saturation by analyzing the quotient.

The light sources suitably comprise a third light source

for emitting a third light. beam against the vessel, and the

apparatus may further comprise a third detector for detecting

the intensity of the light of the third light beam reflected

from the vessel and a fourth detector for detecting the

intensity of the light of the third light beam transmitted

through the vessel. The blood characteristic determining means

May comprise a processor adapted to calculate a quotient of the

detected intensities of the reflected and transmitted lights of

the third light beam and to determine the value of the blood

characteristic by analyzing the quotient.

The apparatus may further comprise registration means for

storing the determined blood characteristic and SpO,, and

optionally means for visualization of the determined blood

characteristic and Spo,.

In accordance with a third aspect of the present

invention there is provided use of an apparatus according to

the second aspect of the present invention in a dialysis

device.

Detailed description of the invention

The term “light source” is to be understood to encompass

one or more light emitting elements, such as light diodes.

With the expression “blood characteristics” is meant in

the present application characteristics of blood such as

concentration of blood components, e.g. hemoglobin, total
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hemoglobin, red blood cells, white blood cells, platelets,

cholesterol, albumin, thrombocytes, lymphocytes, drugs and

other substances, viscosity, blood pressure, blood flow, blood

volume, blood cell illnesses, abnormal blood cell appearances,

anemia, leukemia, lymphoma.

With the expression “hemoglobin” is meant in the present

application oxyhemoglobin,. reduced hemoglobin, carboxy

hemoglobin, methemoglobin and sulphhemoglobin.

With the expression “red blood cells”, also known as

erythrocytes, is meant in the present application whole or

partly lysed red blood cells which contain hemoglobin.

With the expression “light pervious vessel” is meant in

the present application a blood vessel in an animal, a pipe, a

tube or a tubing which is light pervious. The pipe, tube or

tubing may be manufactured from acrylonitrile butadiene styrene

(ABS), polycarbonate or acrylic glass (polymethylmethacrylate;

PMMA) which gives a non-flexible material or from polyvinyl

chloride (PVC) or silicon rubber, plasticized PVC, e.g. PVC

plasticized with dioctylphtalate, diethylhexylphtalate or

trioctyltrimellitate, which gives a flexible material. PMMA is

the most preferred non-flexible material. The light pervious
vessel may further be used when performing liquid transfusions

or blood transfusions. The elasticity of the material may be

varied in a wide range. The animal containing a blood vessel is

preferably a mammal, most preferred a human being.

As used herein, “light” refers generally to

electromagnetic radiation at any wavelength, which includes the

infrared, visible and ultraviolet portions of the spectrum. A

particularly preferred portion of the spectrum is that portion

where there is relative transparency of the tissue, such as in

the visible and near-infrared wavelengths. It is to be
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understood that for the present invention, light may be

nonpolarized or polarized light, coherent light or incoherent

light and illumination may be steady pulses of light, amplitude

modulated light or continuos light.

Light sources which may be used in the method and the

apparatus according to the invention are e.g. light emitting

diodes (LEDs) or laser diodes or combinations thereof such as

VCSEL (vertical cavity surface emitting laser) . Preferably

less expensive LEDs are used. Today there are also new strong

light emitting diodes which may be used in the method and the

apparatus according to the invention. Flash lamp light sources

are also conceivable for use in the present invention. The

light source may further be capable of emitting monochromatic

light, i.e. a monochromator. Quartz halogen lamps or tungsten

lamps may also be used as light sources. Optical light fibres,

for guiding the light to and from the measured spot, and or

direct illumination on the measured spot may also be used.

Detectors which may be suitable for use when performing

the method according to the present invention, are

phototransistors, photodiodes, photomultipliers, photocells,

photodetectors, optical power meters, amplifiers, CCD arrays
and so on.

In the present application the expression “means for

determining blood characteristics including hemoglobin” refers

to any non-invasive apparatus for determining blood

characteristics including hemoglobin in a liquid comprising

blood cells. Preferred examples of such non-invasive

apparatuses are given below and in the appended claims.

In the present application the expression “means for

determination of Spo,” refers to any apparatus for measuring

oxygen saturation non-invasively in a liquid comprising blood
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cells. Preferably pulse-oximetrically measuring apparatuses are

preferred as e.g. are dislosed in Vegfors above and in

Severinghaus et al above, disclosing e.g. the Minolta pulse

oximeter. The Minolta pulse oximeter uses 650 nm and 805 nm.

The apparatus in Vegfors above is the most preferred, as is

diclosed below.

The mixture of liquid and blood cells in the method of the

present application is preferably flowing, but it may as well

be standing such as is the case for a fluid medium in a blood

bag. The mixture of liquid and blood cells may comprise plasma

or any other liquid as e.g. water or dialysis liquids. The

plasma is preferably in or from a mammal. The liquid may as

well be any other fluid comprising blood cells which may be

obtained during or after the processing of blood.

Further, the method according to the present application

is also characterized by that it may be performed on a mammal

such as domestic animals or human beings, preferably on a human

being.

The method according to the invention may be performed on

any part of the human body or the body as a whole comprising a

greater blood vessel, preferably a vein, an arteriole or

artery, most preferred a blood vessel with a diameter >0.1 mm.

The detection is, according to a preferred embodiment of the

present invention, performed on an arm, a toe or a finger. The

detection is most preferably performed on a wrist or ona

finger on the third phalanx.

The present invention, especially the SpO, measuring part

thereof, is based upon the principle that individual

wavelengths of light are absorbed differentlyby various
components of arterial blood. One application of this principle

is used to measure oxygen saturation of arterial blood. In

206



207

WoO01/17421 PCT/SE00/01740

1]

pulse oximetry two wavelengths of light emitted from suitable

light sources are used, one with a wavelength within the red

light range and one within the infrared range. The oximeter

passes light through a monitoring site and measures the

relative absorption of red light preferably at 660 nanometers

(by reduced haemoglobin, Hb) and infrared light preferably at

940 nanometers (by oxyhaemoglobin, HbO,). Because HbO, and Hb

absorb different amounts of. light at each of these two

wavelengths, the oximeter can compare the ratio of each

absorbance and convert it into an SpO, value. More specific it

may preferably be expressed (AC,,,/DCe6.) / (ACoao/DCoag) OF ACge9/ACoao

at constant DC levels. Pulse oximetry reduces the effect of

other absorbers by looking only on the pulsative absorbances.

The oximeter considers only the absorbers in the arterial

blood. This is thus in analogy with the measuring global

principle of the present innovation for haemoglobin especially,

and can thus be attained by including preferably 940 nanometers

and preferably 660 nanometers light sources and suitable

detectors.

In one preferred embodiment of the method according to the

present invention, one or more of the detected intensity of the

light of said light beam(s) reflected from the vessel and the

detected intensity of the light of said light beam(s)

transmitted through the vessel, is transmitted over a wireless
connection to a unit for performing step a), e) and/or f),

preferably using a module for wireless communication. The

wireless communication is preferably performed using a

Bluetooth™ standard based communication path.

In the method according to the invention preferably Light

beam(s) are directed essentially perpendicular to a measuring

area of the vessel.
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In the method according to the invention preferably the

wavelength of the light in (a), when transmitted light also is

detected, is from 200 nm to 2000 nm, preferably from 770 nm to

950 nm, most preferred approximately 770, 800, 850, 940 or 950
nm.

In one preferred embodiment of the method according to the

invention preferably at least two light beams with different

wavelengths in (a) are directed against the mixture and

selected such that the light absorbance of the red blood cells,

as the first light beam passes theerethrough, is relatively

insignificant, whereas the wavelength in the second light beam

is selected such that the light absorbance of the red blood

cells, as the second light beam passes therethrough, is

relatively significant.

In one preferred embodiment of the method according to the

invention preferably at least two light beams with different

wavelengths in (a) are directed against the vessel, preferably

essentially in parallel with each other, wherein one with a
wavelength of from 770 to 950 nm and the other with a

wavelength of from 480 to 590 nm.

In one preferred embodiment of the method according to the
invention, in (a) light is emitted from at least four light

sources, preferably six light sources, wherein the light

sources being adapted to appear on either side of the

detector(s), preferably the light sources are arranged in

groups of two, most preferred in groups of three when six light

sources are present, most preferred the light sources form an

‘YW’ with one detector in the centre. Preferably the “H” above is

tilted approximately 90° during the measurement on preferably a

wrist when looking from the direction of the arm or the blood

vessel. The measurement is further preferably performed on the
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inside of the wrist.

In one preferred embodiment of the method according to the

invention, in (a) light is emitted from two light sources,

which are positioned and thus appearing on two different

opposite sides of a vessel containing the mixture, and

detection of reflected light from and transmitted light through

the vessel is performed by. at least two detectors, preferably

by only two detectors.

In one preferred embodiment of the method according to the

invention (b) comprises the following steps:

I) sweeping a window over a curve with detected values from

transmission and/or reflection, wherein the size of said window

preferably is approximately 60 % of the period time, divided

equally to the right and to the left;

II) if no value within said window is higher than the middle

value, designating the value a maximum point whereupon moving

the window by leap half of the window length, or if a value

exceeds the middle value moving the window only one step;

III) designating the minimum points in the same manner as in

II) but with regards to minimum values instead of maximum

values; °
IV) obtaining the height of the AC-signal by subtracting from

a value on a connection line involving two maximum points, the

vertically laying value of an in between laying minimum point;

V) repeating step IV) at least 8 times, and summarizing the

values from IV) and dividing the sum with the number of

observations, thus obtaining a median AC-value; and

VI) optionally obtaining the DC-signal by adding the total

height of the minimum point in IV) to the median AC-signal of

step V);

whereby preferably using a computer program for obtaining said
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AC-signal and optionally said DC-signal.

In one preferred embodiment of the method according to the

present invention the wavelength of the red light is

approximately 660 nm and the wavelength of the infrared light

is approximately 940 nm.

In the method according to the invention, preferably the

determined SpO, and determined blood characteristics including

hemoglobin are presented simultaneously.

In the method according to the invention, preferably the

determined SpO, is corrected by using the determined blood

characteristics including hemoglobin.

The method according to the present invention may,

according to a preferred embodiment, be used for determination

of blood characteristics including hemoglobin in extracorporeal

equipments including e.g. dialysis apparatuses (dialysers),

cell savers, dialysis monitors, or on a blood bag device (which

includes assemblies), or on a slaughter house device, or ona

blood fractionation device. The light pervious vessel,

preferably a tube or pipe, may in this embodiment of the

present invention have a diameter >0.1 mm. In dialysis

apparatuses it may be desirable to see how much hemoglobin and

the SpO, value which is present in a fluid which is subjected

to any form of dialysis, preferably hemodialysis. During

dialysis it may further be desirable to measure the hemoglobin

concentration in order to follow changes in blood volume of the

patient and Spo, in said patient. Regarding blood bag

constructions and blood bag assemblies, the method according to

the invention may be applied to tubings, bags, filters or any

other component that may be used in association with blood bags

which may contain whole blood or buffy coat i.e. concentrate of

white blood cells (leukocytes). The method may also be used
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during blood transfusions on tubings, or during blood donations

as well. In slaughter houses, the method according to the

present application may be useful when recovering blood from

slaughter animals and when further processing that blood to

give whole blood for use directly in food or fractionate it to

obtain the blood components albumin, immunoglobulins and so on.

The method according to the present application may also be

used when counting blood cells i.e. a process when you count

red and white blood cells. This may be done in an apparatus
such as a biood cell counter e.g. a Coulter counter

manufactured by Coulter Diagnostics of Miami Florida. The

method according to the invention may also be used in

association with blood analysing, blood typing and other blood

gas analyses, in addition to SpO,. The method according to the

invention may also be used when fractionating human blood ina

blood fractionating unit. It may be desirable to use the method

according to the present application when plasma is obtained

from donors. The method may also be useful when obtaining buffy

coats from a donor or when these buffy coats are further

processed for producing e.g. cytokines such as interferon

alpha. The method may be useful to determine how the lysis of
the RBC:s are performing during the purification of white blood

cells which subsequently after one or more steps involving RBC

lysis with e.g. ammonium chloride, are exposed to virus e.g.

Sendai virus during incubation in a suitable medium e.g. Eagles

Minimal Essential Medium, EMEM.

The method, according to the present application, is

preferably performed on a blood vessel, tube or pipe.

According to a preferred embodiment of the present

invention the light beams are preferably directed essentially

perpendicular to a measuring area of a vessel containing the
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mixture.

According to a preferred embodiment of the present

invention, at least two light beams are directed against the

vessel from two light sources and detection of the intensity of

the reflected light from the vessel is performed by at least

one detector, preferably by only one detector.

According to yet another preferred embodiment of the

method according to the present invention, in step a) at least

two light beams, preferably with two different wavelengths, are

directed against the vessel, from two light sources, (which may

be incorporated in the same shell, e.g. a chip), which are

positioned and thus appearing on one common side of the

measuring object. These light sources may when used together in

a chip be lightened alternately. One of the light beams may

have a wavelength of from 770 nm to 950 nm, preferably 770,

800, 850, 940 or 950 nm, and the other may have a wavelength of

from 480 nm to 590 nm, preferably 500 nm.

An apparatus according to one preferred embodiment of the

present invention may comprise at least four light sources and

at least two detectors for reflected light, wherein two light

sources have different wavelengths for directing two light

beams appearing on the same side of the vessel, wherein

preferably one light source is having a wavelength of from 770

to 950 nm and the other a wavelength of from 480 to 590 nm.

In an apparatus according to one preferred embodiment of

the present invention at least two components of the apparatus

May communicate with each other over a wireless connection,

preferably over a module for wireless communication. The module

for wireless communication may comprise at least one

transmitter and one receiver.

In an apparatus according to a preferred embodiment of the
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present invention there may be one module for wireless

communication between at least three components, i.e. light

sources, light detectors, and the processor and/or one module

for wireless communication between the processor and the

registration means.

In an apparatus according to a preferred embodiment of the

present invention the wireless communication may be performed

using a Bluetooth™ standard based communication path.

In an apparatus according to a preferred embodiment of the

present invention the light sources may be positioned.

essentially perpendicular to a measuring area of the vessel.

In an apparatus according to a preferred embodiment of the

present invention the wavelength of at least one of the light

is from 200 nm to 2000 nm, preferably from 770 nm to 950 nm,

most preferred approximately 770, 800, 850, 940 or 950 nm.

An apparatus according to a preferred embodiment of the

present invention may have two light sources for directing two

light beams with different wavelengths on the same side of the

vessel, whereby one of the light beams having a wavelength of

from 770 mm to 950 nm, preferably 770, 800, 850, 940 or 950 nm,

and the other light beam having a wavelength of from 480 to 590
nm, preferably 500 nm.

An apparatus according to a preferred embodiment of the

present invention may comprise at least four light sources on

one common side, preferably at least six light sources, wherein

the light sources being adapted to appear on either side of the

detector(s), preferably the light sources are arranged in

groups of two , preferably groups of three, wherein the light

sources preferably form an “H” with one detector in the centre.

An apparatus according to a preferred embodiment of the

present invention may have the form of a wrist, finger or toe
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fitting test device equipped with the light sources and the

detectors.

In an apparatus according to a preferred embodiment of the

present invention the test device comprises a thimble-like

shell to be applied on a finger or toe, the light sources and

the detectors being arranged to direct the light beams and

detect the light intensities within the shell.

In an apparatus according to a preferred embodiment of the

present invention at least three sources and the detectors are

positioned in the shell comprising a constriction whereby said

light sources and detectors are positioned and thus appearing

in said constriction, whereby said shell preferably is a part

of a thimble design for covering a finger or a toe.

An apparatus according to a preferred embodiment of the

present invention may have at least four light emitting diodes

on one common side, preferably at least six light emitting

diodes and one detector which together form an “H” with the

detector in the centre, fixed on a patch which in turn is

making part of a handcuff construction suitable for wrist

measurements, wherein the distance between the light sources

and the detector preferably is, for determining blood
characteristics including Hb and also Spo,, from 4 to 12 mm

when referring from the centres of respective component, most

preferred said distance is approximately from 8 to 9 mm.

If wrists (containing Radialis) or thicker parts of the body,

like upper parts of the arms, are to be measured, when

regarding blood characteristics including Hb and also Spo,, the

above distances between the fibres (light source and detector)

may be from 6 to 12 mm. For thicker parts (like arms containing

Brachialis) of the body the distance may be from 12 to 30 mm.

When measuring on wrists or thicker parts of the body a
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pressure may preferably be put on the measurement locus. The

method according to the present invention may further be used

when measuring on vessels situated below the ankles (containing

Dorsalis pedis). Thus the present invention may have, for

“especially the determination of blood characteristics including

Hb, light source(s) and detector(s) on different distances as

set out above depending on- which measuring area is to be

monitored, which enables reaching the aimed vessel and thus the

detection of the blood characteristics including Hb. The

distance between detector(s) and light source(s) may, as set

out above, thus be from 1 to 20 mm depending on the measuring

area.

In an apparatus according to one preferred embodiment of

the present invention the light sources and the detectors for

reflection may be fixed at the edge of the patch, which may

house a finger, a toe or wrist, preferably a wrist, wherein

preferably the patch is a flexible plastic patch anchored to a

strap for fastening to the wrist wherein the strap preferaby

has a locking device.

In an apparatus according to one preferred embodiment of

the present invention the light sources and detectors for
reflection may be incorporated in the above patch whereby the

electric components are fixed on one side of a printed circuit

card covered with black-coloured silicone and the optical

components are fixed on the other side covered with transparent

Silicone.

In an apparatus according to one preferred embodiment of

the present invention the patch is rectangular with a size of

51 x 35 mm, and the light sources and detector arranged as an

“H” are fixed in a corner of said patch.

In an apparatus according to one preferred embodiment of
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the present invention the processor is adapted to convert the

reflection values to a concentration value of the determined

blood characteristics, preferably by making a quotient of the

detected reflected intensities.

In an apparatus according to one preferred embodiment of

the present invention the processor may comprise a computer

program for performing the.method according to the present

invention.

In an apparatus according to one preferred embodiment of

the present invention. the wavelength in the red light range of

I) is approximately 660 nm and the wavelength in the infrared

light is approximately 940 mm.

According to one embodiment there is provided a computer

program stored on a data carrier for performing the method

according to the present invention.

By combining the method and the apparatus of the present

invention with cable-free communication this allow for

broadening the use of said method and apparatus by making it

more user-friendly. The cable free communication may allow for

internet-billing, patient information follow up and statistics,

software package updates and service. The user may by ordering
via a modem get the necessary codes to perform a certain number

of tests much in the same way as with cellular phones.

The radio communication standard Bluetooth™ has opened

the opportunity for cable-free equipment in the hospital

environment. Bluetooth™ technology enables electronic devices

to communicate with one another without cables. Bluetooth™

modules comprising a transmitter and a receiver may replace

cables in many applications. Figure 18 shows a system including

a computer and a Spo, (including determination of blood

characteristics) detector where there is no need for cables
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between them when using the Bluetooth™ technology.

Bluetooth™ technology, developed by L M Ericsson, may use

the ISM band 2.45 Ghz and may ensure interruption-free

communication. The system may work with quick frequency hopping

of 1,600 hops per second. The output power from the transmittor

may be low and may be adapted to work at a maximum distance of

10 meters. The distance between the wireless communicable

components in the apparatus. of the present invention may

however be variable from 1 cm up to 10000000 miles.

In the apparatus according to the present application at

least one of the detectors may be capable of receiving

reflected light and be positioned alongside the light source.

According to a preferred embodiment of the apparatus

according to the present application the detector, capable of

receiving reflected light, is positioned alongside the light

source.

According to a preferred embodiment of the apparatus

according to the present application the apparatus may have the

form of a finger or toe fitting test device or a handcuff

equipped with the light source(s) and the detector(s).

The above test device according to the present application
may according to a preferred embodiment comprise a thimblelike

shell, in short thimble, which is preferably used for detection

of Spo, (including blood characteristics including hemoglobin)

in fingers or toes, where at least three light sources and the

detectors are positioned as part of the thimble construction.

The thimble embodiment may also be useful for detection of

hemoglobin in paws on domestic animals.

The above test device according to the present application

may according to a preferred embodiment comprise a handcufflike

shell, in short handcuff, which is preferably used for
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detection of SpO, (including blood characteristics including

hemoglobin) in fingers, toes or arms, preferably wrists or

fingers, where at least three light sources and the detectors

are positioned as part of the handcuff construction. The

handcuff embodiment may also be useful for detection of Spo,

(including hemoglobin) in paws and legs on domestic animals.

The apparatus (especially the test device thereof)

according to a preferred embodiment of the present invention

May comprise a thimble-like shell to be applied on a finger or

toe, the light source and the detectors being arranged to

direct the light beam and detect the light intensity within the

shell. This embodiment may have at least three light sources

and the detectors positioned in the same shell, optionally

comprising a bend (constriction), whereby said light sources

and detectors are positioned and thus appearing in said bend

(constriction), whereby said shell preferably is a part of a

thimble or handcuff construction for covering a finger, a toe

or a wrist. The above test device may thus be shaped to fita

wrist, toe or a finger.

The thimble and handcuff embodiments are essentially

characterized by that they comprises at Least three light
emitting diodes (LED) positioned on one side together with at

least one detector (and two detectors for detecting transmitted

light). The above components may be housed in a shell

comprising:

a) a first part in close proximity to said components i.e.

diode and detectors, which preferably houses the components in

a flexible way comprising a flexible material preferably a

polymeric material, most preferred silicon rubber.

b) an optional second part also comprising a flexible material,

preferably a polymeric material, most preferred silicon rubber.
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The first part may also comprise a black plastic material, most

preferred epoxy plastic or PMMA. The shell may be cast in

industrial scale or may be hand made according to methods known

to a person skilled in the art. When silicon rubber is cast to

make first and optionally the second part, preferably a colour

powder (dye) is added to the rubber. The shorter the

wavelength, the larger are the problems with external light,

which thus may be minimized by adding dye to the material.

Preferably the dye is black to minimize disturbances from other

light sources. The shell may be fixed in a position on e.g. a

finger, toe or wrist through that the first and, if present,

the second part are held together, preferably linked together

by gluing the parts together or make the parts stick together

in any other way. Further the shell preferably forms an inward

bend, an internal constriction, preferably the first part of

the shell, where the finger, toe or wrist may be positioned

during the measuring. The shell may have an arbitrary shape

which surrounds said inward bend or constriction. In this way

the finger, toe or wrist may be “squeezed” so that a blood

vessel is easily accessible for the measuring method according

to the present invention. This squeezing may be acheived by
mechanical means or by just pressing by hand. By using a

clamping device, which may comprise e.g. a rubber band together

with a clamping ring , or a strap device, it may also be

possible to fix the thimble or handcuff and squeeze the

measuring object.

The flexible material in the first part may also be made

out of natural rubber or any pure flexible polymer or any co-

polymer. The flexible material may also comprise one or more

polymers. The materials in both parts do preferably not contain

allergenic substances and thus the thimble is preferably well
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tolerable to the skin of a mammal. The shell allows fora

finger, toe or wrist of a subject to be “sqeezed” so that

preferably a blood vessel is easily accessible for the

measuring method according to the present invention. The blood

vessel is preferably an artery, vein or arteriol. The detection

is preferably performed on a wrist or finger on the third

phalanx.

The test device according a preferred embodiment of the

present invention may comprise a thimble-like shell to be

applied on a finger or toe, the light source and the detectors

being arranged to direct the light beam and detect the light

intensity within the shell.

Another preferred embodiment of the present invention is

an apparatus having additional light sources, the light sources

being adapted to appear on either side of the detector(s) for

detecting reflected light on a common side.

Another preferred embodiment of the present invention is

an apparatus having at least three additional light sources,

preferably at least five additional light sources, thus

totalling at least four light sources (preferably six light

sources), wherein the light sources being adapted to appear on
either side of the detector(s) on a common side, preferably in

groups of two, most preferred groups of three, whereby the

components preferably form an “H” with the detector in the

centre. The preferred embodiment with six light sources,

preferably six light emitting diodes, and one detector may

preferably form an “H” with the detector in the centre.

This further embodiment, the handcuff, which is one

preferred embodiment of the invention according to the present

application is exemplified by a design which is described in

example 3 in detail and also in figure 16. In the handcuff
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embodiment of the present invention, the distance between the

light source(s) and the detector may be from 4 to 12 mm when

referring from the centres of respective component, preferably

it is approximately 8 mm. In figure 16 this is the distance

between the LEDs and the photodetector in the middle.

Preferable the components are fixed to the edge of the bend,

which may house a finger, a toe or wrist, preferably a wrist.

The handcuff according. to one embodiment of the present

invention may preferably be present as a flexible plastic patch

anchored to a strap for fastening to the wrist, wherein the

strap in turn may be locked, using a locking device, during the

measurement, thus squeezing the wrist. This embodiment can be

seen in figure 15 and 16. As can be seen in figure 16, the

components may preferably be arranged, as an “H”, in the corner

of a flexible essentially rectangular patch. The patch may

preferably have rounded corners and a size of 51 x 35 mm. The

patch may additionally preferably have an elevated side, to be

in touch with the measuring area e.g. skin of a human, where

the light sources and the detector appear. The patch may

preferably have a size of 51 x 35 mm and the elevation 31 x 47

mm, leaving a margin of 2 mm to the outer size. The components,
when arranged as an “H”, may preferably be fixed in a corner of

the smaller of the smaller rectangle, i.e. 31 x 47 mm, as can

be seen in the figure 16. The “H” is preferably tilted

approximately 90° during the measurement on e.g. a wrist when

looking from the direction of the arm or the blood vessel.

Preferably the measurement may performed on the inside and

outside of the wrist, whereby the detectors for the detecting

of transmitted light (red and infrared) are present on the

outside of the wrist.

The light sources and the detectors may further preferably
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be fixed at the edge of the patch, which may house a finger, a

toe or wrist, preferably a wrist, most preferred the patch is a

flexible plastic patch anchored to a strap for fastening to the

wrist wherein the strap preferaby has a locking device.

Additionally the apparatus may have the light sources and

detector incorporated in the patch whereby the electric

components are fixed on one side of a printed circuit card

covered with black-colouredsilicone and the optical components

are fixed on the other side covered with transparent silicone,

which ensures electrical isolation, reduction of stray light

and the possibility for sterilization. The patch may preferably

be rectangular with a size of 51 x 35 mm, and the light sources

and detector may be arranged as an “H” fixed in a corner of

said patch.

The vessel in which the blood characteristics is to be

monitored may be identified by proper choice of the separation

between the light source(s) and the detector(s). The

theoretical analysis and experimental verification of this

optical technique has been presented by I. Fridolin, K. Hansson

and L.-G. Lindberg in two papers which have been accepted and

are to be published in Physics in Medicine and Biology (Optical
non-invasive technique for vessel imaging I and II, Department

of Biomedical Engineering, Linképing University, Sweden). The

following is a summary of their analysis and experimental

verifications.

Light reflection from human tissue depends on many

parameters, such as optical wavelength, source-detector

separation, size and aperture of the light source and detector

and optical properties of the blood and tissues. The separation

between the light source and the detector fibre was varied

between five centre-to-centre distances: 2, 3 ,4, 5 and 6 mm.
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The analysis agreedwith the earlier conclusion that to

increase the influence from deeper tissue on the measured

signal, a larger light source-detector separation should be

selected.

The resultant mathematical analysis and verified

experimental results can be summarized as:

At larger separation values the photons forming maximum photon

paths and detected by the photodetector originate from deeper

layer than for short separation values. This is illustrated in

figure 14. Figure 14 is a schematic diagram of photon migration

at two different source-detector separations and for different

FL (a) (FL(0) and FL(a/2)). FL = fibre pair position relative

the Lining of the vein. Two positions of the light source and

the photodetector fibres relative to the lining of the vein

were considered. An angle a is defined to characterize

different positions. The abbreviation FL(0) means that the

light source and the photodetector are positioned in parallel

and FL(x/2) that the light source and the photodetector are

positioned perpendicular to the vessel. Monte Carlo simulations

have shown that for human tissues in the near infrared region
photons penetrate approximately 2 mm before being detected if
the separation is about 2 mm between the source and the

detector.

The blood vessels in terms of veins may be determined at

three vascular levels in combination with a fixed fibre

diameter (1 mm) using the probe and technique above summarized

and according to;

* a superficial vascular level (approximately 1 mm). This may

be sufficient to set the minimal distance between the

illuminating and detecting fibre (2 mm during the above

experiments.
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* an intermediate vascular level (approximately 2 mm). The

minimal distance between the illuminating and detecting fibre

may preferably be 2 - 3 mm

* a deep vascular level (approximately 3 mm). The distance

between the illuminating and detecting fibre may preferably be

greater than 3 mm.

The result of this above summarized research makes it possible

to determine blood characteristics and monitor physiological

parameters on a selected vascular bed, vein or artery, such as

blood flow, blood constants and oxygen saturation e.g. ona

selected vascular bed in veins or arteries.

If wrists (containing Radialis) or thicker parts of the

body, like upper parts of the arms, are to be measured, when

regarding SpO, (and blood characteristics including Hb), the

above distances between the fibres (light source and detector)

may be from 6 to 12 mm. For thicker parts (like arms containing

Brachialis) of the body the distance may be from 12 to 30 mm.

When measuring on wrists or thicker parts of the body a

pressure may preferably be put on the measurement locus. The

method according to the present invention may further be when

measuring on vessels situated below the ankles (containing
Dorsalis pedis).

The theoretical solution for light distribution in tissue,

described in paper II above, may be the base for describing how

hemoglobin can be measured in reflection mode. Equation 32

provides a general solution in which equation np, and np,

describes the influence of the optical coefficients and H and B

(or Z) the influence on pulsative variations in vessel diameter

during the cardiac pulse.

The light sources is are connected by cords to any power

source, which may be an oscillator or a battery. The oscillator

224



225

WO 01/17421 PCT/SE00/01740

29

may be connected to amplifiers and LED-Drivers. These drivers

may be connected to one or more LEDs. Detectors, e.g.

photodiodes for reflection may be connected to at least one

current/voltage converter, which in turn may be connected to

the amplifiers. The signals may then pass to Band pass Filters

and subsequently to analog outputs or to a pu-controller which

is connected to a Read out. unit.

For the performance of. the method according to the

invention one or more calibration curves may be used. One

calibration curve stored in a memory of a processor, which

preferably is part of a computer, may allow the readily

conversion from the quotient reflection/transmission %, which

may be stated: AC,/AC, or DC,/DC,, or reflection/reflection %

which may be stated: AC,/AC, or DC,/DC,, obtained when directing

light beam(s) against the vessel and subsequently detecting the

reflection and transmission or only reflection, to a hemoglobin

value in mmol/l. By analyzing the quotient of the detected

intensities of reflected or, reflected and transmitted light,

the advantage is achieved that influences from pressure and

flow, in particular pulsating flow, of the liquid mixture is

compensated for, whereby the determined biood characteristics

including will be accurate, and accordingly also SpO,. The

quotient is analyzed by comparing it with previously obtained
quotients for known values of the blood characteristic in

question. The calibration curve may preferably be obtained by

analysing in parallel with the method according to the present

invention, drawn blood samples from volontary healthy persons

and patients on a Hemocue apparatus or blood gas analyser. A

spectrophotometric absorption curve in reflection mode or

recording curve in reflection mode may also be used in

conjunction with the method above. The obtained values for
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measuring SpO,, preferably in form of a quotient described

above, may be compared to an already existing calibration

curve, thus enabling an easy conversion to a SpO, value.

Apparatuses according to the present invention may further

big matrix probes comprising several light sources (more than

six) and detectors (more than one) which may have the form of a

ring, plate, cube, sphere..

The apparatus according to the present application may

according to an additionally preferred embodiment be comprised

in a dialysis apparatus, preferably for performing

hemodialysis.

The apparatus according to the present invention may be

divided geographically on the body, thus e.g. further having a

Spo, measuring part to be used in an ear and connected thereto,

optionally wireless, the Hb measuring part in a finger, wrist

or a toe.

The apparatus according to the present application may

according to an additionally preferred embodiment have at least

two, preferably at least four , most preferred six, light

sources which are positioned and thus appearing on a common

side of the measuring object during detection. When two or more

LEDS are used they are preferably interchangable with each

other. They may further preferably emit light with different

wavelengths. Measuring the intensity of the reflected light at

one or more wavelengths with light sources of suitable

wavelengths may also attain the independence of blood

characteristics on blood flow and blood pressure. Similar

measuring technique may be used to compensate for differences

in tissue absorbencies over the artery between individuals. The

LEDS may be present in the same handcuff (a patch thereof) or

thimble.
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The apparatus according to the present application may

according to an additionally preferred embodiment have at least

two light sources, wherein the first light source emits light

of a wavelength which is relatively not absorbable by red blood

cells, and the second light source emits light of a wavelength

which is relatively absorbable by red blood celis. The above

first and second light sources may preferably be directed

substantially in parallel with each other.

The apparatus according to the present application may

according to an additionally preferred embodiment have at least

two light sources, preferably at least four light sources, most

preferred at least six light sources, which are positioned and

thus appearing on the same common side of the measuring object

during detection, where at least one light source (preferably a

LED) emits green light and at least another light source

(preferably a LED) emits NIR light of from 770 nm to 950 nm.
The at least two light sources direct two light beams against

the same side of the vessel, one of the light beams having from

770 nm to 950 nm and the other light beam having a wavelength

of from 480 to 590 nm. Preferably the green Light is emitted in
the green wavelength range i.e. 480-590 nm, most preferred at
500 nm.

By directing two light beams with a wavelength <1500 nm a

better sensitivity of the method may be obtained. In this above

preferred embodiment of the present invention one light beam

has a longer wavelength, preferably NIR (Near InfraRed) light,

and the other has a shorter wavelength preferably in the range

of 200-580 nm, most preferred green light, 400 or 500 nm. Using

green light in the other light source is advantageous because

green light is heavily absorbed by red blood cells.

The processor for analyzing said intensity of said
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reflected (and tranmitted) light detected by the detector(s)

and for determining SpO,, including the blood characteristics

including hemoglobin, may be included in a computer (CPU).

Further, the registration means may also be included in a

computer. The visualization may be accomplished by any

visualization means, but is preferably accomplished by using a

computer display and/or a printer device. The processing of the

data obtained during the measurement may also include quotient

forming of reflection/transmission, transmission/reflection

(for SpO,, transmission/transmission) with or without AC and/or

DC with or without multiplying of one or more of the obtained

data in order to compensate for variations in volume or flow.

If any additional light sources and detectors are used in the

invention (especially in the determination of blood

characteristics including Hb) according to the present

invention, there may be several quotients formed with basis

from the detected intensities depending on the number of

detected intensities available. There may also be included a

computer program in the processor for search for the optimal

measuring spot, especially when using a matrix comprising

several light sources and detectors, for Controlling/verifying
reliable strength of the signal, for performing algorithm

calculations, for evaluating data against stored standard

curves, for displaying (and storing) the results together with

patient data and relevant quality criteria. The output of the

results from measuring using the present invention may be

accomplished on a connected printer device, optionally

connected via the visualization means.

Of course, it may be possible to process the reflection

signals in a manual way and hereby determine SpO,, including

the blood characteristics including hemoglobin. The results may
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also be visualized in a manual way by e.g. plotting the results

in a diagram. The signal(s) detected by the detector(s) may

further preferably be analysed using the following procedure:

As the PPG-signal is consisting of two parts, a constant signal

and a pulsating signal superposed on the constant signal, first

maximum and minimum points are calculated. The maximum points

are calculated through sweeping a window over a curve plotted

by values of detected light. intensities. The size of the window

is adjusted according to the frequency of the AC-signal (the

pulse) to approximately 60% of the period time, divided equally

to the right and to the left. If no value within the window is

higher than the value in the middle, this value is designated a

maximum point, whereafter the window is moved by leaps half of

the window length in order to avoid that a plateau formed curve

is registrated as many maximum points. If any value within the

window exceeds the value in the middle, the window is moved

only one step. In a corresponding way the minimum points are

calculated.

For each minimum point an AC-height is calculated as the

height to the connection line between the maximum points

closest to the left and to the right of the middle (mean)
point, respectively, taken from the in between lying minimum

point. Of nine subsequetly following AC-heights, the median

height is selected as the representative of the AC-signal, in

order to filter away artefacts that may give rise to

erroneously detected minimum or maximum points. The DC-signal

is then calculated as the total height to the minimum point

that laid basis for the AC-signal, plus the AC-signal. Figure

19 shows an example of the above procedure. Step d) in the

summary of the invention above may preferably comprise the

following steps:

229



230

WO 01/17421 PCT/SE00/01740

34

I) sweeping a window over a curve with detected values from

transmission and/or reflection, wherein the size of said window

preferably is approximately 60 % of the period time, divided

equally to the right and to the left;

II) if no value within said window is higher than the mean

(middle) value, the value is designated a maximum point

whereupon the window is moved by leap half of the window

length, or if a value exceeds the middle value the window is

moved only one step;

III) the minimum points are designated accordingly in.the same

manner as in II) but with regards to minimum values instead of

Maximum values;

IV) the height of the AC-signal is obtained by subtracting from

a value on a connection line involving two maximum points, the

vertically lying value of an in between lying minimum point;

V) repeating step IV) at least 8 times, and summarize the

values from IV) and dividing the sum with number of

observations, thus obtaining a median AC-value

VI) optionally obtaining the DC-signal by adding the total

height of the minimum point in IV) to the median AC-signal of

step V). Preferably these above steps are accomplished by using
a computer program for obtaining said AC-signal and optionally

said DC-signal. Preferably the computer program is stored on a

data carrier for performing the above steps I) to VI).

Preferably the data carrier is part of the processor (or

central processing unit, CPU) designated iv) above, in one

preferred embodiment of the present invention, or a separate

floppy disc to be inserted and used by the processor. The

processor may preferably comprise a computer program for

performing the method according to the present invention, as

e.g. set forth in the summary of the invention and in the
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preferred embodiments of the present invention, and/or the

above steps I to VI.

Another embodiment of the present invention is also a

computer program stored on a data carrier for performing the

method according to the present invention, as e.g. set forth in
the summary of the invention and preferred embodiments of the

present invention, and/or the above steps I to VI.

When measuring on the skin the equation may look similar

except that the light may be reduced depending on the

absorption of light and the light scattering in the tissue. The

intensity may be compensated at different blood flows when

performing the current invention, the method and using the

apparatus. When performing skin measurement, this is preferably

performed over a large blood vessel, e.g. on the wrist or on

the finger of the third phalanx. The blood vessel preferably

contains a blood volume which markedly differs from the blood

volume in the surroundings (which may comprise capillaries). It

should be noted that the method and apparatus according to the

present invention may preferably be used for measuring Spo,

(including the central blood characteristics) as represented in

larger vessels such as arteries. This may “be achieved by

compensating for the influence of blood pressure and blood flow

on the measured intensities of the reflected and transmitted

light, by taking the quotient between the reflected and

transmitted light. The effect used in the present method and

apparatus according to the present invention may also be used

for measuring the change in Spo, (and blood characteristics) in

one individual or in an extracorporeal system when the blood

haemoglobin value is constant. This is further illustrated in

example 4 where this was performed by using an apparatus

according to the present invention. Using the method it is thus
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possible to follow changes in Spo, (and in blood volume and

pathological changes in the body).

The present invention with its method and its apparatus

may also be adapted to detect oxygen together with SpO,, as 97-

98 % of all oxygen in the blood of a human being is transported

by hemoglobin molecules in the blood. Of course the method may

also be used for detecting. SpO, (and red cells themselves) as

hemoglobin is normally incorporated in the red blood cells,

unless they are lysed. As the viscosity of blood corresponds to

the amount of red blood cells in the blood, the method may also

be used for detection of viscosity as well. The method and

apparatus according to the present invention may also be used

to determine the hematocrit (Hct). The difference between

hemoglobin (which is the grams of hemoglobin per volume of

blood) and hematocrit (which is the volume of blood cells per

volume of blood) is determined by the concentration of

hemoglobin within the cells which determines the index of

refraction of the cells.

Several different blood constants are used in

diagnostics. Some are interchangeable and there are generally

accepted relationships between these. The generally accepted
relationships are:

Constant Measures Calculation

RBC number of red blood cells per

EPC unit volume of blood or erythrocyte

particle concentration

Hb concentration of haemoglobin

in blood
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Het hematocrit or erythrocyte

EVF erythrocyte volume fraction.

Fraction of red blood cell

volume of total volume.

PCT/SE00/01740

Hct=RBCxMCV

MCV erythrocyte volume, abr. MCV=EVF/RBC

mean corpuscular volume

MCH weight of haemoglobin MCH=Hb/RBC

in erythrocytes, abr. mean

corpuscular haemolglobin

MCHC concentration of haemoglobin MCHC=Hb/EVF

in erythrocytes, abr. mean

corpuscular haemoglobin

concentration

Further, human blood is made up of formed elements and

plasma. There are three basic types of formed blood cell

components: red blood cells, white blood cells (leukocytes) and

platelets. The red blood cells contain hemoglobin that carries

oxygen from the lungs to the tissues of the

hemoglobin concentration varies between 132

men, and 116 - 148 gram/litre in women. The

normally varies between 39 - 49 % (EVF 0.39

37 - 44 & (EVF 0.37 - 0.44) in women. White

body. Normally the

- 163 gram/litre in

hematocrit (Hct)

- 0.49) in men, and

blood cells are of

approximately the same size as red blood cells, but they do not

contain hemoglobin. A normal healthy individual has

approximately 5,000,000 red blood cells per
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blood (the human body contains approximately 5 litres of

blood), and approximately 7,500 white blood cells per cubic

millimeter of blood. Therefore, a normal healthy individual

will have approximately one white blood cell (leukocyte) for

every 670 red blood cells circulating in the vascular system.

The white blood cells (WBCs) are responsible for the immune

system ina mammal, ‘preferably a human being. E.g. certain WBCs

engulf intruder agents.

Concerning platelets, they are the smallest of the formed

blood cell components, being typically less than 1 um in

diameter. Platelets are less abundant than red cells, but more

abundant than white blood cells. A normal healthy individual

has approximately one platelet for every 17 red blood cells

circulating in the vascular system for a total of about two

trillion.

In summary, the method and apparatus according to the

present invention may be used to determine SpO, (and various

characteristics of the vascular system) through the use of

known relationships between parameters, as for the cases when

determining indirectly the amount of white blood cells and/or

platelets. (For WBCs the factor is 1/670 of the red blood cells

and for platelets it is 1/17). Thus the blood characteristics

in steps a) in the method according to the invention may also

include white blood cells and/or platelets. Cholesterol and

albumin concentration may also be determined when using the

known hemoglobin concentration in connection with the method

described in GB 2 329 015, hereby incorporated by reference

thereto. The above method refers to non-invasive measurement of

blood component concentrations.

The method and apparatus according to the invention also

enables SpO, determination and diagnosing of irregularites or
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diseases in a mammal e.g. anemia where there is a shortage of

red blood cells. Bulimia patients often suffer from anemia in

which accurately determination of SpO, may be accomplish using

the method and apparatus according to the present invention.

Further, also congestive heart failure and cardiac arythmies

may be detected using the method and apparatus according to the

invention. Further, ‘the method and the apparatus gives an

indirect possibility of measuring platelet diseases such as

thrombocytopenia. This could be indicative for problems of

menostasis and coagulation. An elevated level of certain white

blood cells is further indicative of a viral infection.

Leukocytosis and leukopenia are also thinkable indications

which may be possible to detect indirectly. Other diseases of

the phagocytic and Immune Systems may also be detectable.

Neonatal monitoring is another application area for the present

invention. Operative monitoring is also a conceivable

application. The apparatus may be set to a “zero-level” at the

start of an operation, in order to compensate for stable

interactive effects (skin colour, lipids and so on) and thus a

readily monitoring of SpO, (and blood characteristics including

hemoglobin) may be acheived.

The current invention, the method and apparatus, also

enables an accurate measurement of SpO, in patients blood,

without any risks associated with drawing blood (e.g. AIDS,

hepatitis A, B and C etc). Drawing blood by using injection

needles is also a painful method, especially for individuals

requiring many blood samples to be drawn. These drawbacks may

be eliminated by using the method and apparatus according to

the present invention. Further the method and apparatus

according to the present invention is especially suitable for

measurements on children.
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The present invention also refers to use of an apparatus

according the present application in a dialysis apparatus (or

dialysis device).

The examples which follow illustrate embodiments of the

present invention, but are not intended to limit the scope in

any way.

Description of the figures |

Figure 1 shows schematically a flow model for detection of

light reflection.

Figure 2 shows the orientation of red blood cells at an

intermediate or high level of shear rate or blood flow.

Figure 3 shows light absorption in blood due to different

absorbing matter.

Figure 4 shows light scattering due to red blocd cells.

Figure 5 shows the relative change in transmitted light

versus blood flow for two different types of red blood cells.

Figure 6 shows the relative change in transmitted light

intensity versus blood flow for two types of blood cells.

Figure 7 shows essentially the experimental setup of an

example (example 2). *

Figure 8 shows a diagram with the relative change of the

quotient reflection/transmission (%) i.e. AC,/AC,, on the y-

axis and the hemoglobin concentration in mmol/l on the x-axis.

Figure 9 shows reflection and transmission vs. hemoglobin

concentration.

Figure 10 shows the thimble-~like shell construction

according the apparatus of the present invention comprising two

light sources, from four different views, without cords.

The numbers in the figures have the following explanations:

1. Green Light Emitting Diode (LED) and NIR LED;
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they are interchangable

2. Detector

3. Detector

4. Second part comprising a stiffer material

5 First part comprising a flexible material

The A-A, B-B, C-C are sections of the thimble.

Figure 11 shows a block diagram illustrating schematically

how the thimble (the shell is not shown; only light sources and

detectors is shown) is connected. The numbers in the figure has

the following explanations:

1. oscillator

2. LED-Driver A 1

3. LED-Driver A 2

LED A 1 or 2

Photodiode reflection

Subject

Photodiode transmission

Current/Voltage converterFOoNNHDWN
0. Current/Voltage converter

11. Lowpass Filter

12. Lowpass Filter

13. Sample and Hold amplifier

14. Sample and Hold amplifier

15. Band pass Filter

16. Band pass Filter

17. Analog output

18. Analog output

19. wu-controller

20. Read out unit

Figure 12 shows a block diagram illustrating schematically

how the thimble (the shell is not shown; only light sources and
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thimble. The numbers in the figure has the following

explanations:

1 oscillator

2 LED-Drivers

3 LED

4. Photodiode reflection,

5 Photodiode transmission

6 Subject

7 Current/Voltage converter

8. Current/Voltage converter

9. Lowpass Filter

10. Lowpass Filter

11. Sample and Hold amplifier

12. Sample and Hold amplifier

13. Band pass Filter

14. Band pass Filter

15. Analog output

16. Analog output

17. wu-controller

18. Read out unit

Figure 13 shows the intensity of the reflected pulsative

light versus increasing systolic pressure.

Figure 14 shows at larger separation values the photons

forming maximum photon paths and detected by the photodetector

originate from deeper layer than for short separation values.

Figure 15 shows a probe of one preferred embodiment of the

apparatus according to the present invention, where only

reflected light was detected, fastened on the wrist of a

subject. The probe was placed on the wrist over the radial

artery.
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Figure 16 shows the probe comprising a patch made of

flexible material. The probe was placed on the wrist, on the

inside of the arm, over the radial artery.

Figure 17 shows three diagrams illustrating when saline

was injected in the flow direction close to the probe in figure

15 and 16. Only the intensity of the reflected light was

recorded and the change in signal corresponded to the dilution

effect in the blood. The two diagrams in the bottom of figure

17 shows a recording on a patient with atrial fibrillation,

i.e. the PPG and ECG signals.

Figure 18 shows an apparatus according to the present

invention, including a computer and a SpO, (including blood

characteristics) measuring apparatus, including cable-free

Bluetooth™ equipment for wireless communication of data

between seperate elements of the apparatus.

Figure 19 shows the PPG-signal with DC-signal, AC-signal,

minimum points and maximum points.

Experimental details

Example 1

Detection was performed using the following equipment:

-A tube of acrylic glass (PMMA) with an inside diameter of 3 mm

-Two optical fibres with a diameter of 0.094 mm. One fibre was

for transmission of light (light source) and the other for

receiving reflection of light (photo detector).

-A glass tube with an outside diameter of 0.210 mm for housing

the optical fibres placed in parallel with each other.

-Whole blood from volonteers, which was pumped through the tube

made up of PMMA.

Figure 1 shows schematically the flow model for detection
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of light reflection. Figure 2 shows the orientation of red

blood cells at an intermediate level of shear rate. Figure 3

shows light absorption in blood due to different absorbing

Matter. Figure 4 shows light scattering due to red blood cells.

The results from this experiment suggest that the light is

spread in a special way when hitting the red blood cells in the

tube. This probably depends on the shape of the blood cells,

bi-concave disc, which forces the cells to orientate in

different way as they move in the circular tube. This is

demonstrated with optical technique through placing two optical

fibres in a small catheter, where one of the fibres works as a

light source and the other as photodetector as set out above.

The fibre pair is moved from one periphery to the other ina
cross-section of a circular tube.

Figures 5 and 6 are summaries of experimental results. The

intensity of the light transmitted from the red blood cells

flowing through a tube of acrylic glass. The experimental setup

was the same as in the above mentioned experiments.

Figure 5 shows the relative change in transmitted light

versus blood flow for two different types of red blood cells.

The “stiff cells” are red blood cells, which were treated with

glutaraldehyde in order to make them stiff i.e. they had lost

their ability to change shape with the stress created by the

flow.

The results show that one important characteristic of the

red blood cells is their flexibility. This results in a change

of shape - elongation - and orientation with increasing flow as

demonstrated by the reduced transmission intensity with

increasing flow. Red blood cells without this flexibility

(stiff) show little or no orientation effect with flow as

measured with light transmission change.
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Figure 6 shows the relative change in transmitted light

intensity versus blood flow for two types of blood cells. The

“spherical cells” are red blood cells treated with non-isotonic

buffer solution. This makes the cells loose their bi-concave

disc shape. This results in a close contact and orientation

with increasing flow as demonstrated by the reduced |
transmission intensity with increasing flow. Red blood cells

with spherical shape exhibit less shear stress with increasing

flow and show little or no orientation effect with flow as

measured light transmission changes.

We can thus conclude that the cell orientation of the red

blood cells as a function of flow e.g. flexible or inflexible

tubes or arteries in humans and mammals is mainly due to their

unique bi-concave disc shape and flexibility.

Example 2

A second experimental setup consisted essentially of the

following. There were essentially three main parts:

* a cylindrical disc oxygenator which also served as a blood

reservoir.

* a flow controlled roller pump (peristaltic pump )

* a rigid flow-through model connected to a light source and

photodetectors via optical fibres

The setup is essentially shown in figure 7, but it lacks

one photodetector, as both transmission and reflection was

measured. A waveform generator regulated the roller pump, which

produced a continuous blood flow. A pressure transducer was

also part of the circuit for the blood flow. The blood

temperature was maintained constant at 37.0° + 0.1°C, by

circulating warm air around the setup.

A gas mixture was lead into the reservoir and mixed with
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the blood. The gas exchange was simulated by a disc oxygenator

and the gas mixture consisted of 19% oxygen and 5.6 % carbon

dioxide in nitrogen. The oxygen saturation was maintained at

98-99%, and the blood gas parameters (pO,, pCO, and pH) were

assumed not to deviate from normal physiological values.

Laminar flow-through model was used in order to minimize

hemolysis of the red blood cells. The wavelength that was used

was 800 nm, an isobestic point where a minimal absorbance of

light take place on the red blood cells. The measurements were

performed on a tube made of acrylic glass with an inner

diameter of 3.0 mm.

Figure 8 shows a diagram with the relative change of the

quotient reflection/transmission (%) i.e. AC,/AC,, on the y-

axis and the hemoglobin concentration in mmol/l on the x-axis.

The quotient between reflection/transmission appears to be

independent of the blood flow, but appears to vary according to

the concentration of hemoglobin. The optically registered

hemoglobin (Hb) signal may thus be stated;

Hb=Ac,/AC,

and this has been confirmed by analysing in parallel with the

method according to the present invention; drawn blood samples

from volontary healthy persons and patients on a Hemocue

apparatus (Angelholm, Sweden) in a Clinical Chemistry

Laboratory. Thus a calibration curve was obtained. This

calibration curve may be stored in a memory of the processor,

which preferably is part of a computer, which allows readily

the conversion from AC,/AC,, obtained when directing light beam

and subsequently detecting the reflection and transmission in

accordance with the method of the invention, to a hemoglobin

value in mmol/l. This curve may be linear at certain

conditions.
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Figure 9 shows light reflection and transmission vs.

hemoglobin concentration. When illuminating intact blood celis

in a circular pipe, the light transmission and reflection will

follow the concentration of red blood cells. The transmission

of light decreases with increased hemoglobin and the reflection

of light increases with increased hemoglobin.

Example 3

A thimble-like test device comprising a shell which is one

preferred embodiment of the present invention shown in Figure

10 was used. This thimble comprises:

i) two light sources: One Green Light Emitting Diode (LED) ,

essentially of type 110104, 540, diameter @ 5 mm, and one NIR

LED , essentially of type SFH 585, 880, diameter @ 4.85 which

are interchangable,

ii) two detectors, essentially of type SD 1420-002 and CFD 10

respectively.

For SpO, measurements there may preferably be incorporated

two additional light sources (red and infrared light) and

corresponding detectors for detecting transmitted light, in
said thimble construction. °

The thimble has one rigid part comprising a stiffer

material and one flexible part comprising a flexible material.

The rigid part comprises PMMA or any other similar plastic

material. The flexible part comprises silicon rubber with black

dye (ceramic pigment which is non-conducting). The rigid and

flexible parts form a circular ring forming a keyhole-like hole

in the middle, with a bend for e.g. a finger or a toe. The

rigid and flexible parts may be glued together or held together

by other means.

How the thimble is connected to a power source and so on,
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is shown in Figure 11 through a block diagram illustrating this

schematically. The numbers in the figure has the following

explanations:

1. oscillator

2. LED-Driver i 1

3. LED-Driver iA 2

4. LED A 1 or 2

5. Photodiode reflection .

6. Subject

7. Photodiode transmission

9. Current/Voltage converter

10. Current /Voltage converter

11. Lowpass Filter

12. Lowpass Filter

13. Sample and Hold amplifier

14. Sample and Hold amplifier

15. Band pass Filter

16. Band pass Filter

17. Analog output

18. Analog output

19. wu-controller

20. Read out unit

The oscillator is connected to the Sample and Hold amplifiers

and the LED-Driver } 1 and LED-Driver } 2. These drivers are

connected to one or in this case two LEDs and one photodiode

for detecting the reflected light. The photodiode for detecting

transmitted light is connected to at least one current/voltage

converter in this case two, which in turn are connected to the

Sample and Hold amplifiers . The signals then pass to the Band

pass Filters and subsequently to the analog ocutputs or to a iL-
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controller which is connected to a Read out unit.

Example 4

A handcuff-like test device comprising a shell which is

one preferred embodiment of the present invention shown in

Figure 16 was used. This handcuff comprises:

i) six light sources: LEDs, A=875 nm;

ii) one detector.

At least one of the light sources may preferably have a

wavelength different from the other ones.

The handcuff comprises a patch of flexible material and a

strap. The flexible material comprises silicon rubber with

black dye (ceramic pigment which is non-conducting). The

flexible material may form a bend for e.g. a wrist, a finger or

a toe. The PPG sensor was especially designed to be used on the

wrist. The optical geometry of the sensor was optimized in

order to make it possible to monitor blood characteristics,

preferably blood flow, deep in the tissue from the radial

artery where it passes over the flat portion of the radius

bone. The center to center distance between the LEDs and the

photodetector is approximately 8-9 mm. °
All components are incorporated in the sensor with the

electronics on one side of the printed circuit card covered

with black-coloured silicone and the optical components on the

other side covered with transparent silicone. This ensures

electrical isolation, reduction of stray light and the

possibility for sterilization.

For SpO, determination, the above handcuff construction

may preferably comprise two LEDs with wavelengths within the

red and infrared range, respectively. The handcuff preferably

also comprises two detectors for appearing on the opposite side
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of the wrist and detecting the transmitted SpO, light

intensities, red/infrared.

How the handcuff is connected to a power source, a

battery eliminator, is shown in Figure 16 through a block

diagram illustrating this schematically. The handcuff is

further connected to a laptop computer where all measured

Signals were stored:

Measurement was performed by using the above probe

fastened on the wrist (see figure 16) of a subject. The probe

was placed on the wrist over the radial artery. Saline was

injected in the flow direction close to the probe. The artery

needle was inserted 10 cm from the hand into the radial artery

with the needle in the flow direction. The distance between the

sensor and the tip of the needle was approximately 5 cm.

Physiological saline was injected during 1-5 seconds at

different volumes. The PPG signal was recorded in order to

confirm the monitoring depth.

In clinical measurements the PPG signal was recorded in

heart failure patients simultaneously with ECG recording.

Only the intensity of the reflected light was recorded and the

change in signal corresponded to the dilution effect in the

blood. The result, i.e. the PPG signal which consists of two

components namely a pulsatile component (AC) synchronous with

the heart rate and a slowly varying component (DC), can be seen

in figure 17, where the light reflection showed in change in

both AC and DC signals corresponding to dilution effect in the

blood after a delay of approximately 0.5 seconds. This proves

the ability to extract information from the radial artery

itself using the apparatus according to the present invention.

The two diagrams in the bottom of figure 17 shows a recording

on a patient with atrial fibrillation. The AC PPG signal (upper
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curve) is in accordance with the irregular appearance of the

QRS complex in the electrocardiogram. The DC component reflects

total blood volume changes of different physiological features

in the circulation, e.g. vasomotion, temperature regulation and

respiration.

The apparatus according to the present invention thus is

useful for e.g. central related blood flow monitoring together
with SpO, on the wrist. Signal variations in amplitude, curve

form and frequency content may further reflect different

pathological events in the body corresponding to congestive

heart failure and cardiac arythmies. Other telemetrical

applications in telemedicine are thinkable for the apparatus

and the method according to the present invention.

As with other blood flow monitoring system, the apparatus

according to the present invention is susceptible to patient

arm movement. An artefact reducing loop may further be

incorporated in the apparatus. Besides the blood flow parameter

described above there may be incorporated in the apparatus

means for monitoring blood pressure, heart rate and respiratory

rate together with the oxygen saturation, Spo,.

Another measurement was performed by using an apparatus

according to present invention. The relative pressure was

monitored and the results can be seen in figure 13. The diagram

in figure 13 shows the intensity of the reflected pulsative

light versus increasing systolic pressure. The diastolic

pressure was kept constant. This exemplifies the central
measurement of blood characteristics including Hb, as

represented in larger vessels such as arteries. This is

acheived by compensating for the influence of blood pressure

and blood flow, by using a quotient of the

transmitted/reflected, reflected/transmitted or
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reflected/reflected values for light intensities, on the

measured intensities of the reflected and transmitted light.

The effect may be used to measure the change in blood

characteristics including Hb together with SpO, in one

individual or in an extracorporeal system when the blood

hemoglobin value is constant.

Another measurement was performed by using a probe, where

only reflected light was detected, fastened on the wrist (see

figure 16) of a subject. The probe was placed on the wrist over

the radial artery. Saline was injected in the flow direction

close to the probe. The artery needle was inserted 10 cm from

the hand into the radial artery with the needle in the flow

direction. The distance between the sensor and the tip of the

needle was approximately 5 cm. Physiological saline was

injected during 1-5 seconds at different volumes. The PPG

signal was recorded in order to confirm the monitoring depth.

Only the intensity of the reflected light was recorded and the

change in signal corresponded to the dilution effect in the

blood. The result, i.e. the PPG signal which consists of two

components namely a pulsatile component (AC) synchronous with

the heart rate and a slowly varying component (DC), can be seen

in figure 17, where the light reflection showed in change in

both AC and DC signals corresponding to dilution effect in the

blood after a delay of approximately 0.5 seconds. The DC

component reflects total blood volume changes of different

physiological features in the circulation, e.g. vasomotion,

temperature regulation and respiration.

Various embodiments of the present invention have been

described above but a person skilled in the art realizes

further minor alterations which would fall into the scope of
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the present invention. The breadth and scope of the present

invention should not be limited by any of the above-described

exemplary embodiments, but should be defined only in accordance

with the following appended claims and their equivalents.
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Claims

1. A non-invasive method of determining SpO, of a mixture of

liquid and blood cells, comprising:

a) directing light beams against the mixture;

b) determining at léast one blood characteristic other than

SpO, including hemoglobin of the mixture by analyzing the

intensity of the light reflected from the mixture, or the

intensity of the light reflected from the mixture in

combination with the intensity of the light transmitted through

the mixture;

c) determining oxygen saturation, SpO,, of the mixture by

analyzing the intensity of the light transmitted through the

mixture; and optionally

d) based on the result of step b), establishing whether the

result of step c) is relevant.

2. A method according to claim 1, wherein (c) is performed by

pulse-oximetrically determining oxygen saturation.

3. A method according to claim 1, wherein (a) is performed by

directing at least one light beam with a wavelength in the red

light range against the mixture, and directing at least one

light beam with a wavelength in the infrared light range

against the mixture.

4. A method according to claim 3, wherein (c) is performed by

detecting the intensities of the red light and infrared light

transmitted through the mixture, calculating a quotient of the

detected intensities, red/infrared, of the transmitted light,
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and determining SpO, by analyzing the quotient.

5. A method according to claim 1; wherein (b) is performed by:

i) detecting the intensity of the light of the light beams

reflected from the mixture and the intensity of the light of

the light beams transmitted through the mixture;

ii) calculating a quotient. of the detected intensity of the

transmitted light and detected intensity of the reflected light

or a quotient of the detected intensity of the reflected light

and detected intensity of the transmitted light; and

iii) analyzing the quotient to determine the blood

characteristic.

6. A method according to claim 1, wherein (a) is performed by

directing at least two light beams with different wavelengths

against the mixture.

7. A method according to claim 6, wherein (b) is performed by:

i) detecting the intensities of the light of the light beams

reflected from the mixture;

ii) calculating a quotient of the detected intensities of the
reflected lights; and

iii) analyzing the quotient to determine the blood

characteristic.

8. The method according to claim 1 wherein one or more of the

values of the detected intensity of the light of the light

beam(s) reflected from the mixture and the detected intensity

of the light of the light beam(s) transmitted through the

mixture, is transmitted over a wireless connection to a unit

for performing (b), (c) and (d), preferably using a module for
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wireless communication.

9. The method according to claim 8, wherein the wireless

communication is performed using a Bluetooth™ standard based

communication path.

10. The method according to claim 1, wherein the light beam(s)

are directed essentially perpendicular to a measuring area of a

vessel containing the mixture.

11. A method according to claim 1, wherein the wavelength of

the light beams, when transmitted light also is detected, is

from 200 nm to 2000 nm, preferably from 770 nm to 950 nm, most

preferred approximately 770, 800, 850, 940 or 950 nm.

12. A method according to claim 1, wherein at least two light

beams with different wavelengths are directed against the

mixture, wherein one with a wavelength of from 770 to 950 nm

and the other with a wavelength of from 480 to 590 nm.

13. A method according to claim 1, wherein the mixture of

liquid and blood cells is flowing.

14. A method according to claim 1, wherein the mixture of

liquid and blood cells comprises plasma.

15. A method according to claim 1, wherein it is performed on

a mammal, preferably on a human being.

16. A method according to claim 15, wherein it is performed on

a blood mixture with a diameter greater than 0,1 mm, preferably
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a vein, an artery or an arteriol.

17. A method according to claim 15, wherein it is performed on

an arm, a toe or a finger, preferably on a wrist or a finger on

the third phalanx.

18. A method according to claims 1, wherein it is performed in

a dialysis apparatus, or on. a blood bag assembly, or on a

slaughter house device, or on a blood fractionation device,

preferably it is performed on a tube or pipe.

19. A method according to claim 1, wherein in step (b) light

is emitted from at least four light sources, preferably six

light sources, wherein the light sources being adapted to

appear on either side of the detector(s), preferably the light

sources are arranged in groups of two, most preferred in groups

of three when six light sources are present, most preferred the

light sources form an “H” with one detector in the centre.

20. A method according to claim 19, wherein the “H” is tilted

approximately 90° during the measurement on preferably a wrist

when looking from the direction of the arm.

21. A method according to claim 1, wherein in (b) light is

emitted from two light sources, which are positioned and thus

appearing on two different opposite sides of a vessel

containing the mixture, and detection of reflected light from

and transmitted light through the vessel is performed by at

least two detectors, preferably by only two detectors.

22. A method according to claim 1, wherein (b) comprises the

following steps:
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I) sweeping a window over a curve with detected values from

transmission and/or reflection, wherein the size of the window

preferably is approximately 60 % of the period time, divided

equally to the right and to the left;

II) if no value within the window is higher than the middle

value, designating the value a maximum point whereupon moving

the window by leap half of the window length, or if a value

exceeds the middle value moving the window only one step;

III) designating the minimum points in the same manner as in

II) but with regards to minimum values instead of maximum

values;

IV) obtaining the height of the AC-signal by subtracting from

a value on a connection line involving two maximum points, the

vertically lying value of an in between lying minimum point;

V) repeating step IV) at least 8 times, and summarizing the

values from IV) and dividing the sum with the number of

observations, thus obtaining a median AC-value; and

VI) optionally obtaining the DC-signal by adding the total

height of the minimum point in IV) to the median AC-signal of

step V);

whereby preferably using a computer program for obtaining the

AC-signal and optionally the DC-signal.

23. A method according to claim 3, wherein the wavelength in

the red light range is approximately 660 nm and the wavelength

in the infrared light is approximately 940 nm.

24. A method according to claim 1, wherein the determined Spo,

and determined blood characteristic including hemoglobin is

presented simultaneously.
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25. A method according to claim 1, wherein the determined Spo,

is corrected by using the determined blood characteristic

including hemoglobin.

26. An apparatus for accurate determination of Spo, from a

mixture of liquid and blood cells contained in a light pervious

vessel comprising:

- light sources for directing light beams against the vessel,

- means for determining a blood characteristic other than

oxygen saturation, SpO, including hemoglobin and capable of

analyzing the intensity of the light reflected from the vessel,

or the intensity of the light reflected from the vessel in

combination with the intensity of the light transmitted through

the mixture,

- means for determining oxygen saturation, SpO,, of the

mixture, preferably pulse-oximetrically, and of analyzing the

intensity of the light transmitted through the mixture; and

optionally means for establishing whether the determined

value of SpO, is relevant with respect to the determined value

of the blood characteristic.

27. An apparatus according to claim 26, wherein the light

sources comprise a first light source for emitting a first

light beam with a wavelength in the red light range against the

vessel, and a second light source for emitting a second light

beam with a wavelength in the infrared light range against the

vessel.

28. An apparatus according to claim 27, further comprising a

first detector for detecting the intensity of the light of the

red first light beam transmitted through the vessel, anda
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second detector for detecting the light of the infrared second

light beam transmitted through the vessel.

29. An apparatus according to claim 28, wherein the oxygen

saturation determining means comprises a processor adapted to

calculate a quotient of the detected intensities of the

transmitted red and infrared lights and to determine the value

of the oxygen saturation by analyzing the quotient.

30. An apparatus according to claim 26, wherein the light

sources comprise a third light source for emitting a third

light beam against the vessel, and further comprising a third

detector for detecting the intensity of the light of the third

light beam reflected from the vessel and a fourth detector for

detecting the intensity of the light of the third light beam

transmitted through the vessel.

31. An apparatus according to claim 30, wherein the blood

characteristic determining means comprises a processor adapted

to calculate a quotient of the detected intensities of the

reflected and transmitted lights of the third light beam and to
determine the value of the blood characteristic by analyzing

the quotient.

32. An apparatus according to claim 26, further comprising

registration means for storing the determined blood

characteristics and Spo,.

33. An apparatus according to claim 26, further comprising

means for visualization of the determined blood characteristic

and Spo,.
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34. An apparatus according to claim 26, wherein the light

sources direct at least two light beams on the same side of the

vessel, preferably one of the light sources emits a light of a

wavelength in the range of 770 to 950 nm and the other a

wavelength in the range of 480 to 590 nm.

35. An apparatus according. to claim 26, wherein at least two

of the components of the apparatus communicate with each other

over a wireless connection, preferably over a module for

wireless communication.

36. An apparatus according to claim 35, wherein the module for

wireless communication comprises at least one transmitter and

one receiver.

37. An apparatus according to claim 31, wherein there is one

module for wireless communication between at least three

components of the apparatus, i.e. light sources, detectors, and

the processor.

38. An apparatus according to claim 35, wherein the wireless

communication is performed using a Bluetooth™ standard based

communication path.

39. An apparatus according to claim 26 wherein the light

sources are positioned essentially perpendicular to a measuring

area of the vessel.

40. An apparatus according to claim 26, wherein the wavelength

of at least one of the light beams is from 200 nm to 2000 nm,
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preferably from 770 nm to 950 nm, most preferred approximately

770, 800, 850, 940 or 950 nm.

41. An apparatus according to claim 26, wherein two of the

light sources direct two light beams on the same side of the

vessel, one of the light beams having a wavelength of from 800

mm to 940 nm and the other light beam having a wavelength of

from 480 to 590 nm.

42. An apparatus according to claim 30, wherein the light

sources are at least four, preferably at least six, the light

sources being adapted to appear on either side of the

detector(s), preferably the light sources are arranged in

groups of two , preferably groups of three, wherein the light

sources preferably form an “H” with one detector in the centre.

43. An apparatus according to claim 26, further comprising a

test device having the shape of a wrist, finger or toe fitting

device equipped with the light source(s) and at least one light

detector.

44. An apparatus according to claim 43, wherein the test

device comprises a thimble-like shell to be applied on a finger

or toe, the light source and detector being arranged to direct

the light beam and detect the light intensity within the shell.

45. An apparatus according to claim 44, wherein at least one

light source and the detector are positioned in the shell

comprising a constriction whereby the light source and detector

are positioned and thus appearing in the constriction, whereby

the shell preferably is a part of a thimble design for covering
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a finger or a toe.

46. An apparatus according to claim 26, wherein the light

sources comprise at least four light emitting diodes,

preferably at least six light emitting diodes, and further

comprising one light detector which together form an “H” with

the detector in the centre, fixed on a patch which in turn is

making part of a handcuff construction suitable for wrist

measurements, wherein the distance between the light sources

and the detector preferably is for determining blood

characteristics including Hb from 4 to 12 mm when referring

from the centres of respective component, most preferred the

distance is approximately from 8 to 9 mm.

47. An apparatus according to claim 46, wherein the light

sources and the detectors, which are arranged for detecting

reflected light, are fixed at the edge of the patch, which may

house a finger, a toe or wrist, preferably a wrist, wherein

preferably the patch is a flexible plastic patch anchored to a

strap for fastening to the wrist wherein the strap preferaby+

has a locking device.

48. An apparatus according to claim 47, wherein the light

sources and detectors are incorporated in the patch whereby the

electric components are fixed on one side of a printed circuit

card covered with black-coloured silicone and the optical

components are fixed on the other side covered with transparent

Silicone.

49. An apparatus according to claim 47, wherein

the patch is rectangular with a size of 51 x 35 mm, and the
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light sources and detector arranged as an “H” are fixed ina

corner of the patch.

50. An apparatus according to claim 31, wherein the processor

is adapted to convert the reflection values to a concentration

value of the determined blood characteristic.

51. An apparatus according. to claim 26, further comprising a

processor having a computer program for performing the method

according to any of claims 1 to 20.

52. An apparatus according to claim 27, wherein the wavelength

of the red light is approximately 660 nm and the wavelength of

the infrared light is approximately 940 nm.

53. A computer program stored on a data carrier for performing

the method according to any one of claims 1 to 25.

54. Use of an apparatus according to any of claims 26 to 52 in

a dialysis apparatus.
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Abstract 
 
This study was done in order to solve the optimum 
place for integrated pulse oximeter in case of a belt 
around human chest or wrist so that it would provide 
reliable oxygen saturation (SpO2) readings for non-
invasive constant health monitoring in modern wireless 
applications. In the study four spots on the wrist and 
on the chest were chosen and measurements from these 
spots were done by using a special device with an 
adjustable angle between light detector and the light 
sources. Then resulted signals were analyzed by 
calculating the average amplitude, normalized 
amplitude and signal-to-noise –ratio (SNR). 
Considerably clear signals were achieved both from 
wrist and chest and best resulted SNR was 27dB from 
the chest. The highest normalized signal amplitude was 
detected from the wrist appearing as big as 5.9% of the 
total measured signal, which was relatively high 
compared to other values. Results were promising and 
showed that an easy portable monitoring device is 
possible but also many problems, that should be 
overcome, were detected.  
 
 
1. Introduction 
 

Pulse oximetry is used universally in the 
supervision of critically ill patients in intensive care 
units and operating theatres to provide a reliable 
oxygen saturation reading [1]. Signs and symptoms of 
decreased ability to ventilate are, for example, 
cyanosis, dyspnea, tachypnea, decreased level of 
consciousness, increased work of breathing and loss of 
protective airway reflexes [2]. If some of these 
symptoms occur, patient assesment will determine the 
need for continuous oxygen saturation monitoring. 
Nowadays measurements are normally done by using a 
finger probe which can be considered reliable and 

practical in case the patient is hospitalized or lying 
steadily. Though, technologies and needs for different 
kind of healthcare are constantly changing. That is why 
it is extremely important to be able to offer solutions 
which can be used also when supervising moving 
patients in different kinds of environments. Especially, 
different modern home healthcare and sport 
applications recall for wireless, reliable and easy-to-use 
–methods so that testing could be done continuously 
also in real-life situations and not only in hospitals. In 
addition, elderly people healthcare is changing 
markedly because of internet and high technology 
telemedicine. It is already possible to see patient’s 
physiological state or some parts of it by transferring 
information through sensor networks and servers 
straight to doctor’s mobile phone or work station. That 
would make it easy for old people to stay home alone 
even though they have some disease which requires 
continuous supervision.  

 In this study, pulse oximeter device, which was 
built in the University of Oulu (see Fig 5), was used in 
order to find the best place on human’s chest or wrist 
to provide the highest accuracy for pulse oximeter 
signal with lowest noise and disturbances. This study 
aims to optimize integration of pulse oximetry to 
wireless sensor belt and wrist band development. 
 
2. Principle and instrumentation 
2.1. Pulse oximeter principle 
 

Haemoglobin consists of four subunits joined 
together. When an oxygen molecule binds to one 
subunit, the other subunits become more likely also to 
bind oxygen. Haemoglobin saturation curve is 
characterized in to its S-form by this feature of 
haemoglobin. Shift to the right in the curve indicates 
that oxygen is bound less tightly – less is taken up in 
the lungs but is more easily released in tissues. The 
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oxyhaemoglobin dissociation curve is the relationship 
between the partial pressure of oxygen in the blood and 
the percentage of oxygen bound to haemoglobin 
compared to the maximum. Factors such as decreasing 
carbon dioxide concentration, increasing pH and 
decreasing temperature will shift the curve toward the 
left. A left-shifted curve implies that the haemoglobin 
molecules will be more saturated at lower partial 
pressure of oxygen.  Figure 1 shows the 
oxyhaemoglobin dissociation curve in three different 
cases [3]. 
 

 
Figure 1. Oxyhaemoglobin dissociation curve. 

 
Clinical measurement of the arterial oxygen 

saturation of haemoglobin has been dominated lately 
by pulse oximetry – a non-invasive technology that is 
common practice under anaesthesia in operating 
theatres worldwide [4]. Dual-wavelength illumination 
of arterial blood results in an absorption contrast that 
depends upon the proportion of haemoglobin that is 
chemically combined with oxygen. Pulse oximeters 
differentiate between optical absorption by blood and 
other anatomical constituents by observation that 
pulsating arterial blood induces dynamics into the 
absorption characteristics of well-perfused peripheral 
sites [5]. The sensor is based on the fact that the colour 
of blood varies depending on the oxygen it contains. In 
particular the haemoglobin molecules reflect more red 
light when they are oxygenated than when reduced 
while its behaviour is the opposite when the light is 
infra-red. The oximeter shines two beams of light 
through a finger or earlobe or etc and those beams are 
finally received in the photodetector. By comparing the 
light intensity that is received for each wavelength, the 
oximeter is able to derive the light that is being 
absorbed by the blood and, consequently, the oxygen 
saturation. Moreover, the heart rate can be estimated 

from the slight change in the colour provoked by a beat 
of the heart pushing arterial blood into the finger [6]. 

Pulse oximetry utilizes the plethysmographic 
principle in combination with the optical absorption 
characteristics of haemoglobin [7]. 
Photoplethysmoraphy (PPG) is an electro-optic 
technique to measure the pulse wave of blood vessels. 
In pulse oximeter, which is the measuring apparatus for 
PPG, motion artefacts can limit the accuracy of the 
measured PPG signal during movement [8]. The 
typical pulse oximetry sensor contains two LEDs that 
emit red and infrared light into a pulsatile tissue bed. 
The scattered light is collected with a photodiode 
positioned on an opposite surface (forward scattering 
method) or an adjacent surface (reflection method). 
The “pulse” comes from the time-varying amount of 
arterial blood in the tissue during the cardiac cycle. 
Then the signals which are collected by the 
photodetector, crate a plethysmographic waveform due 
to the resulting cycling light attenuation. The relative 
modulation of the collected red and infrared light 
signals, referred to as the modulation ratio R, is used to 
estimate arterial oxygen saturation, SpO2, based on an 
empirical calibration relationship expressed within the 
oximeter [9]. Figure 2 shows a model of a pulse 
oximetric assumption in which pulsatile signal change 
is due to arterial blood volume change. In the figure 
alternative current and direct current can be calculated 
by using two equations given below [7]. 
 

RsRdAC −=     and        
2

RsRdDC += . 

 
 

Figure 2. Conceptual tissue model for pulse oximetry.  
 
2.2. Measurement device introduction 
 

When designing our device, we aimed to an easily 
and diversifiedly adjustable prototype. To reach this 
goal, programmable electronics was used to get the 
system adjustable straight from the computer. In 
addition, separate transmitter and receiver units were 
used to make different kinds of measurement 
geometries possible. The instrumentation which is used 
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to form the pulse oximeter is built by PC, LabView 8.2 
–program, National Instrument Data Acquisition Card 
6211, voltage supply and the sensor part which was 
built in our university.  

 

 
 

Figure 3. Instrumentation 
 

In executing pulse oximetry, the controlling signals 
for the photo diodes are generated by the Data 
Acquisition Card. The photo diodes are time 
multiplexed by a frequency of 312.5 Hz by turns and 
when one is emitting light, it simultaneously transmits 
carrier wave whose frequency is 20 kHz. If the volume 
of blood in the measurement spot is changed, an 
amplitude modulation to the carrier wave is triggered 
and this modulation is demodulated by using coherent 
expression. The signal which reaches the receiver is 
high-pass filtered, rectified synchronously by using a 
demodulator.  

The phase shift of the carrier waves at the photo 
diodes is 180o. After low-pass filtering the voltage at 
the red photo diode is negative and for the infrared 
light diode positive. Because of this, no multiplexing is 
needed because differentiating these two different 
signals is based on the fact that one is negative and the 
other one positive.  

Now we have a curve which has minimum and 
maximum peaks which change their values by the 
change of the blood volume at the measurement spot. 
The peaks which are obtained at the frequency of 312.5 
Hz are identified by using the LabWiev-program 
created for this task. Minimum and maximum peaks 
are collected both to their own curves and from these 
two curves the amplitude modulation, caused by the 
blood volume change, can easily be seen. After this the 
program finds AC and DC components of red and 
infrared lights and calculates the ratio R which is used 
to determine the actual oxygen saturation value.  

The pulse oximeter execution principle is presented 
in figure 4. 

 

 

Figure 4. Pulse oximeter execution principle 
 

In our measurements we concentrated on studying 
SNRs and signal amplitudes instead of finding out 
actual SpO2-readings. That was done because of 
looking for an optimum spot that would provide strong 
noiseless signal from which actual SpO2 reading could 
later be calculated in our sensor belt or wrist band 
development. 

All measurements were done by using a special 
pulse oximeter device which was built in the 
University of Oulu. Device was built so that the 
adjusting angle, α, can be changed as big or as small as 
needed due to the location of the sensor on patient’s 
skin. By using this adjustable probe, it was possible to 
obtain visible pulse oximeter signal from almost every 
spot on patient’s skin by adjusting the angle and 
simultaneously checking the signal on computer 
screen. For each patient this angle in all measurement 
spots was a little bit different so it had to be specified 
separately every time. 
 

 
 

Figure 5. Measurement setup and principle from 
patient’s skin by using a special device with an 

adjustable angle between light sources and a detector 
 

 
3. Experiments 
 

In the experimental part of the study we only 
concentrated on measuring spots around human chest 
and wrist in order to find the most optimal places for 
the integrated SpO2 sensor. Before real measurements, 
some preliminary tests were accomplished in order to 
find the spots which would give the most clear 
saturation curves. Four spots from both wrist and chest 
were chosen (figures 6-9) and measurements from 
those areas were done. Measurement setup was built in 
a dark room to avoid external light interference. Also 

1858

Authorized licensed use limited to: Fish & Richardson PC. Downloaded on September 08,2023 at 19:28:11 UTC from IEEE Xplore.  Restrictions apply. 

286



target vibration was tried to eliminate as well as 
possible. The age distribution of the measured patients 
was 23-29 and their body structures were normal. 20% 
of the patients were Asian and 80% were Finnish but 
skin colour did not seem to make any affect on the 
results. More problems occurred if the thickness of the 
fat tissue in the measurement spots was bigger than 
others and that is why the spots were chosen locating 
near bones so that the distance between the sensor and 
the bone was small enough to provide good returning 
signal for the photo detector if the probe without too 
many reflections and refractions.  
 

 
 

Figure 6. Measurement spots on the chest 
 

 
 

Figure 7. Measurement spots on the back 
 

 
 

Figure 8. Measurement spots on the outer wrist 
 

 
 

Figure 9. Measurement spots on the inner wrist 
 

 Figures 10 and 11 are demonstrating how 
normalized amplitudes and SNRs were resulted in the 
measurements. Measurements from the wrist area were 
easier to accomplish because unfortunately chest area 
is extremely sensitive for disturbances because of a 
constant movement caused by breathing. Still all 8 
measurement areas were resulting close to each others 
and gave similar results. The basic rule was that big 
amplitudes were achieved by using wrist spots and 
higher SNR by using chest spots. 
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Figure 10. Normalized amplitude of the pulse 
oximeter signal in all eight measurement spots 
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Figure 11. The signal-to-noise –ratio of the pulse 

oximeter signal in all eight measurement spots 
 

The signal analysis showed that if the device is 
wanted to be integrated in a chest belt, the optimum 
place for integration would be chest 1 -spot. It 
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provided SNR almost as great as 27dB, which tells that 
signal recorded from this spot is really clear. Promising 
SNR, 26dB, was also recorded from the wrist 3 –spot 
which offered also relatively big amplitude, 0.8V, and 
normalized amplitude, 5.9% of the total measured 
signal. In case of chest 1 –spot normalized amplitude 
was only 1.9% of the total. 
 
4. Errors 
 

Few of many possible facts that may have caused 
errors in the measurement results given above are 
perfusion problems, target movement and wrong 
target, detecting errors, optical interference and broken 
fibers. Perfusion problems are caused usually by a 
significant decrease in peripheral vascular pulsation, 
such as in hypothermia, vasoconstriction, hypotension, 
during cardiopulmonary bypass or cardiac arrest and 
they may result in a plethysmographic signal which is 
insufficient to be processed reliably by the oximeter 
[3]. Patient movement reduces the reliability of a pulse 
oximeter severely. Even small patient movements, 
such as shivering, can cause powerful artifacts that 
swamp the pulsatile absorption signal [10]. Also any 
dislocation of the nail bed for example can affect the 
transmission of light through the digit in case the 
measurement is done through a finger. Dark nail polish 
and bruising under the nail can also severely limit the 
transmission of light and result in an artificially 
decreased SpO2-value [11]. Detecting errors happen 
because pulse oximeters are unable to differentiate 
between oxygen and carbon monoxide bound to 
haemoglobin. Readings in the presence of carbon 
monoxide will be falsely elevated. Pulse oximetry 
should never be used in suspected cases of carbon 
monoxide exposure and an arterial blood gas reading 
would also be good to obtain. In addition they should 
never been used in a cardiac arrest situation because of 
the extreme limitations of blood flow [11]. Bright 
external light sources are known to affect pulse 
oximeters and all pulse oximeters share this sensitivity. 
This occurs because these instruments use optical 
means to make their measurements. Consequently, to 
obtain accurate measurements, potential sources of 
optical interference must be controlled. Because pulse 
oximeters’ optical components are located in the probe, 
proper probe application and use are key factors in 
reducing optical interference. Optical interference 
occurs when bright light from an external source 
reaches the photodiode or when light reaches the 
photodiode without passing through a pulsatile 
arteriolar bed [3]. In case of intra-vascular fibre optic 
oximetry sensors, optical fibres which are used to 
guide the light into the target may suffer several 

damages before reaching the target. This may cause 
severe measurement errors [7].  
 
5. Discussion 
 

This study concentrated on finding out the most 
suitable spot for the integrated pulse oximetry sensor 
which would make measurements not only when the 
patient is lying down but also while he or she is 
moving. That forces us to take into account the 
principal factor which limits both the practical 
accuracy and general applicability of pulse oxymetry – 
poor photoplethysmographic signal [12]. It is caused 
usually by low perfusion states or artifact corruptions 
arising from ambient light or subject movement [13], 
which lead usually to interpretation errors and false 
alarms [14].  

These days especially motion artifacts are tried to 
minimize because many applications are wanted to 
design for moving patients. Also measurements which 
were done in this study were affected by these artefacts 
for example by moving chest or shivering wrist. In 
case the interface between the measurement probe and 
the skin was moving, the signal immediately showed 
the movement by temporarily fading or peaks. That is 
why all measurements from all spots had to be taken 
many times from each patient so that reliable results 
could be recorded. Also the person executing the 
measurements was affecting the results by giving some 
small vibrations to the probe.  

Before the sensor can be reliably integrated to a 
chestbelt or wrist device, more experiments with 
moving patients should be done in order to see how 
movement in these spots affects the signal and can 
results be trusted. Also many signal processing steps 
still have to be completed in order to eliminate motion 
artifacts Many problems still have to be overcome but 
this study proves that wireless integrated pulse 
oximeter implanted in a chest belt or wrist band is 
possible to achieve with many benefits and practical 
applications.   
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Abstract  
 
Reflectance-based pulse oximetry is a technique used for noninvasively monitoring the oxygen saturation 

(SpO2) and pulse rate (PR). However, there is little supporting evidence that it can accurately collect 

measurements from the chest and wrist.  In this project, a reflectance-based pulse oximeter was built and 

used to collect measurements while sitting, standing, during self-induced hypoxia, and during self-

induced hyperventilation then compared to the measurements taken by a HOMEDIC Deluxe Pulse 

Oximeter. The prototype was able to accurately measure within an error of  + 1% and ±3% for SpO2 and 

PR respectively from the wrist while an error of ±1% and +4% for SpO2 and PR respectively from the 

chest.   
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Executive Summary  
Oxygen saturation (SpO2) is the measurement of oxyhemoglobin (HbO2) in arterial blood. SpO2 is an 

important vital measurement because it shows the levels of blood oxygenation. Traditionally, SpO2 is 

measured by invasively drawing blood samples.  This method, however, is not ideal and  it is unable to 

provide clinicians with real-time measurements. With the need for a noninvasive way to measure SpO2, 

pulse oximetry was developed. The use of this technology allows clinicians to determine SpO2 in patients 

that are sedated, anesthetized, unconscious, or unable to regulate their own oxygen supply. 

 Reflectance-based pulse oximetry allows measurements to be taken from areas of the body in 

which transmittance based pulse oximetry cannot be applied. In reflectance-based pulse oximetry, the 

incident light is passed through the skin and is reflected off the subcutaneous tissue and bone. To this day, 

being able to measure signals from the chest and wrist with one single device has not been successfully 

achieved. Such a device would allow patients to measure SpO2 and pulse rate (PR) without hindering 

their normal day-to-day activities.  

The prototype pulse oximeter constructed during this project consists of two hardware 

components and a programmed LabVIEW Virtual Instrument (VI). The hardware components consist of 

the sensor and a circuit which produces, collects, and processes photoplethysmographic (PPG) signals. 

The VI collects the PPG signals produced by the hardware and process them in order to produce 

numerical results for PR and SpO2 . The optical sensor is made up of two Light Emitting Diodes (LEDs), 

a red LED, with a peak emission wavelength of 660 nm, and an infrared emitter with a peak emission 

wavelength of 940 nm. These LEDs are positioned next to each other in the center of a circular Printed 

Circuit Board (PCB) and surrounded by 8 photodiodes (PD). The circuitry for the sensor consists of an 

Arduino Duo Microprocessor which is programmed to light up the red and infrared LEDs intermittently at 

a frequency of 100Hz. The PDs are connected in photovoltaic mode in order to produce a voltage output. 

Operational amplifiers are utilized to amplify the photodiode output. Once amplified, the red and infrared 

PPG signals obtained from the photodetectors are sent through two Sample-and-Hold circuits to separate 

the signals into their respective alternating current (AC) and direct current (DC) components for further 

filtering and amplification.  

The four input signals sent to the LabVIEW software : AC red, AC infrared, DC red and DC 

infrared access the VI via a National Instruments (NI) Data Acquisition (DAQ) system. The AC 

components of the red and infrared PPGs are measured using a peak-to-peak detection algorithm, while 

the DC components are measured by finding their respective averages. Once the signals are processed, 

SpO2 is calculated by obtaining the ratio of the AC and DC components of the red PPG and dividing that 

by the ratio of the AC and DC components of the infrared PPG. To calculate PR, the frequency of the 

infrared AC signal is measured using frequency measurement parameters in LabVIEW and then 
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multiplied by 60 to display PR in beats per minute (bpm). To compare the measurants taken from the 

pulse oximeter prototype, a transmission-type finger HOMEDICS Deluxe Pulse Oximeter was utilized as 

reference. The reliability of the Deluxe Pulse Oximeter was tested against a Biopac ECG model 100C 

module and was concluded that the HOMEDICS Deluxe Pulse Oximeter was provided accurate enough 

measurements for pulse rate. 

For testing, the sensor was strapped to the wrist and chest of each subject using a Velcro strap 

while the HOMEDICS Deluxe Pulse Oximeter was placed on the subject’s index finger. The VI was set 

up to collect, average and display SpO2 and PR data every 10 seconds throughout a 6 minute timespan 

accounting for 36 measurements. At this point, a second individual that was monitoring the reference 

device recorded the corresponding SpO2 and PR values displayed by the HOMEDICS pulse oximeter. 

Subjects were tested on the chest and wrist while sitting, standing, during self-induced hyperventilation, 

and during self-induced hypoxia.  

While collecting data, it was noticed that the PR measurements collected from the chest had 

significantly larger margins of error compared to those from the wrist. One possible explanation for this 

discrepancy deals with the LabVIEW algorithm for PR calculation. Instead of doing peak-peak analysis, 

we opted to use a search tool which graphs a power spectrum of the data and searches for the highest 

amplitude frequency between 0.75Hz and 2.25Hz. This method is very effective at PR values ranging 

between 45 and 135 bpm, but loses its accuracy at higher PR values. Measurements above 135 bpm were 

detected by the reference, but not accurately detected by the prototype.  

Margins of error obtained from the standing and sitting measurement tests on the wrist included 

0.6%, and 0.2% for SpO2 and 0.2%, 1.1% for PR respectively. Measurements from the chest displayed 

errors of 0.4% and 0.3% for SpO2 and 0.1%, and 0.7% for PR while standing and sitting respectively. 

Based on this data, our prototype for a reflectance-based pulse oximeter for the chest and wrist was 

successful in measuring PR and SpO2.   
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1 Introduction 
One of the most important elements needed to sustain life is oxygen (O2) because it is used by cells to 

turn sugars into useable energy. Oxyhemoglobin (HbO2) is the protein hemoglobin, found in red blood 

cells, bounded to O2 that delivers 98% of oxygen to cells. The measurement and calculation of the 

percentage of HbO2 in arterial blood is known as oxygen saturation (SpO2). [1] 

Originally, SpO2 was measured by taking samples of blood and measuring O2 levels directly. This 

method was invasive and was unable to provide real-time measurements. This measuring technique made 

it impossible for SpO2 to be recognized as an important measure of wellness until a non-invasive method 

of measuring SpO2 in real-time was established. [2] 

The need for a non-invasive method of measuring SpO2 in real-time led to the development of 

pulse oximetry. Pulse oximetry derives SpO2 and pulse rate (PR) from a photoplethysmogram (PPG). The 

PPG is obtained by measuring changes in light absorbed by the blood. Red and infrared wavelengths are 

used to obtain the PPG because these wavelengths are easily transmitted through tissues, allowing SpO2 

to be calculated from the ratio of the absorption of the red and infrared light. 

The first device used to continuously measure blood oxygen saturation of human blood in vivo 

(SaO2) was built by Karl Matthes in 1935. [2] However, it was not until 1983 that William New and Mark 

Yelderman, after recognizing the need of an accurate oximeter in the operating room evaluated and 

produced the pulse oximeter with aims to make it an intraoperative monitoring device. [2] Pulse oximetry 

allows for an accurate determination of O2 levels in patients that are sedated, anesthetized, unconscious, 

and unable to regulate their own oxygen supply as well as provides information needed to avoid 

irreversible tissue damage. [2] 

Since the invention of pulse oximetry, the measurement of SpO2 has become an important part of the 

medical world. Nevertheless, improvements such as the application of the reflectance-based technique to 

measure SpO2 from multiple locations on the body are still to be developed. This project demonstrates the 

use of reflectance-based pulse oximetry to obtain measurements for PR and SpO2 from the chest and 

wrist. This development in pulse oximetry technology will pave the way for the development of new and 

novel pulse oximeters that can be worn as accessories, are easily concealed under clothing, and more 

acclimated to use outside of hospital settings. 
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2 Literature Review 
This is a thorough literature review covering the necessary background needed to fully understand this 

project.  

 Oxygen Saturation 2.1
SpO2 is the amount of O2 that is carried in the blood. In the human body, SpO2 is defined as the ratio of 

HbO2 to the total concentration of Hb (reduced Hb + HbO2) present in the blood [1].  

                         ( )  
      

           
                                      (1) 

Hb is the iron-containing protein in red blood cells that transports O2 to the tissues. This protein 

forms an unstable and reversible bond with O2. Thus, Hb in its oxygenated state is called HbO2 and 

exhibits a bright red color. Conversely, in its reduced state, it exhibits a purplish blue color [3]. Hb can 

carry up to four O2 molecules.  

In calculating the absorption of light at a specific wavelength by a homogeneous substance, the 

Beer-Lambert law can be used to show the basic relationship between the transmitted light intensity and 

the incident light: 

                                                                                     (2) 

where ‘It’ is the intensity of transmitted light, ‘Io’ is incident light intensity, ‘ε’ is the extinction 

coefficient (fraction of light absorbed at a specific wavelength), ‘c’ is the concentration of the sample, and 

‘d’ is the length of the light path through the sample. However, this is difficult to use in pulse oximetry 

because the light scattering through the tissue cannot be distinguished from that of blood [1].  

Two independent equations can be derived to describe the absorption of light by both Hb and 

HbO2 at two distinct wavelengths. These equations can then be solved to find the concentration of Hb and 

HbO2 in blood and establish the relationship, 

       
  (  )

  (  )
                                                                  (3) 

where A and B are functions of the extinction coefficients of Hb and HbO2 while ‘OD’ is the optical 

density or the log(Io/It). The relationship above is the underlying principle used by commercial pulse 

oximeters to measure SpO2. [1] 

 Pulse Oximetry  2.2
Pulse oximetry was initially intended for monitoring hospitalized patients after surgery. However, after 

recognizing the importance of an accurate oximetry device during surgery in operating rooms, non-

invasive pulse oximetry became a standard for anesthesiologists for intraoperative monitoring since 1990. 

By the use of this technique, physicians can determine the SpO2 in patients that are sedated, anesthetized, 
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unconscious, and unable to regulate their own oxygen supply avoiding irreversible tissue damage [2]. 

It is not until 1935 that Karl Matthes used red and infrared wavelengths to build a device that 

continuously measured SaO2 in vivo. Matthes stated that “the red light can pass through HbO2, but 

reduced Hb absorbs it” [2]. Non-invasive oximetry evolved even further when Robert Brinkman and 

William Ziilstra began measuring SpO2 from the forehead with the use of reflected light. Brinkman and 

Zijlstra made an additional modification when they divided the red signal by the infrared signal to show 

continuous measurements of SpO2 [2,4]. However, differentiating various types of Hb was still a problem. 

This is when Robert Shaw invented an absolute reading ear oximeter in 1964. This device used eight 

different wavelengths to identify the separate Hb species present in the blood. Although expensive, this 

instrument was accurate down to 70% of SpO2 and it was commercialized for use in physiology 

laboratories for pulmonary and cardiac applications. [2] In 1970, research performed by Takuo Aoyagi and 

his associates on dye-dylution techniques for measuring cardiac output led to the development of 

photoplethysmogram (PPG) ,which optically generates time dependent volumetric changes in living 

tissues leading to the development of pulse oximeter [1, 2]. Here, the time dependent changes are associated 

with arterial blood allowing for the measurement of SpO2. Figure 2.1 shows the amount of light absorbed 

by tissue over time. 

 
Figure 2.1: Arterial blood changing over time, PPG [11] 

 
Aoyagi and his associates researched this technique even further and applied it to the already 

existent ear-piece oximeter [2]. Next, in 1977 Minolta Camera developed an oximeter using the same 

method with a fingertip probe and fiberoptic cables from the instrument. Finally, New and Yederman 

produced the Nellcor Pulse Oximeter in 1983 for patients admitted in clinic and hospitals sites [2].  

Improvements on the idea of pulse oximetry led to its reliability to the extent that in 1990 the American 

Society of Anesthesiologists recognized the pulse oximeter as their standard for intraoperative monitoring 
[2]. 
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2.2.1 Principle of a Pulse Oximeter 
A noninvasive pulse oximeter relies on an optical sensor to detect SpO2 and PR. This optical sensor is 

made up of a red and an infrared LED as well as silicone photodiodes (PD) [5]. In order to obtain SpO2, 

the red wavelength must range within a region where the absorption of Hb and HbO2 are markedly 

different. This is why a red light with a wavelength close to 660nm is chosen as shown in Figure 2. On 

the other hand, the region for the infrared light must revolve around a wavelength where the absorption 

coefficients of Hb and HbO2 are practically the same. This happens between 940nm and 960nm as also 

shown in Figure 2.2 [1]. 

 

 
Figure 2.2: Optical absorption spectra of Hb, HbO2, MetHb, and BbCO [11] 

The sensor containing the red and infrared LED is applied over the radial artery on the wrist so 

arterial pulsation can be readily sensed. The PDs concentrically located around the LEDs will absorb the 

emission spectra of the red and infrared wavelengths when bounced back from the skin [5]. However, there 

are certain variables that could cause a barrier to the photodiodes from detecting light intensity. These 

include: the opacity of the skin, reflection of light by the bones, light scattered away through the tissues 

and the amount of blood in the vascular bed [5]. Furthermore, when blood flows into the vascular bed onto 

which the sensor is applied, the light emitted by the diodes will have a greater rate of absorption by the 

blood. The light absorbed when the tissue is either full or lacking blood with every heart beat will create 

an alternating light intensity signal. This difference in light intensity created by every heart beat accounts 

to approximately  0.05-1 percent of the whole light intensity that is either transmitted into the skin or 

backscattered into the photodetectors [5]. 
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A pulse oximeter  consists of a circuit that features a microprocessor used to light up the red and 

infrared LEDs one at a time in a synchronous manner, so that when the red light is turned on the infrared 

LED is turned off and vice versa [1].   With the use of sample-and-hold circuits, the overlapped signal 

acquired by the photodetector can be split into two different analog channels that correspond to the red 

and infrared PPGs [1].  The red and infrared PPG signals can be further amplified through the 

implementation of high and a low pass filters so that the AC and DC components for each PPG signal can 

be obtained [1]. The new four signals can be processed through a virtual instrument (VI) designed in a 

software program or a virtual instrument that calculates the ratio of AC red and DC red components and 

divides it by the ratio of AC infrared and  DC infrared to produce SPO2.  

2.2.2 Methods of Light Detection 
As previously discussed, pulse oximetry relies on the PPG signals produced by  the difference in the 

amount of  arterial blood, which in turn depends on the systolic and diastolic movements of the heart. 

Measurement of light by the photodetectors can be performed either in transmission or reflection modes.  

When the PPG is measured through transmission, the light source and the photodetectors are placed on 

opposite sides of the vascular bed so that the light travels across the pulsating blood. Thus, this method is 

limited to earlobes, feet, and fingertips. On the other side, reflectance pulse oximetry measures PPG 

signals with LEDs and photodetectors placed on the same side of the sensor surface. This method allows 

measurements to be taken from body parts where the transmission method cannot be used, for example on 

the chest, wrist, and forehead. [6] 

2.2.2.1 Distance Between LED and Photodiode 
In 1988, the effects of separation between the source and detector were studied [5]. Although it is 

understood that the farther away the photodiode and LED are from each other that the readings will 

degrade, it was demonstrated that larger PPGs can be detected by mounting the photodiode further from 

the LED. However, the tradeoff is that higher LED driving currents are required in order to overcome the 

absorption of incident light due to a longer optical path length. Mendelson also shows that by mounting 

more than one photodiode, a greater fraction of backscattered light can be collected and larger PPGs can 

be recorded. [5] 

Furthermore, in 2010, there was a similar conclusion regarding the gap sizes between the LEDs 

and the photodiodes [7]. It was found that the amount of light backscattered from the skin on the optical 

module and that was absorbed by the PDs was directly proportional to the number of PDs surrounding the 

LEDs. Thus, the more PDs, the more light would be absorbed.[8] This research showed that 7mm was the 

optimal distance between the LED and PD and produced the highest AC signal. Similar to Mendelson’s 
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research above, a higher current output obtained from a larger number of PDs was required in order to 

obtain a stronger AC components. 

2.2.3 Photoplethysmogram 
PPG is an optical measurement used to represent the volume of blood in vessels used to compute SpO2 

and PR based on the light absorbance of blood. During the cardiac cycle, the amount of blood in tissue 

varies in relation to each heartbeat, so a PPG signal is an optical representation of the cardiac cycle wave. 

This results in a distinguishable AC component. The PPG is usually taken at peripheral sites such as the 

finger, ear, or forehead.  Since skin is perfused by blood, conventional pulse oximeters monitor the 

perfusion of blood in the dermis and subcutaneous tissue of the skin. The AC component of the oximeter 

signal is attributed to variation in blood volume and the DC component of the oximeter signal is generally 

attributed to skin tissue absorption. [9;10;11]  

2.2.4 Wavelength Optimization 
Although wavelengths at which the SpO2 are typically measured are 660nm for red and 910 nm or 940 nm 

for infrared, it is possible to measure SpO2 at different wavelengths and also with more than 2 

wavelengths. In fact, the Hewlett-Packard model 47201 Ear Oximeter which debuted in the 1960s utilized 

8 wavelengths. The advantage to using more than two wavelengths is that it makes it possible to measure 

saturation of more than just oxygen in the hemoglobin chains. However, for the purposes of measuring 

only SpO2, two wavelengths are sufficient.  

Nogawa, in 1998, also showed that by changing the two selected wavelengths from 665/910 nm 

to 730/880nm, a linear relationship could be established for oxygen saturation rates over the 100-30% 

range. In the 70-30% range, the improvement was significant with a standard error of 2.69% as compared 

to 9.49% for a sensor utilizing 665/910nm wavelengths. Results also showed that in the 100-70% range, 

the 730/880 nm sensor showed a slight improvement in the standard error, lowering it from 3.50 to 

2.11%. [12]  

2.2.5 Limitations and Applications of Pulse Oximetry 
There are certain situations in which data processed by a pulse oximeter can be misinterpreted or difficult 

to acquire. Significant reduction in peripheral vascular pulsation due to hypotension, vasoconstriction or 

hypothermia can cause a small signal to be processed unreliably by a pulse oximetry [1]. Also, due to the 

small signal that is analyzed, only 1 to 2% of the PPG signal can be processed, motion artifacts can 

interfere with a proper PR signal reading if the patient is shivering or having a seizure. Increase in venous 

pulsations may also interfere with pulse oximetry resulting in artificially low SpO2 readings [13]. 

Furthermore, large amounts of dysfunctional Hb, which is Hb derivatives that do not bind reversibly with 

O2 like HbCO and MetHb, can lead to an incorrect oxygen saturation interpretation by the pulse oximeter 
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[1]. Compromised blood circulation, excessive contact pressure or weak PPG signals resulting from 

insufficient contact pressures may also yield to measurement errors [14]. Finally, one of the greatest 

limitations of transmittance pulse oximetry is movement of the patient. By being attached to the finger 

and the fact that extraneous movements can cause a change in absorbance of light by arterial blood flow, 

a conventional pulse oximeter hinders the user to perform regular daily activities [14;15]. 

 Reflectance vs. Transmittance Pulse Oximetry 2.3
With recent achievements in pulse oximetry, the devices are generally characterized as transmission based 

and reflectance based. In transmission based pulse oximetry, LED and a photodiode are placed on 

opposite sides of a substrate, which in turn can be attached across the fingertip, earlobe, and foot.  

 
Figure 2.3: Transmittance pulse oximetry 

In reflectance-based oximeters, the LED are placed together on the same probe surface. This method is 

mainly intended to be used on body locations where pulse oximetry through transmission is not feasible. 

 
Figure 2.4: Reflectance pulse oximetry 

Forehead reflection pulse oximetry is one example and is generally more accurate than transmission type 

pulse oximeters on patients with a low cardiac index or poor peripheral perfusion.[1]      
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Figure 2.5: Forehead pulse oximeter 

 New Studies for Pulse Oximeters 2.4
One such wrist based prototype relying on reflectance based oximetry is the AMON [19]. This prototype 

endeavored to measure blood oxygen saturation, pulse, blood pressure, skin temperature and ECG data 

using a single ECG lead. However, after conducting a study on 33 healthy volunteers, and comparing the 

data gathered by AMON to that of two commercially available pulse oximeters, the results weren’t 

promising and not every type of measurement was able to be used. Results showed that blood pressure 

data and pulse measurements from SpO2 were satisfactory and as expected, however SpO2 measurements 

were far from expected due to significant deviation. As for ECG, although PR results could be obtained, 

there was no conformity in the QRS and QT complexes of the ECG as results, as well as high levels of 

measurement noise which degraded the results. The lack of conformity and noise made it difficult to 

distinguish the ECG as a waveform. The temperature sensor on the other hand was unsuccessful since  the 

study showed no reliable correlation between the reading at the wrist and the core body temperature. [19] 

A second wrist based pulse oximeter that showed potential is a prototype by Coker et al. in which 

the results were far more promising. For pulse measurements, Coker’s prototype had an accuracy error of 

less than 2% as compared to two different commercial pulse oximeters while the averaged SpO2 

measurements had an accuracy error of less than 1%. However, it is noted that while the prototype 

provided accuracy competitive to that of commercial pulse oximeters, motion artifacts cause signal 

integrity issues and needs to be addressed. Some possible methods of addressing motion artifacts are 

through the use of a motion sensor to account for user movement or much more refined signal processing 

using filters to minimize noise and find the highest signal to noise ratio. [16] 

Lastly, a sensor consisting of a multiple photodiode array was arranged concentrically around 4 

LED’s was tested on the forearm and calf [20]. This sensor however also utilizes a heating unit. Previous 

research has shown that heating the skin under the sensor increases the magnitude of the detected pulsatile 

component four- to five-fold. The purpose of this study however was to measure the effectiveness of the 

sensor under controlled hypoxia. Ten volunteers were studied and the inspired fraction of oxygen in the 
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breathing gas mixture was gradually lowered from 100 to 12%. Measurements were simultaneously taken 

from the forearm and calf then compared to SpO2 measurements obtained by a finger sensor. Though the 

experiment was done while the volunteers were standing still and the results are not as ideal as the 

forehead reflectance oximeters [20]. 
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3 Design Approach  
Applying pulse oximetry technology to the chest and the wrist can provide the opportunity to create new 

noninvasive devices that will be less restrictive to a wears’ movements and more comfortable. The 

combination of a different placement and design could further the monitoring of vital signs in settings 

other than hospitals. 

 Initial Client Statement  3.1
Develop a wearable, noninvasive reflectance-based pulse oximeter prototype that demonstrates accurate 

and precise measurements of arterial oxygen saturation and heart rate from the chest and/or wrist on 

healthy volunteers. 

 Clinical Need 3.2
Reflectance-based pulse oximetry allows measurements to be taken from areas of the body in which 

transmittance-based pulse oximetry cannot be used. Using reflectance-based pulse oximetry, the 

wavelengths are passed through the skin and reflect off the bone and tissue in the area of the 

measurement. Being able to receive signals from the chest and wrist has not yet been successfully 

achieved using reflectance-based pulse oximetry. It is difficult to receive signals from the chest and wrist 

because the light needed to create the signal must be reflected back which makes the signal weaker and 

more difficult to detect. Creating a method to obtain a PPG signal strong enough to process for SpO2 and 

PR from the chest and wrist is the central dilemma behind this project. Achieving this could further the 

development of new devices that could be worn during daily activities and as a method of protecting 

servicemen in the field. 

 Design Parameters 3.3
In this section are outlined the various aspects of project designed to address the clinical need behind a 

reflectance-based pulse oximeter for the chest and wrist. These design parameters cover both the 

qualitative and quantitative pieces of the final design.  

3.3.1 Objectives 
The objectives consisted of three categories: ‘Easy to use’, ‘Marketable’, and ‘Safe’. ‘Easy to use’ 

addresses the user friendly nature needed for the device to be useable by the large audience that is to be 

targeted. To be easy to use the device must be easy to wear, operate, or read. ‘Marketable’ addresses the 

need for the device to be successful and competitive on the market. This means that the device must be 

cost-efficient, manufacturable, portable, durable, and comfortable. ‘Safe’ addresses that device must be 

safe for the users. Thus the device must be secured against the user to avoid false measurements, be 

composed of biocompatible materials as not to cause the user adverse reactions, and conduct reliable 

readings. 
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Figure 3.1: Objective tree 

 

3.3.2 Constraints 
Throughout the duration of our project, there were many constraints that the device must overcome. First, 

the device must not restrict the wearer from following their daily activities. There are many sizes the 

device could potentially be, however in order to keep the device from impacting a patients daily activities, 

the device must be kept to a small, concealable size. Second, the device must stay in constant contact with 

the skin. In order for the device to provide accurate results, it must not separate from the wearer at any 

time. The last constraint that the device must overcome is the regulatory requirements. The FDA has 

compiled a set of regulations, which include patient safety, performance requirements, and electrical, 

mechanical and environmental safety. In order for the device to be considered a success it must 

successfully overcome all of these constraints. 

3.3.3 Functions 
In this section is discussed the attributes that allow the prototype designed during this project to function 

properly. 

3.3.3.1 Obtain Photoplethysmogram Signal  
As dictated in the client statement, reflectance-based pulse oximetry was used to obtain the PPG signal 

necessary for computing SpO2 and PR. The theory and method of reflectance-based pulse oximetry will 
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be used to do this from the chest and wrist.  

3.3.3.2 Measure Heart Rate 
In the AC component from the obtained PPG signal, the pulsatile pattern on the top of the PPG signal 

reflects the changing blood volume at the site of measurement with each cardiac beat. The signals are 

passed through a bandpass filter with a cut-off of about 1.5 Hz, to separate the AC pulses from the DC 

signals. The LabVIEW VI developed to process the PPG signal is then used to average the maximum 

frequency to determine the rate of the cardiac beat in hertz. This value was then multiplied by 60 to find 

the PR in beats per minute. 

3.3.3.3 Measure Oxygen Saturation  
SpO2 is defined as the ratio of HbO2 to the total concentration of Hb present in the blood [1]. After the 

LabVIEW VI processes the PPG signal, it calculates the ratio of red to infrared light used in the 

calculation for SpO2. 

3.3.4 Design Specifications 
The specifications for this prototype were determined from the market standards by selecting several 

commercially available pulse oximeters specifications and examining them. One such device was the 

Respironics’ WristOxTM Ambulatory Finger Pulse Oximeter which entered the market in October of 

2003. Its specifications can be found in Table 3.1. [21] 
Table 3.1: Respironic's WristOx Ambulatory Finger Pulse Oximeter Specifications [21] 

Effective Measuring Range 

Saturation 0% to 100% 

Pulse Rate 18 to 300 bpm 

Resolution 1 digit 

Accuracy 

Saturation 70 to 100% ± 2 digits 

Pulse rate ±3% 

Display 

Numerical 3-digit indicators 

Pulse indicator Pulse Strength Bar Graph 

Power requirement Two 1.5V alkaline N-cell batteries 

Battery life Minimum 24 hours continuous 

Storage 9 months 

Size 
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Weight ~0.88 ounces (24.95g) 

Dimensions (w/o 

sensor or strap) 

1.75” wide x 2” high x 0.75” deep 

4.45cm x 5.08cm x 1.905cm 

 
Another device which is on the market and FDA approved is the Santa Medical’s Finger Pulse 

Oximeter. Its specifications can be found in Table 3.2. [7] 
Table 3.2: Santa Medical's Finger Pulse Oximeter Specifications[7] 

Effective Measuring Range 

Saturation 0% to 100% 

Pulse Rate 18 to 254 bpm 

Resolution ±1 digit 

Accuracy 

Saturation 75 to 99% ±2 digits 

Pulse rate ± 2bpm 

Display 

Numerical 3-digit indicators 

Pulse indicator Pleth bar 

Power requirement Two AAA alkaline batteries or rechargeable 

batteries 

Power 

consumption 

Less than 30Ma 

2.6-3.6V 

Battery life 30 hours continuous 

Size 

Weight 50g including batteries 

 
The final device specifications examined are those of the Crucial Medical System’s Finger Pulse 

Oximeter which is also FDA approved. Its specifications can be found in Table 3.3. [22] 
Table 3.3: Crucial Medical Systems Finger Pulse Oximeter Specifications [22] 

Effective Measuring Range 

Saturation 35% to 99% 

Pulse Rate 30 to 250 bpm 

Resolution ±1 digit 

Accuracy 

315



25 
 

Saturation 70 to 99% ±2 digits 

Pulse rate ± 2bpm 

Display 

Numerical 3-digit indicators 

Pulse indicator Bar graph and perfusion index 

Power requirement Two AAA alkaline batteries 

Power 

consumption 

Less than 30Ma 

2.6-3.6V 

Battery life 30 hours continuous 

Size 

Weight 1.8oz (50g) including batteries 

Dimensions 58.5 x31 x32 mm 

 
The standard parameters to make the prototype in this project competitive by market standards 

were determined after examining the specifications for the Respironics’ WristOxTM Ambulatory Finger 

Pulse Oximeter, the Santa Medical’s Finger Pulse Oximeter, and the Crucial Medical System’s Finger 

Pulse Oximeter. The specifications table for this project’s prototype can be found in Table 3.4. 
Table 3.4: Project Specifications 

Effective Measuring Range 
Saturation 70 to 100% 
Pulse Rate 20 to 250 bpm 
Resolution 1 digit 
Accuracy 
Saturation ± 3% or ± 2 digits 
Pulse rate ± 3% or  ± 3 digits 
Display 
Saturation 2 characters 
Pulse Rate 3 characters 
Power 
Requirement 

3V lithium battery 
(coin sized batteries) 

Battery Life  Minimum 24 hours continuous 
 

 Revised Client Statement   3.4
Develop a wearable, noninvasive reflectance-based pulse oximeter prototype that demonstrated reliably 

accurate and precise measurements SpO2 and PR from the chest and wrist. The prototype connects to the 

computer generated program, LabVIEW, which displays the SpO2 and PR graphically and numerically.  

The prototype measures SpO2 within 70 to 100 percent and PR within 20 to 250 beats per minute having a 
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resolution of 1 digit and accuracy within ±3% or ±3 digits. This prototype should weigh less than 150 

grams.  The prototype must not cause any harm, such as burning the skin or allergic reactions. In order to 

provide the best results possible for SpO2 and PR, the prototype must remain in constant contact with the 

skin. This prototype should be easy to use, requiring little to no training before use. Once the prototype is 

completed, testing for this device was conducted on healthy volunteers to test the accuracy and precision 

as well as proving that SpO2 and PR can be measured from the chest and wrist.    
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4 Device Development 

 Device Alternatives 4.1

4.1.1 Sensor Design 1 
This prototype design utilized a dual-wavelength LED surrounded by 4 photodiodes. These photodiodes 

were positioned at 90° increments around the LED. The LEDs transmitted at 660nm and 940nm. Many 

studies showed that better signal quality can be achieved when a ring of photodiodes are used to collect 

light from a central light source [23]. The separation distance between the LED and each photodiode were 

approximately 1 cm. As a result, the LED required a larger driving current so that more tissue is able to 

absorb and reflect light [5]. A bandpass filter was utilized at a cut off frequency of 2Hz and bandwidth of 

3Hz. This sensor was compatible with flash memory and utilizes a serial connector interface so as to 

make it possible to connect the device to LabVIEW for signal analysis. Further signal processing was 

accomplished by using LabVIEW in order to minimize motion artifacts and noise.  

 

 

 

 

 

 
 

 

Figure 4.1: Sensor design 1.[5] 
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4.1.2 Sensor Design 2 
The other prototype also utilized a dual-wavelength LED surrounded by 4 photodiodes. These 

photodiodes were positioned at 90° increments around the LED. The LEDs transmitted at 730nm and 

880nm. These wavelengths have been shown to provide a more linear relationship for SpO2 values less 

than 70%.  Many studies showed that better signal quality can be achieved when a ring of photodiodes is 

used to collect light from a central light source [23]. The separation distance between the LED and each 

photodiode was approximately 1 cm. As a result, the LED required a larger driving current so that more 

tissue is able to absorb and reflect light [5]. A bandpass filter was utilized at a cut off frequency of 2Hz and 

bandwidth of 3Hz. This sensor was compatible with flash memory and utilized a serial connector 

interface so as to make it possible to connect the device to LabVIEW for signal analysis. Further signal 

processing was implemented using LabVIEW in order to minimize motion artifacts and noise. 

 
Figure 4.2: Diagram of sensor design 2.[5] 

4.1.2.1 Evaluating Alternative Designs 
The most significant difference between the two alternative designs above was the difference in 

wavelengths. In design 1, the most commonly wavelengths, 660nm and 940nm, for oximetry were used 

for the LEDs since they have been proven to work efficiently. In design 2, wavelengths 730nm and 

880nm were explored and investigated to determine if these wavelengths would serve as more efficient 

substitutes. Nogawa showed that with a 730/880nm sensor, a linear relationship could be established for 

the oxygen saturation between 30-100% with the greatest improvement seen at oxygen saturation levels 

between 30-70% [12]. For the purpose of this project, the most commonly used wavelengths, 660nm and 

940nm were selected. For a chest based pulse oximeter, research showed that the upper sternum provides 

decent readings when the user is still [24].  For the wrist based pulse oximeter, the desired measurement 

location was the radial artery which has shown some success over the ulnar artery on the wrist [25]. 
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 Software Design 4.2
The program used to compute SpO2 and PR from the PPG signals gathered by the sensor is LabVIEW 

System Design Software from National Instruments. Each program created within LabVIEW is known as 

a virtual instrument (VI).  
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5 Methods 

 Photodetection Unit 5.1
The photodetection unit used in this project utilizes LEDs and photodiodes to collect backscattered light 

that travels from the LED, through skin and tissue and is reflected off the bones and subcutaneous tissues 

back into the photodiode. Our ability to measure the PPG and calculate SpO2 comes from the varying 

absorption that occurs as the heart pumps blood through the arteries. For the photodetection unit to 

properly work, the LED and photodiode must be close enough to each other so the photodiode can pick 

up the greatest fraction of backscattered light for the highest possible output and signal to noise ratio. 

 PPG 5.2
The pulse oximeter makes it possible to observe the PPG signal due to the changing of absorbance 

because of arterial blood pulsating throughout the body. In Figure 5.1 below we can see that the PPG 

which is commonly referred to as the pulsatile component or the AC component, is a small percentage of 

the total signal output which is generally riding on top of a large DC offset. This DC offset occurs due to 

absorbencies that are not changing such as skin or other non-arterial tissues which maintain a constant 

absorbance. When attempting to amplify the PPG for closer inspection, it is generally the case that the DC 

component is also amplified and as a result ends up saturating the signal. To properly amplify the PPG 

signal it is best to filter out the DC component through the use of a bandpass or high pass filter. Once 

amplified, the PPG signal can then be used to calculate heart rate either visually or with the aid of special 

software that can calculate the frequency or count the number of peaks in a certain time interval. 

 

 
Figure 5.1: Unfiltered output of a PPG signal with an AC component riding on top of a DC component 

 Filter Design 5.3
To separate the PPG from the output of the photodiodes, it is necessary to filter the signal in such a way 

so that the PPG signal is preserved while other unwanted parts of the signal are attenuated. In the case of 

the PPG and the average pulse rate of a healthy patient, a bandpass filter with a cutoff frequency of 1.5-

2Hz and a narrow bandwidth of 2-3Hz. This will allow for the separation of the AC and DC components 

which is necessary for SpO2 and PR calculations.   

DC 

AC 
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 Software  5.4
Signals were digitized and sampled using LabVIEW DAQ Assistant with analog inputs collected by a 
National Instrument’s Data Acquisition Board with a sampling frequency of 100Hz. The functions of the 
software are described in Appendix A and can provide further detail into the design of the VI used for this 
prototype.  
 

 

 
 
 

 

Figure  is the summarized sequence of software processes which are applied to both the red and infrared 

PPGs.  
 

 
 
 
 
 

 

Figure 5.2: Software flow chart 
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5.4.1 Incoming Signals 

The first block in the Software Flow Chart, in Figure 5.2 is to address the installation of the external DAQ 

Assistant and the completion of its internal task which includes identifying the connected external DAQ 

Assistant with the DAQ Assistant function in the Block Diagram, each of the incoming signal channels, 

and the sampling rate. Since the DAQ Assistant function combines the four incoming signals created by 

the sensor into a single output called data, four Select Signals functions are used to separate and identify 

the incoming signals. The Select Signal functions were used instead of a simple Split Signal function 

because they could be set to single out a one specific signal while a Split Signal would separate the 

signals, but provide no indication of which signal was being produced. To ensure that the DAQ Assistant 

external and internal system was receiving the signals correctly, Waveform Graphs were implemented at 

the output of each Select Signals which when the prototype was running would plot the AC and DC 

components of the red and infrared signals and be compared to the readings of an oscilloscope.  
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Figure 5.2: Configuration of functions to separate incoming signals 
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5.4.2 Filtering 

Next, is the filtering of the red AC signal because of the extra noise that accompanies this signal. The 

infrared AC signal was not filtered digitally because it was a stronger signal due to infrared light not 

being as blood absorbent as red light. A bandpass filtering type was selected because it was necessary to 

eliminate extraneous signal samples above and below the main signal. Since an average pulse rate is 

approximately 60bpm, the amplitude of the signal necessary to produce the average pulse rate is between 

1.5 -2 Hz. This provides the low cutoff with 0.75Hz which is about 40bpm and the high cutoff with 2.5Hz 

which is about 130bpm. The Chebyshev filter topology of the 7th order was implemented because it 

provides a steeper roll-off and minimizes the error between the idealized and the actual filter 

characteristic over the range of the filter. The impact of removing the noise from the signal by using these 

filter parameters can be seen on the sample graphs provided in the Configure Filter menu as seen below.  

 
 

 

Figure 5.3: Configure filter menu 
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In Figure 5.4, the Filter function can be seen connected to a Waveform Graph which allows for 

the visualization of the change of the digital signal after it passes through the filter and confirmation that 

the filter was working. 

 
Figure 5.4: Filter function and graph 

5.4.3 Frequency of Pulse Rate 
Tone Measurements are the function used to determine the frequency of the Infrared AC signal which is 

needed to determine PR. This function has several measurements that it can perform, but for this VI, it is 

only used to measure frequency. Tone Measurements achieves this by searching for the set frequency, 

which is 2±50Hz. This range was chosen because a 2 Hz signal results in the average pulse rate of 

approximately 60bpm, but pulse rate can vary from 40bpm to 150bpm thus the ±50Hz range.  In Figure 

5.5, the Tone Measurement function can be seen connected to both a Numeric Indicator and Waveform 

Chart. In Figure 5.67, the configuration display for the Tone Measurement function is displayed with the 

settings used to measure frequency and plots of the signal before and after the function is applied. 

 
Figure 5.5: Tone measurements output frequency 
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Figure 5.6: Configure tone measurements parameters 

5.4.4 Pulse Rate Calculation 
The PR calculation is the maximum average frequency of the infrared AC signals around 1.5 Hz with a 

±50% search. The highest peaks can be assumed to be the PR because the raw graph of the AC signal, 

while having has some noise, is mostly representative of a clean PPG of the PR. The signal to noise ratio 

is very high resulting in the maximum average frequency measured being the PR.  
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Figure 5.7: Functions used to calculate pulse rate 

 

5.4.5 Spectral Measurements 
Both the DC components of the red and infrared signals were averaged using the Amplitude and Level 

Measurement function and had these averages displayed with numeric indicators. This is necessary 

because to use the DC components of the signals, they need to be quantified into a signal value to be used 

in the SpO2 calculation. 
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Figure 5.8: Amplitude and level measurements functions with numeric indicators 
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Figure 5.9: Configure amplitude and level measurements set to mean (DC) 

5.4.6 SpO2 Calculation 
As mentioned previously, the SpO2 calculation, with A = 110 and B = -25, is:  

   (
(
  

  
)
   

(
  

  
)
  

)                                                                  (4) 

To create this equation in LabVIEW, the divide, add, and multiply functions were used on the already 

processed AC and DC components of the red and infrared signals.  At the end of the configuration of 

functions used to create the SpO2 equation in LabVIEW, which can be seen in Figure 5.11, there is a 

numerical indicator and waveform chart so that the ratio (
(
  

  
)
   

(
  

  
)
  

)  is displayed on the Front Panel and 

monitored to ensure that this section of the VI is working. 
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Figure 5.10: SpO2 calculation 
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5.4.6.1 Limiting Range of SpO2 Measurement 
To receive the desired measurement range of 0-100 for SpO2, the SpO2 equation is first normalized by 

dividing the value produced by the SpO2 equation by 110 and multiplying by 100. This value is then 

passed through a simple logic test. The logic test states if the value is greater than 0 and less than 100 it 

will be displayed on the SpO2 gauge and waveform chart. Otherwise, the value is multiplied by 0 and then 

displayed on the SpO2 gauge and waveform chart. 

 

 
Figure 5.11: The configuration of function that limit the displayed SpO2 

Below are images of the block diagram and front panel of the full VI used in this project. 
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5.4.7 Preliminary VI Test 
To test the VI, four digitally simulated signals were used with a control, a function in LabVIEW that will 

allow the manipulation of a variable while the VI is running, was placed on the amplitude of the red AC 

signal. This control was used to manually increase the red AC signal’s amplitude causing the SpO2 to 

decrease. This test of the VI replicated the oxygen decrease in the blood of a person who was hypoxic.  

Below are images that demonstrate the success of this preliminary test of the VI. Figure 5.15, 

depicts the VI at the start of the test with the amplitude control at 0.5, the control can be seen below the 

SpO2 gage and to the left of the LabVIEW stop button.  Since the amplitude control has not been changed 

yet the SpO2 graph in the upper right of the figure is a straight line and the AC Red Input and Red AC 

Filtered graphs have the relatively large amplitudes of 20Hz. As the amplitude control is slowly increased 

to 21, the SpO2 graph in the upper right of Figure 5.16 shows a steady decrease and the AC Red Input and 

Red AC Filtered graphs now have amplitudes of 0.4Hz.  

The “R” indicator, which displays the ratio value calculated during the SpO2 calculation, is seen 

to increase between the two figures, as it was expected, because it is necessary for the ratio to increase for 

the resulting SpO2 to decrease. The other graphs and indicators do not show a change in between Figure 

5.15 and 5.16 because this was a controlled tested with simulated input signals. 
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 Experimentation/Testing 5.5

5.5.1.1 ECG and Reference Pulse Oximeter Reliability Test 
For measurement and comparison purposes a HOMEDICS Deluxe Pulse Oximeter with transmission 

method for the finger was utilized as a reference along with our pulse oximeter prototype. The reliability 

of the reference pulse oximeter was tested against an ECG Biopac module model 100C.  

Three ECG electrodes were connected to each subject’s right arm, left arm and left leg. Data 

collected from the ECG electrodes were displayed by the AcqKnowledge software and changes in PR 

were monitored on the screen using peak to peak analysis. The pulse oximeter was placed on the subject’s 

index finger. The ECG Biopac module was turned on and one minute of data were collected while the PR 

was monitored by the finger pulse oximeter at the same time. Accuracy and error percentages were 

calculated from each measurement. We calculated the error to be less than +3%, which matches the finger 

pulse oximeter’s specification sheet and deems it suitable to use as a reference. 

5.5.1.2 Wrist Measurements 
The probe of an oscilloscope was connected to the AC infrared outlet of the circuit and to common 

ground. The display of the oscilloscope was set up to segments of 500 milliseconds with amplitude of 2 

volts so the blood pressure wave was clearly visualized. Since the AC component of the infrared outlet 

from the circuit showed a more defined representation of the blood pressure curve than the AC red 

component, the AC infrared component was utilized as a second visual reference for the testing phase of 

the prototype. 

The sensor was strapped tightly to the wrist of the subject by means of a Velcro strap to maintain 

constant pressure while the subject was sitting with his/her arm resting on a table. Although we 

encouraged the subjects to place the sensor directly over the radial artery, the specific location and 

orientation of the sensor varied for each individual since PPG intensity can vary from person to person.  

 

339



49 
 

 
Figure 5.17: Application of the sensor to the wrist (left) and the chest (right) 

The VI is setup to collect data in ten seconds intervals during six minutes. Measurements from 

the reference pulse oximeter, which was worn on the subject’s finger, were taken at the same time that a 

new measurement appeared on our prototype VI. These results were recorded in an excel spreadsheet for 

the corresponding time. Measurants were recorded using the described procedure while sitting and 

standing.  

5.5.1.3 Chest Measurements 
The sensor was then attached to the chest using a longer Velcro strap and positioned directly over the 

sternum to obtain a strong PPG signal. The oscilloscope was set again with a window of 500 milliseconds 

and amplitude of 2 Volts. The pressure applied to the sensor on the chest varies depending on the 

subject’s ability to display a continuous PR wave on the oscilloscope and their comfort level.  The chest 

test was performed while the subjects were sitting and standing over six minutes. 

5.5.1.4 Hypoxia Testing 
The ability of the prototype to reproduce accurate low SpO2 levels was also tested. Here, the sensor was 

strapped around the wrist and data were collected right after asking the subject to self-induce hypoxia by 

not breathing for 45 seconds. Hypoxia test were performed on four different sitting individuals. Only one 

individual was able to show a drop in SpO2 levels after 45 seconds. The lowest SpO2 value observed on 

the reference pulse oximeter was 91% while the VI displayed a value of 93%. 

5.5.1.5 Hyperventilation Testing 
The final test performed was a hyperventilation test in which we measured how well our prototype 

responding the changing values of PR. During this test four different subjects were asked to strap the 

sensor to the wrist and remain calm with their arm extended and relaxed on a table with the reference 

device attached to the finger. The subjects were asking to breathe normally for a 1-minute period to obtain 
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a stable PR. After the initial minute, each subject was then asked to begin hyperventilating for about 4 

minutes. After the hyperventilation period the subjects were asked to breathe normally again for an 

additional minute to conclude the 6 min test and to show a declining PR. The results were compared to 

the reference device and plotted data were produced and shown in the results section. 
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6 Final Design 

 Device Hardware 6.1
For our final design, we took alternative design 1 and modified parts of it for efficiency. For the sensor 

block we increased the number of photodiodes surrounding the LEDs in order to obtain a lower degree of 

sensitivity that would otherwise be present with a smaller amount of photodiodes. More photodiodes also 

results in an increase in the total photodiode surface area which can capture reflected light. 

6.1.1 Sensor 
The design for the sensor module was based on the need for a concentric photodiode arrangement around 

two LEDs, one infrared and one red. Since that a larger number of photodiodes would only benefit the 

device, the group decided to utilize 8 surface photodiodes instead of the 4 that was designated in 

alternative design 1. In Figure 6.1 Figure 6.1 below, we can see the top view of the sensor module that 

the group developed. The red and infrared LEDs are placed in the center of 8 photodiodes which are able 

to pick up light from nearly every angle. The added effect of the photodiodes is also a benefit since 

summing up the current from all eight photodiodes maximizes the fraction of total backscattered light 

collected by the sensor. 

 
 

 
Figure 6.1: Top View of sensor module with photodiodes and LEDs. 

The placement of the LEDs relative to the photodiodes was also important. Since the LEDs were 

much larger than the photodiodes, we had to consider how we could design the sensor so that the LEDs 

and photodiodes were the same level when placed on the skin. Our solution for this was using a two 
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platform design. In Figure 6.2Figure 6.2, we present a side view image of our sensor module with each 

platform labeled. 

 
Figure 6.2: Platform view of sensor module 

The top platform, which is the surface of the device that is placed against the skin, was used 

primarily for the placement of the photodiodes. A rectangular opening was then made in the center of the 

board to allow for the LEDs placed on the bottom platform to protrude through and allow the light to pass 

through the skin. To allow for portability and to reduce the weight of the sensor, we separated the sensor 

module from the actual circuitry and connected 4 wires from the sensor to the circuitry board.   

6.1.2 Circuitry 
To process the signals obtained from the sensor module, we implemented several different signal 

processing techniques which helped to simplify the programming required in the VI. The block diagram 

in Figure 6.3Figure 6.3 shows a simplified view of our circuitry and how it is connected. 
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Figure 6.3: Block diagram of the prototype pulse oximeter 

The LEDs in the sensor module are driven at alternating frequencies of 100Hz with a 2.5ms delay 

between each LED as it is turned on. Figure 6.4 displays the timing diagram of the Arduino 

Microcontroller which is used as an LED driver. The board was programmed so that the first channel (in 

yellow) is ON for 2.5ms and OFF for 7.5ms while the second channel (in green) is OFF for 5ms, ON for 

2.5ms and then OFF for 2.5ms. 
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Figure 6.4:LED driver timing diagram with 2.5ms time increments 

For the photodiodes, we used an op-amp in photovoltaic mode so that the current output of the 

photodiodes is converted to a voltage. The voltage, which is directly related to the amount of light 

collected, is then sent through two Sample-and-Hold ICs (LF398) (S/H) to separate the red and infrared 

signals. To accomplish this, the voltage output by the photodiodes were connected simultaneously 

connected to both S/H and used the LED driver signals for the red and infrared LEDs as the logic driver 

for each S/H respectively.  Each S/H is  able to sample the respective LED to which they are connected to 

and hold that value until the next time the LED is turned on. The output of each S/H provided the AC and 

DC components of the PPG required for calculating oxygen saturation. However, because the AC 

component is generally very tiny compared to the DC component, it was necessary to filter this signal 

further so that the DC component can be removed and the AC component is amplified. The circuit in 

Figure 6.55 Figure 6.5a detailed diagram for each signal processing stage in the block diagram. 
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To filter and separate the AC component from the AC and DC components, obtained from the 

S/H, each respective signal red and infrared was processed through a 2nd order bandpass filter. Both 

bandpass filters were designed with a frequency cutoff of 1.5Hz and bandwidth of 1.5Hz. The rationale 

behind the selected characteristics is that a range between 0.75Hz and 2.25Hz should be enough to 

capture and amplify the signals of almost any individual who is at rest. Although the ideal use for any 

pulse oximeter is to work efficiently at rest and in motion, we felt for the purpose of this project this 

frequency range would be enough to prove a concept and provide accurate enough readings for 

individuals with PR between 45bpm and 135bpm. 

Seeing a lot of high frequency noise riding on top of a DC offset present in the red signal, we then 

implemented an additional high pass and low pass filter for the red AC signal so that the DC offset could 

first be removed and then second so that the high frequency noise could also be filtered out. The last stage 

in the signal processing is the amplification of the respective red and infrared AC signals at which point 

they are ready to be interfaced with the DAQ and processed by the VI. 

 Software  6.2
The final design of the block diagram and front panel of the VI can be seen below. The VI starts by 

accessing the signals from the sensor with the DAQ Assistant and then separating the signals by 

implementing select signals. Once the signals are separated and identified the AC components of the red 

and infrared signals are measured using the peak-to-peak method while the DC components were 

measured by finding their respective averages. The peak-to-peak method was chosen for the AC 

components because it is a straightforward measurement which can be compared to the readings of an 

oscilloscope.  Averaging the DC components was necessary because it provided a single value to be used 

in the SpO2 calculation for each data set sampled.  

Once the signals are processed SpO2 can be calculated as the ratio of the red AC/DC divided by 

the infrared AC/DC multiplied by -25 and added to 110. To provide a SpO2 measurement between 0 and 

100, the SpO2 calculation is then divided by110 and multiplied by 100 so that the value is normalized. To 

calculate the PR, the frequency of the AC infrared signal was measured using the tone measurements 

function and then multiplied by 60 to calculate the PR in beats per minute.  

Since the VI is constantly sampling data as long as the sensor and a power supply is connected to 

it, the VI samples noise and runs the computations for PR and SpO2 even if the sensor is not being worn. 

To avoid this, case structures were used to introduce thresholds which allow the VI to calculate 

measurements when the amplitude of the red and IR AC signals were above a certain level and to output 0 

when these conditions were not met.  
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7 Results 
The VI was set to collect and average data every 10 seconds throughout a 6 minute timespan accounting 

for 36 measurements per data set. The VI was programmed to output SpO2 and PR every 10 seconds at 

which point a second individual that was monitoring the control device recorded the corresponding SpO2 

and PR values displayed by the HOMEDICS pulse oximeter. Subjects were tested while sitting, standing, 

hyperventilating, and during self-induced hypoxia. PPG readings were acquired from both the chest and 

wrist. Each subject was asked to hyperventilate to mimic an increase in pulse rate and each of the subjects 

was also asked to hold their breath for 30 to 40 seconds after a full exhale to induce hypoxia. These tests 

showed the devices ability to detect increasing and decreasing levels of PR and SpO2 respectively. To 

compare the accuracy of our prototype to that of the reference pulse oximeter we calculated the average 

SpO2 and PR for each data set, and then calculated the percent error using the accuracy equation below 

summarized in Table 7.1. 

                  
                 

       
                                          ( )        

 
Table 7.1: Calculated accuracy for the average SpO2 and PR for each data set 

Average 

Measurements 

Reference Prototype Percent Errors 

SpO2 (%) PR (bpm) SpO2 (%) PR (bpm) SpO2 PR 

Wrist 

Standing 
97.9 92.6 97.3 92.8 0.6 0.2 

Wrist Sitting 98.2 82.4 98.4 83.3 0.2 1.1 

Chest 

Standing 
98.1 96.7 98.5 96.5 0.4 0.1 

Chest Sitting 97.8 83.8 98.1 83.9 0.3 0.1 

 

This method was only used for the standing and sitting positions for both chest and wrist 

readings. To calculate the percent error for all the data collected with our prototype, we first used the 
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accuracy equation on every individual measurement taken for each data set and averaged the percent error 

per measurement. To calculate the prototype’s accuracy, we then averaged the percent error for each data 

set to obtain a single value. The accuracy of each data set and the prototype’s final accuracy are shown in 

Table 7.2. Due to the fact that we were focusing primarily on SpO2 for hypoxia and PR for 

hyperventilation, we chose to collect only those measurants during our testing and did not take 

measurements for PR and SpO2 respectively. 

 
Table 7.2: Prototype accuracy based on all data collected 

Measurement Position 
Accuracy (Percent Error %) 

SpO2 PR 

Chest 
Sitting 0.76 3.15 

Standing 0.60 3.09 

Wrist 
Sitting 0.24 4.14 

Standing 0.76 3.75 
Hypoxia  1.50  

Hyperventilation   5.32 
Prototype Accuracy 0.77 3.89 

 
 As seen in a couple of the graphs in the sections below, there were examples of outliers in some 

of the data. These outliers were linked to a corrupted PPG signal in which the PPG was somehow affected 

by factors such as motion artifact or inconsistent pressure. Figure 7.1 shows an example of a corrupted 

PPG, in turn compromising the accuracy of that data point.  

 
Figure 7.1: Example of corrupted PPG 
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 Comparison Graphs 7.1
Comparison graphs are a useful tool when graphically representing our data because it enables to compare 

all the data sets for the prototype and reference devices for one test as a whole. Figure 7.2 displays a 

regression line for the PR data collected from our pulse oximeter prototype on the chest of four different 

subjects over a six-minute period while sitting.  The data are clustered in four different groups, each one 

having a distinctive symbol corresponding to the subject tested. The total PR data obtained from our 

prototype for all four subjects ranges from 55 to approximately 105 bpm. The linear regression equation 

obtained from the data points as well as the statistical coefficient R2 that determines how well the 

regression line approximates a linear trend are shown on the upper left corner of the graph. Table 7.1 

shows that the PR measurements taken from the chest while sitting has a low percent error of less than 

1% when looking at the average of the data and 3% when calculating the accuracy of each individual data 

point.    

The fact that R2 is close to 1 and the slope of the regression line is also very close to 1 show that 

the measurements picked up by the prototype appear to be well correlated with the measurements picked 

up by the reference pulse oximeter. This can also be observed visually by looking at how closely the 

regression line is to the line of identity. 
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In Figure 7.3, a comparison plot referencing the data collected from our prototype on the chest of 

four different subjects while standing over a six minute period is displayed. The measuring scale ranges 

from 80 to 120 bpm with increments of 5 bpm.  The linear regression equation and best fit coefficient are 

shown at the upper left corner. Similar to the regression line presented in Figure 7.2, the regression line in 

this comparison graph shows a slope very close to 1. The statistical coefficient of determination R2, which 

is used in the context of statistical modeling for predictions, is a measure of how good a predicted value 

might be construed from the modeled values. A lower R2 also shows that the correlation coefficient 

denoted as R, is lower than the sitting measurement shown in Figure 7.2. 
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Figure 7.4 displays a regression line for the PR data collected from our pulse oximeter prototype 

on the wrist against the HOMEDICS reference finger pulse oximeter on four different subjects over a six 

minute period while sitting.  The data are clustered in four different groups, each one having a distinctive 

symbol corresponding to the subject tested. The measuring scale ranges from 50 to 120 bpm with 

increments of 10 bpm. The total PR data obtained from our prototype for all four subjects ranged from 52 

to approximately 105 bpm. The graph displays the linear regression line and R2 on the upper left corner. 

In this set of data we observed that the coefficient of variance, R2, and in turn the coefficient of 

correlation, R, to be slightly lower than the values observed from the chest while sitting. When visually 

comparing the regression line to the line of identity, we can conclude that these measurements were not as 

accurate compared to the reference pulse oximeter. 
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In Figure 7.5 a comparison plot referencing the data collected from our prototype on the wrist of 

four different subjects over a six minute period while standing is displayed. The measuring scale ranges 

from 60 to 120 bpm with increments of 10 bpm.  The linear regression equation and best fit coefficient 

are shown on the upper left corner. When comparing the standing wrist measurements to the sitting wrist 

measurements shown in Figure 7.4, we saw that the measurements obtained from the wrist while standing 

appeared to be the least correlated data set. Visually, there appears to be more variations between the 

identity line and the regression line than in other comparison graphs. 
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The plot displayed on Figure 7.6 shows the data points collected from our prototype on the wrist 

of four different subjects over a six minute period with the HOMEDICS reference device attached to the 

finger while hyperventilating. The measuring scale ranges from 50 to 140 bpm with increments of 10 

bpm.  The linear regression equation and best fit coefficient are shown at the upper left corner. One 

characteristic that is quickly observed when looking at this graph is that there is a lower accuracy in these 

measurements than in the previous graphs. This is visible in how the data points are distributed and the 

distance between points. Another aspect of these graphs that was noticed was that there appeared to be 

more outliers present in the data than in the other data sets. 
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The hypoxia testing graph shown in Figure 7.7 was performed on 2 subjects capable of holding 

their breath for more than 40 seconds. SpO2 readings were collected by our prototype pulse oximeter as 

well as by the reference HOMEDICS device. The measuring percentage scale ranged from 90 to 100 with 

increments of 1%. Regression line equation and best fit line coefficient are given at the upper left corner. 

For the purpose of plotting a regression line for SpO2 we found it very difficult to correctly plot a 

regression line when the data had only a 10% range. Considering that for the majority of testing the 

subjects maintained a SpO2 level of 97 or 98% we were only able to measure several small dips to assess 

the responsiveness of our device to changing SpO2 levels. To correctly plot a regression line, one would 

need to change the SpO2 levels over a larger range such as 70-100% in order to have a better idea of how 

well our device compares to the reference pulse oximeter. 
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 73 

 Dynamic Response Plots 7.2
 
Dynamic response plots were utilized in analyzing the data because they show the prototype’s response to 

changing levels of PR and SpO2 over time. These plots in particular were utilized for all of the 

measurements to better understand how our device reacts to varying PR. The fact that the SpO2 levels 

varied very little in most of the measurements doesn’t provide any real indication as to whether the 

prototype is able to response to changing levels of SpO2. To address this, we performed hypoxia tests in 

which we saw the SpO2 level drop to around 90 and plotted those results. 

Figures 7.8 and 7.9 depict the SpO2 and PR measurements during the 6 minute testing period 

respectively. Although the only information we can obtain from Figure 7.8 is that the SpO2 remained 

constant throughout the entire measurement, Figure 7.9 shows the prototypes response to changing levels 

of PR. One feature that was observed was that at times when the PR would ramp up, the prototype would 

instead ramp downwards towards a smaller PR. In fact, it was observed that this occurred 5 times during 

the measurement period. 
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Figures 7.10 and 7.11 display the dynamic response plots for the chest measurements of one 

subject while sitting.  Although it was observed that the prototype’s measurements bounced around 98% 

and 99%, this still doesn’t give us any real interpretations as to how the prototype can handle different 

values of SpO2. Figure 7.11 displays the changing PR measurements over time, depicts the variations in 

PR of an individual at rest. We did notice from this chart that while our prototype appeared to be 

following the general trend of data and PR variability, there was indeed quite a number of errors in the 

measurements. Some cases of overshooting and undershooting were observed as well as certain data 

points which appeared to almost be delayed PR values of the reference pulse oximeter.   
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Figures 7.12 and 7.13 display the dynamic response plots for the hyperventilation trials. Both 

figures display varying PR’s for two subjects during the 6 minute measurement period. Plot 1, depicted as 

Figure 7.12 shows a very high correlation between the prototype and the reference pulse oximeter. This is 

evident in the proximity of the data points between the prototype and reference pulse oximeter as well as 

the general trend that the chart follows. However, it was noticed that at 80 seconds, there was an 

unexplained drop in PR from the 75-80 range to a PR value of 53. The reason for this was believed to be 

due to corrupted PPG signals during that 10 second duration of measurements. Figure 7.1 shows how a 

corrupted PPG signal appears. Since our method for calculating PR is by searching for the highest 

amplitude around a specific frequency, any high frequency noise presented either through ambient light 

picked up by the sensor or by motion artifacts would slant the power spectrum of the signal which in turn 

would provide false PR calculations for that interval of data. Figure 7.13 shows similar drops in PR as 

well due to corrupted PPG signals. One difference observed in Figure 7.13 was that the data were not as 

closely correlated as in Figure 7.12. 
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 82 

 
Figures 7.14 and 7.15 depict the PR and SpO2 measurements during the 6 minute testing period 

from the wrist as the subject was sitting, respectively. Figure 7.14 shows the prototypes response to 

changing levels of PR. In general this set of data appears to be very closely correlated and only contains 

one measurement in which the PR overshoots the reference by about 4bpm. In Figure 7.15 we can 

observe a small dip at the beginning of the measurements in the SpO2 but otherwise, the SpO2 levels 

stayed constant throughout the entire measurement. 
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 85 

Figures 7.16 and 7.17 depict the SpO2 and PR measurements during the 6 minute testing period 

from the wrist as the subject was standing. In Figure 7.16 we observe a constant bouncing of SpO2 

between 98 and 99% for our prototype and a dip in SpO2 at around 2 minutes into the measurements. 

Figure 7.17 shows the prototypes response to changing levels of PR while the subject was standing. Apart 

from two moments of undershooting in which the value displayed on the prototype was lower than the 

value displayed on the reference device, the rest of the data appeared to be slightly less well correlated 

than when the subject was sitting.  
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 88 

To accurately see how well our device responded to sudden drops in SpO2 we asked our subjects 

to hold their breaths for 45 seconds in hopes that a drop in SpO2 could be observed. Figures 7.18 and 7.19 

display two separate plots for induced hypoxia. In Figure 7.18 the moment of induced hypoxia can be 

observed at around 120-160 seconds in which the SpO2 dropped from 99 to 91% in the reference pulse 

oximeter and 97 to 93% for the prototype. While the drop in SpO2 for the prototype was not as sudden as 

it was for the reference pulse oximeter, it does in fact validate the claim that our prototype does respond 

to changing levels of SpO2. In Figure 7.19 we observe two moments of induced hypoxia, once at 150 

seconds and later at 230 seconds. We also observed what appeared to be a delay between our prototype 

and the reference pulse oximeter when the drops in SpO2 occurred. 
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 Residual Plots 7.3
Residual plots were also utilized in analyzing the hypoxia and hyperventilation tests. To graph the 

residual plots, we calculated the average between the observed measurements from the reference device 

and our prototype, the difference between each observed measurement, the average of the difference 

between each observed measurement number, and the standard deviation of the differences. Using these 

calculations we then plotted the averages of the individual measurements on the horizontal axis and the 

difference between measurements on the vertical axis. A solid black line was then plotted to represent the 

average of the differences, and two dashed black lines to represent + 2 standard deviations around the 

average of the difference of measurements. Figures 7.20, 7.21 and 7.22 show the residual plots for the 

hyperventilation testing. All of these plots show that at least 95% of the data falls within the two standard 

deviations meaning that the differences between the reference device and the prototype are normally 

distributed. Although 95% of the data in each figure does fall within the two standard deviations, Figure 

7.22 shows the best representation of a high correlation between the reference device and the prototype. 

Most of the data shown in that plot is much closer to the average of the differences, shown as the black 

solid line.  
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 95 

Figures 7.23 and 7.24 show the residual plots for the hypoxia testing. The data in both plots 

appear to be slanted to one side due to there not being a large enough SpO2 range to effectively measure. 

However, one positive to note from these plots is that the majority of the residuals in both plots appear to 

fall within two standard deviations of the average difference. 
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8 Discussion 
When creating a device such as a pulse oximeter which requires the acquisition of signals such as PPGs, it 

is difficult to ensure the integrity of the signals that are acquired. This causes the placement of the sensor 

on the wrist and chest to be very important. We were able to obtain fairly strong PPGs from the wrist and 

chest because of the stronger signals due to the high levels of bone and subcutaneous tissues in these 

locations.      

The summarized results suggest that recorded wrist measurements were more accurate than chest 

measurements. For the standing and sitting measurement tests obtained from the wrist, the errors obtained 

were 0.6%, and 0.2% for SpO2 and 0.2%, 1.1% for the PR, respectively. While the measurements from 

the chest obtained errors of 0.4% and 0.3% for SpO2 and 0.1%, and 0.7% for the PR, respectively for the 

same test conditions. There are many factors that could contribute to the difference in the percent errors 

for the two different locations. When the sensor was placed on the wrist, it was placed over the radial 

artery which could have given stronger signals as opposed to those gathered from the chest where the 

sensor was simply placed over the sternum. One factor noticed was when the sensor is placed on the 

chest, the device became subject to increased motion artifact from breathing. The motion the chest makes 

when each subject took a breath in some cases moved the device on the skin and could have also 

prevented it from being in constant contact with the skin. Another factor that could have affected this is 

the pressure at which the device was strapped on. If there was too much or too little pressure, the signal 

strength could change, in turn changing the results. For this device to be considered a success, the percent 

error for all tests must remain at ±3. Although these factors did not affect the accuracy of the device in an 

extremely negative way as displayed in the results, they were cause for a slightly higher percent error in 

data taken from the chest. In these cases it was noticed the sensor would allow ambient light to be picked 

up by the photodetectors. It was observed that when this occurred, the sensor output would completely 

saturate due to the high amplification we utilized for signal analysis. 

The standard tests of standing and sitting while taking measurements from the chest and wrist 

showed that the prototype could accurately and continuously measure SpO2 and PR. While the hypoxia 

and hyperventilation tests demonstrated that the prototype can respond to various SpO2 and PR 

measurements respectively. The comparison graphs were used to plot each set of data for each test on one 

graph together. In these graphs, the reference device was plotted against our prototype to see the 

correlation between the two. Each different marker corresponds to a different subjects’ data taken. The 

identity line represents a line with a slope of 1. This was useful to plot in the comparison charts because it 

represents the slope our data is expected to follow when comparing devices as such. The regression line in 

these plots models the relationship between the reference device and our prototype. In figures 7.2 and 7.3 
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displaying PR data, the regression line has a slope of .93 and .93 respectively. These slopes show the high 

correlation between the reference device and our prototype for both the chest sitting and standing results 

when measuring PR. In figures 7.4 and 7.5 displaying PR data, the regression lines have a slope of .89 

and .73 respectively, also showing a high correlation between the reference device and our prototype for 

the wrist sitting and standing when measuring PR. When testing the devices ability to detect changing PR 

and SpO2, the group only took measurements from the wrist. This was decided because of the increased 

accuracy in the measurements taken from the wrist. Figure 7.6 displays the PR data for the 

hyperventilation testing. The slope of the regression line here is .88 showing that our device is able to 

accurately detect changes in PR that would mimic those of exercise. Figure 7.7 displays the SpO2 data for 

hypoxia testing. The slope of the regression line here is .33 which would normally indicate that the device 

does not have a high correlation with the reference device however, because SpO2’s measurements are on 

such a small scale, even the slightest of discrepancies would cause a big change in the slope of the 

regression line. It is for examples like this that it was necessary to analyze the data in more than one way 

and to have more than one form of graphical representation.  

The dynamic response plots were used to see the prototypes response to PR and SpO2 as opposed 

to the reference devices response over time. Each graph contains a line representing the prototype and a 

line representing the reference device. While the plots here for the chest while sitting and standing and the 

wrist while sitting and standing show that the measurements from our prototype remain in close proximity 

to those of the reference device, the most valuable plots are those done for hyperventilation and hypoxia. 

Figures 7.12 and 7.13 show that the prototype can react to changing levels of PR as fast as the reference 

device does and with high accuracy. In figure 7.12 at about 75 seconds in and in figure 7.13 at about 250 

seconds there are noticeable outliers in the PR measurement from the prototype. The outliers for each 

subject went from a regular PR, around 90bpm, to values of about 40 or 50bpm. To verify whether this 

was due to abnormal PPG data or the software, the PPG data gathered by the VI was re-examined for the 

specific periods of time in which the outliers occurred. It was discovered that these outliers were 

primarily due to corrupted PPG data. Figure 7.1 shows a portion of the PPG data with corrupted readings 

which could be due to motion artifacts introduced by the subject through sudden movements. Another 

possibility for the corrupted data could be related to the amount of pressure applied to the sensor when it 

was placed on the subject. Figure 7.18 shows one drop in SpO2 during induced hypoxia at about 150 

seconds while figure 7.19 shows two drops in SpO2 during induced hypoxia at 160 seconds and at 230 

seconds. Both the prototype and the reference oximeter registered the drops in oxygen saturation, though 

the drop observed by our prototype was less than that of the reference device. This test demonstrated the 

prototype’s ability to detect a decrease in SpO2 with some degree of accuracy.  
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 Residual plots were used to show by how much the prototype is likely to differ from the reference 

device. These plots allow us to see if there are any large discrepancies between the reference device and 

the prototype that would otherwise not be seen in the comparison charts. Figure 7.22 shows one of the 

residual plots for hyperventilation testing. In this plot we can see that there is not a large difference in the 

data gathered from the reference device and the prototype as all the data is fairly close to 0 and well 

within the 2 standard deviation limits showing that our data is normally distributed. Figures 7.20 and 7.21 

show the remaining two residual plots for hyperventilation. These two plots show a much larger range of 

difference between the reference device and the prototype however, 95% of the values are within the 2 

standard deviation limits and that the data is normally distributed as well. Figures 7.23 and 7.24 show the 

residual plots for hypoxia testing. These two plots show that the differences between the reference device 

and the prototype are very small ranging from a difference of either 1 or 2 and shows that 95% of these 

data points are also within the 2 standard deviation limit showing that our data is normally distributed.     

From the data presented in Table 7.2, the accuracy of the PR measurements ranged in percent 

error between 3-5% for every single data set. From this it was concluded that while the tone 

measurements function in LabVIEW is a simple and effective method for calculated PR, it introduces a 

high degree of error since it is programmed to seek the highest amplitude frequency. For SpO2 a low 

percent error was maintained for all the stationary measurements, but there was a decrease in accuracy 

when the prototype was experiencing changing SpO2 levels. To ascertain a more precise accuracy for the 

prototype, further testing should be done in which the SpO2 levels range from 70-100%. 

  

391



101 
 

10 Summary 
 
This project started with the goal of designing and building a wearable reflectance-based pulse oximeter 

that could measure SpO2 and PR accurately from the chest and wrist. A literature search was the 

conducted exploring pulse oximetry theory, application methods, and commercial products. After which, 

alternative designs for a reflectance-based pulse oximeter were considered. Assessing the benefits of each 

alternative design, a design consisting of 8 photodiodes positioned concentrically around 2 LEDs, one red 

and one infrared at wavelengths of 660nm and 940nm, respectively, was selected. In the circuitry, an 

Arduino Duo microprocessor was used as the LED driver and the logic driver. Sample-and-Hold circuits 

were utilized to separate the appropriate signals for red and infrared light with analog bandpass filters 

implemented to isolate the AC component of the PPG waveforms from the DC component. Stages of 

operational amplifiers were also used to amplify the original signal created by the sensor and amplify the 

AC signals which were representative of the PPG fluctuations.    

The software for this project was developed in the program LabVIEW to further filter the signals 

and calculate SpO2 and PR. For the calculation of PR, tone measurement function was used inside of 

LabVIEW which searches for the highest amplitude signal around a custom set frequency. Expecting the 

frequency of the range of PRs to lie between 1Hz and 3Hz, the function was set to search around 2Hz 

with a window of + 50%.  This method was very effective in calculating the PR frequency and chose to 

stay with it rather than opting for a peak to peak analysis. The PR frequency was then multiplied by 60 to 

have the final PR values in beats per minute. 

For the calculation of SpO2 several functions inside of LabVIEW were used to obtain these 

values. For the AC signals, a function called AC & DC estimator which effectively measured the 

amplitude of every single amplified PPG fluctuation and then averaged this amplitude over 10 seconds 

worth off PPG data. To obtain a DC value for both red and infrared signals, the amplitude and level 

measurements function was used to average 10 seconds worth of data and come up with a constant value 

for the DC. These methods were found to be satisfactory for calculating the red and infrared AC and DC 

values due to the small variation in the signal once placed on the skin of an individual. Variations in the 

signal were only noticeable if the sensor was moved or if the subject moved during testing. For 

calculating SpO2, equation 2 was used with variables A= 110 and B = -25. The value for SpO2 was then 

normalized so that it is out of 100% and then plotted on a chart as well as having a visual gauge as a 

reference with a range from 0-100% SpO2.  

Tests were performed using our prototype and a HOMEDICS Deluxe Pulse Oximeter as a 

reference. For the chest measurements, the sensor was placed directly over the sternum while for the wrist 

measurements the sensor was worn on the left arm over the radial artery. Depending on the signal 
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intensity for each subject there were variations in the specific location over the radial artery in which the 

sensor was placed on to collect measurements. The pressure of the sensor on the skin was adjusted using a 

Velcro strap which went around the wrist and chest. The testing performed allowed for the collection of 

measurements from the chest and wrist while sitting and standing. Tests of hypoxia and hyperventilation 

were also performed to observe the responds of the prototype to changing levels of SpO2 and PR. Many 

of the subjects had trouble holding their breaths for the allotted 45 seconds thus the lowest SpO2 levels 

observed were 91%. From the gradual increase and decrease of PR, the prototypes response to changing 

PRs was observed. The VI was set to sample at 25 samples per second for 250 samples each 

measurement. Every 10 seconds, the VI would display 10 seconds worth of PPG waveforms, as well as 

the calculated PR and SpO2 for the last 10 seconds. To maintain the same sampling rate as the prototype, 

the SpO2 was also sampled and PR values of the reference pulse oximeter every 10 seconds to coincide 

with the results picked up by the VI. 

Once all of the measurements were taken, the data were analyzed using several different 

techniques. The averages of each data set were taken for both measurants from which the accuracy of the 

prototype to that of the reference pulse oximeter was calculated and comparative graphs were created. 

Regression lines were also calculated and plotted for each set of measurements and compared to an 

identity line with a slope of 1 and a y-intercept of 0.  

The hypoxia and hyperventilation measurements demonstrated how the device would perform 

with changing SpO2 and PR levels. To this effect, dynamic response graphs were plotted for each 

measurement. For the hypoxia and hyperventilation tests, respective prototype and reference pulse 

oximeter SpO2 values over time were plotted. Induced hypoxia resulted in lowered levels of SpO2 and 

showing a similar response in both the prototype and the reference pulse oximeter. During 

hyperventilation, rising PR on each subject were observed with the prototype and reference pulse 

oximeter. Lastly, residual plots were also created for the hypoxia and hyperventilation tests to investigate 

how our device differs from the reference device. This was accomplished by calculating the difference 

between the prototype and reference pulse oximeter for each measurement.  
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11 Conclusion 
Based on the experimental results derived several conclusions can be drawn. Through the testing 

performed on the prototype pulse oximeter we observed that it is in fact possible to measure SpO2 and PR 

from the wrist and chest with a reasonable level of accuracy. The SpO2 measurement contained an error 

of less than +1% and the PR measurements less than +4%. However the prototype does still need some 

improvement to increase the accuracy of the PR. Though simple to implement, the algorithm currently 

being used in calculating PR did not provide the level of accuracy required for a FDA regulated 

commercial device.  
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12 Future Improvements 
While the hardware and software components of this project met the project goals in that they were able 

to measure PR and SpO2, there are several improvements we could make in the future for the device to 

meet industry standards. One aspect of the hardware construction which we never really tackled was 

designing a PCB model. For the purposes of our project it was simpler to use a breadboard since 

adjustments were constantly being made with the hardware components to test different settings and for 

troubleshooting. A factory fabricated PCB board would give us the possibility to start planning for 

portability and how the device could be attached to the patient. While our design for this project involved 

a separate module for the LED and photodiode sensor from the actual circuitry, it could be possible to 

integrate everything in one board once a PCB design is fabricated. A PCB design would allow us to use 

smaller components in the circuit and minimize the size of the sensor as well as the accompanying 

circuitry.  

Another future improvement which could be implemented is the use of a National Instruments 

LabVIEW embedded microcontroller. This would not only minimize the amount of components used in 

the circuitry but would also remove our prototypes dependency on being connected to a desktop PC 

running LabVIEW in order for the device to work. An embedded microcontroller would allow us to add 

an LCD display which could show both SpO2 and PR to the patient. Another benefit for using an 

embedded microcontroller would be that circuit designs such as the Sample-and-Hold and the bandpass 

filters would no longer be necessary as analog components since these functions can be programmed 

digitally in LabVIEW. 

The hardware casing should also be redesigned to be not only more aesthetically pleasing but also 

fully wireless so that it can be worn anywhere. Currently as it stands, our prototype is fairly bulky and 

requires a constant connection to a desktop PC. Weight is also an issue since the enclosure for our 

circuitry is an aluminum box with dimensions of 5” x 3” x 3”. We feel that with the development of a 

PCB design, the overall size requirement for the casing would also dramatically decrease. Another aspect 

of the casing we would like to see changed is using a hard polymer shell instead of an aluminum box. A 

plastic casing would be easier to design in any modeling software and would be more easily manufactured 

with the use of molding techniques. Current developments in 3D printers with plastics would also make a 

plastic casing an easier option for manufacturing.  

To make the device fully portable, wireless connectivity should be considered for future 

improvements. Wireless connectivity, whether through WIFI, Bluetooth or NFC would not only remove 

from the user the burden of having wires running through the body but would also provide easier access 

of SpO2 and PR measurements. Although battery consumption might be an issue, a wireless pulse 

oximeter would be more user friendly and increase mobility for the user. The possibility of being able to 
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display these measurements on any smartphone or other portable wireless devices is another advancement 

that could make this device increasingly valuable for patients and clinicians. 
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Appendix A: Description of LabVIEW  
Discussed below are the functions used in the construction of the program that was used in this study.  

 

While loop is a structure that allows for the continuous sampling of input signals and the application of 

the diagrams placed within it. 

 

 
Figure A.1: While loop 

When placed in the block diagram, the DAQ assistant launches creating a new task. The task was to 

identify the signal provided by the external DAQ and set sampling parameters.   The task can be edited by 

double-clicking the DAQ assistant. For continuous measurement a while loop should be placed around 

the DAQ assistant. 

 

 
Figure A.2: DAQ Assistant 
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Figure A.3: DAQ assistant task 
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Figure A.4: DAQ assistant task with open details 

Select signals accepts multiple signals as inputs and returns only the signals selected allowing the user to 

specify which signals to include in the output. 

 

 
Figure A.5: Select signals 

The filter function filters a signal using an infinite impulse response or finite impulse response filter 

which removes or attenuates unwanted frequencies from a signal using various standard filter types and 
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topologies continuously. In this instance the Chebyshev filter was used because Chebyshev filters 

minimize the error between the idealized and the actual filter characteristic over the range of the filter. 

 
Figure A.6: Filter function 

 
Figure A.7: Filter function parameters 
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The tone measurements function finds the signal with the highest amplitude or searches a specified 

frequency range to find the single tone with the highest amplitude and also can find the frequency and 

phase. In this instance, this function is used to find frequency. 

 

 
Figure A.8: Tone measurements function 

 
Figure A.9: Configuration of the tone measurements function 
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Amplitude and level measurements performs voltage measurements on a signal, such as an average of the 

DC component of the signal, the maximum peaks, and the mean level of one complete period of a 

periodic input signal. 

 
Figure A.10: Spectral measurement function 

 
Figure A.11: Configuration of the spectral measurements 
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The AC&DC estimator.vi applies the Hanning window, which separates most of the AC energy from the 

DC bin, allowing the estimation the AC and DC levels of the input signal. 

 
Figure A.12: AC & DC estimator.vi 

Divide computes the quotient of the inputs. 

 

Figure A.13: Division 

Round to nearest integer rounds the input to the nearest integer. If the value of the input is midway 

between two integers, the function returns the nearest even integer. 

 

Figure A.14: Round to nearest integer 

Multiply returns the product of the inputs. 

 

Figure A.15: Multiply 

 

 

 

404



114 
 

Add computes the sum of the inputs. 

 

Figure A.16: Add 

The greater than function returns TRUE if x is greater than y and returns FALSE if y is greater than x. 

 

Figure A.17: Greater than function 

The less than function returns TRUE if x is less than y and returns FALSE if y is greater than x.  

 

Figure A.18: Less than function 

The and function computes the logical AND, meaning if both inputs are TRUE, the function returns 

TRUE and otherwise it returns FALSE. 

 

Figure A.19: And function 

Case structure has multiple sub diagrams, or cases, with only one case executing when the structure 

executes. The execution can be controlled by wiring a value to the case structure which will determine 

which case to use.  
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Figure A.20: Case structure 

Above is the numeric indicator that displays values continuously. The image on the left represents the 

function in the block diagram while the image on the right represents the function in the front panel that 

displays the commuted values.  

 
Figure A.21: Numeric indicator (left: block diagram, right: front panel) 

The gauge indicator is a continuous numeric indicator. The image on the left represents the function in 

the block diagram while the image on the right represents the function in the front panel that displays the 

commuted values.  

 
Figure A.22: Gauge indicator (left: block diagram, right: front panel) 

 
Waveform graph is a graphic indicator that evenly plots sampled measurements. The image on the left 

represents the function in the block diagram while the image on the right represents the function in the 

front panel that graphs the commuted values. 
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Figure A.23: Waveform graph (left: block diagram, right: front panel) 

Waveform chart is a numeric indicator that plots data at a constant rate and maintains a history of the data. 

The image on the left represents the function in the block diagram while the image on the right represents 

the function in the front panel that graphically records the commuted values. 

 
Figure A.24: Waveform chart (left: block diagram, right: front panel) 
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Appendix B: Bill of Materials  
 

Item Vendor Part Number Quantity Price 

Photodiodes Allied Electronics BPW34 8 $18.80 

940nm Infrared LED Radioshack 276-143 1 $2.49 

660nm Red LED Radioshack 55050641 1 $1.44 

Round Fiberglass 

Copper Boards 
Radioshack 276-004 1 $5.49 

Bread Board Radioshack 276-003 1 $9.99 

LF398LN Mouser LF398N/NOPB 2 $3.08 

LM348 Quad Op-Amp 
Obtained from 

BME Lab 
 3 $1.99 

Velcro Strap Home Depot 90340 1 $9.27 

Aluminum Box 

Enclosure 
Radioshack 270-238 1 $3.49 

Double sided tape Home Depot 285189 1 $6.97 

Arduino Duo 

Microcontroller 
Radioshack 276-128 1 $29.99 

   SUM $93.00 
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Appendix D: Filter Bode Plots 
The bode plot in Figure D.1  was generated online using an online filter calculator which allows 

you to input the filter characteristics and the calculator will output appropriate resistor and capacitor 

values. In the case above, the filter was a bandpass filter utilized in analog form in the circuitry directly 

after the Sample-and-Hold circuits. The filters consisted of a frequency cutoff of 2Hz and a bandwidth of 

2Hz to effectively cover a range between 1Hz and 3Hz.   

 
Figure D.1: Active analog bandpass filter plot 

In Figures D.2 and D.3 we show two analog filters that were implemented in the circuitry for the 

red AC signal. We noticed that the red AC signal still contained a DC offset even after the bandpass filter 

and as a result decided to implement two more analog passive filters, one a high pass filter with an fc of 

0.1Hz and the other a low pass filter with a fc of 5.3Hz. This not only reduced the DC offset that was 

present in the red AC signal but also reduced any noise present. 
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Both Bode plots and phase diagrams were generated online through a similar calculator for RC Lowpass 

and RC High pass filters. The calculations for these filters were also done to check for errors.  

 
Figure D.2: High pass filter with fc of 0.1 Hz 

 
Figure D 3: Low pass filter with fc of 5.3 Hz 
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In Figure D.4 we show the magnitude response and the phase response of a 7th order Chebyshev 

digital filter which was implemented in LabVIEW for the purpose of cleaning up the red AC signal to a 

further extent. This Bode Plot and phase diagram was generated using the Signals Toolbox in LabVIEW 

which allows one to see the magnitude response and the phase response of a filter as its being developed. 

 

 
Figure D.4: 7th order Chebyshev digital filter with low fc of 0.75 and high fc of 2.5 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

421



APPENDIX Q 

422



423



424



425



426



427



428



429



430



431



432



433



434



435



436



437



438



439



440



441



442



443



444



445



APPENDIX R 

446



Optical Oximetry Sensors for 
Whole Blood and Tissue 

he oxygen saturation of hemochromes 1) lack of adequate calibration procedure T such as hemoglobin, myoglobin, and in vivo, 2) unknown distribution of arte- 
cytochromes yield useful information for rial-to-venous blood volume in tissue, 3) 
evaluation of patients in various clinical unknown optical path-length in tissue, and 
settings. In particular, clinical measure- 4) lack of an appropriate mathematical 
ments of hemoglobin saturation in major relation to calculate tissue hemoglobin 
vessels and cardiac chambers have been 
reported during catheterization for detec- 
tion of cardiac shunts [ 1-21, for estimation 
of cardiac output from arterio-venous 
oxygen difference via Fick's principle [3], 
and for monitoring patients with various 
cardiac diseases [4-61. During surgical 
procedures and recovery from anesthesia, 
hemoglobin oxygen saturation has been 
utilized for early detection of hypoxia [7- 
81. And in the care of fetuses and neonates, 
oxygen saturation data are useful [9-121. 

The measurement of oxygen saturation 
in humans goes back to the 1940s, when 
Millikan devised an instrument to measure 
arterial saturation from the forehead 1131. 
This was followed by various workers 
including Brinkman, Wood, Sekelj, Tait, 
et al., who noninvasively estimated arte- 
rial saturation as well as tissue oxygen 
saturation [14-171. The works by Wood 
and co-workers resulted in ear oximeters, 
and the contributions by Sekelj, et al. ad- 
vanced this device. In the 1960s, solid 
state devices such as the light emitting 
diode and photodiode were introduced to 
make a miniature skin reflectance sensors 
and also intravascular measurement sys- 
terns by utilizing fiber optic guides. The 
fiber optic intravascular oximeter devel- 
oped by Polanyi and Hehir [ 181 became 
the basis for the modem invasive oxime- 
ter. 

In the 1970s, Cheung and Reynolds 
[ 19-20] modeled the optical fiber system 
in blood, based on the photon diffusion 
theory developed by Johnson [21]. Non- 
invasive skin and tissue reflectance 
oximeters were also developed by Cohen 
and Takatani [22-231 in the late 1970s, 
with optical propagation in the medium 
modeled utilizing one-dimensional and 
three-dimensional photon diffusion the- 
ory. Contrary to the transport theory ap- 
proach, Lubbers, et al. [24-251 utilized the 
multi-component approach in combina- 
tion with Monte-Carlo simulation in ana- 
lyzing the tissue spectra. However, 
problems of the earlier workers included 

' 

Setsuo Takatani 
Jian ling 

Department of Surgery 
Boylor College of Medicine 

saturation in vivo. 
In the early 1980s, the innovative ap- 

proach of pulse oximetry, which com- 
bined the principle of conventional optical 
oximetry with the plethysmographic prin- 
ciple, offered a means of noninvasively 
estimating arterial blood oxygen satura- 
tion [26-301. This instrument assumes that 
the forward scattered plethymographic 
pulsatile signals are due to arterial blood, 
and noninvasively measures arterial satu- 
ration from the finger tip or the ear lobe. 
Most operating rooms and intensive care 
units today are equipped with this device. 
Another innovative approach is the use of 
a very narrow light pulse (on the order of 
picoseconds) or ultra high frequency sig- 
nal (on the order of SO0 MHz) to measure 
transit time of light signals through tis- 
sues. These techniques characterize the 
tissue optical properties of absorption and 
scattering, from which absolute tissue 
oxygen saturation can be estimated [3 1 - 
341. Although this approach is still in the 
experimental state, it offers an absolute 
determination of tissue oxygen saturation 
as well as an image of the tissue oxygen 
field in a three dimensions [3S-361. 

This article reviews the optical tech- 
niques applied to the determination of in- 
travascular hemoglobin oxygen saturation 
as well as the noninvasive estimation of 
arterial and tissue saturation. Although in 
skeletal muscles and brain tissues myo- 
globin and cytochrome analyses have 
been demonstrated [37-381, their effects 
upon absorption and reflection spectra of 
tissues are small. Thus, this review is fo- 
cused only upon measurement of hemo- 
globin saturation. 

Basis of Optical Oximetry 
Optical oximetry can be classified into 

a) transmission or forward scattering and 
b) reflection or back scattering type (Fig. 
1). In forward scattering, a target area is 
illuminated with a light source, and trans- 
mitted or forward scattered light is ana- 
lyzed.  I n  the ref lect ion mode ,  

June/July 1994 
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(a) TRANSMISSION OR 
FORWARD SCATTERED MODE 

FORWARD SCATTERED 
LIGHT 

(b) REFLECTION OR BACK- 
SCATTERED MODE 

\ 
)ABSORBING AND SCATTERING MEDIUM , 

BACKSCATTERED LIGHT 

1. Principle of (a) transmission or forward scattered, and (b) reflection or backward 
scattered optical spectroscopy. 

X i  W6cm2/Eq 

a 

a band fl I 

nm WAVELENGTH 

2. Absorption spectra of hemoglobin, myoglobin, bilirubin and cytochrome aa3 in 
visible and near-infrared wavelength. 

backscattered light from the specimen is 
sampled to estimate the oxygen saturation. 
In both methods, absorption (K) and scat- 

tering (S) properties of the tissue sample 
plays a major role. In particular, wave- 
length dependent absorption properties of 

various species such as hemoglobin, myo- 
globin, cytochrome aa3 contained in the 
tissue sample will affect the measured 
transmittance and reflectance. 

Figure 2 shows the absorption spectra 
of these hemochromes in the visible and 
near-infrared regions [39-401. In normal 
tissue, when the transmission and reflec- 
tion spectra are examined, they strongly 
depend on the absorption spectra of hemo- 
globin, since the concentration is much 
greater than other species. 

Absorption Constant 
In relation to blood and tissue 

oximetry, absorption of light by hemoglo- 
bin in the wavelength ranges between 450 
and 550 nm is significantly larger (about 
10 times) in comparison to the wavelength 
range between 650-1000 nm (Fig. 2). 
Bench top oximeters usually sample ab- 
sorption spectra at around 550 nm, while 
intravascular and tissue oximetry utilize 
the wavelength range of 650- 1000 nm. 
The wavelength of 805 nm is called isos- 
bestic, where there is no absorption differ- 
ence  between the oxy-  and  
deoxy-hemoglobin. 

As the hemoglobin is contained inside 
the red blood cells (RBC), a microscopic 
absorption cross section of RBCs, (3 in p2, 
is usually used to describe absorption 
properties, either as oxygenated cross sec- 
tion, so or deoxygenated, or. Microscopic 
absorption cross section of RBCs can be 
derived from the specific absorption coef- 
ficients of hemoglobin using the known 
absorption cross section at a specific 
wavelength. The macroscopic absorption 
constant of blood, Kb in mm-' is obtained 
by multiplying the microscopic cross sec- 
tion, (3, by concentration of RBCs (hema- 
tocrit, Hm), i.e., Kb = HdV.  For a given 
oxygen saturation SO2 of whole blood, Kb 

is expressed as a linear sum of o,, and Or 

as follows: 

A compound system of tissue can be 
treated as a homogeneous mixture of blood 
and blood-less tissue, and blood volume 
fraction, Vb, can be used to obtain the net 
absorption constant of tissue, KT, as follows: 

where, Kt is the macroscopic absorption 
constant of the blood-less tissue. Typical 
Kt values of various tissues range from 
0.03 to 10.0 mm-l [37, 41-46]. Further, 
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blood in tissue can be treated as a sum of 
arterial and venous blood, and Vi, can be 
given as: 

where Va and Vv are the arterial and ve- 
nous fractional blood volume in tissue, 
respectively. Equation 1 can be divided 
into a component for arterial saturation, 
SaOz, and the one for venous saturation 
Sv02  as follows: 

where Kba and K b v  are the macroscopic 
absorption constants of arterial and ve- 
nous blood, respectively. Then, The net 
absorption constant due to mixture of the 
arterial and venous blood, Kb’ becomes: 

Thus, the net absorption constant of the 
tissue becomes 

The net tissue oxygen saturation, SO~T,  
averaged over the arterial and venous 
blood, can be expressed as: 

nearly equal in all directions (isotropic 
scattering), and rapidly decreases with 
wavelength. When the wavelength and in- 
homogeneities are about the same size, the 
scattering is stronger, is more forward-di- 
rected, and decreases roughly inversely 
with the wavelength. Scattering from 
large inhomogeneities is highly fonvard- 
directed and only weakly dependent on 
wavelength (Mie scattering). 

The RBC is biconcave in shape, with 
outer diameter of about 8 pm and average 
thickness of about 1 pm. The average vol- 
ume of a human RBC is about 87 pm3. 
Again, the microscopic scattering cross sec- 
tion of a RBC is defined as os, where this 
value denotes total scattering cross section 
and comprises forward scattering cross sec- 
tions os+, and backscattering cross section 
G . T h e  index of anisotropicity is defined as: 
w = (OS+- ( T ~ ~ ( c s ~ +  0;). When the particle is 
totally forward scattering, w = 1, while to- 
tally backscattering, w= - 1. The w of RBC 
ranges from 0.7 to 0.967, and is strongly 
forward scattering. The scattering charac- 
teristics of RBC and tissue components are 
wavelength dependent. The backscattering 
cross section of RBC in the visible and 
near-infrared regions is approximately con- 
stant. In the near-infrared region above 800 
nm, since the absorption by the hemoglobin 
is smaller, the light particle can propagate 
deeper into tissue. Scattering cross sections 
of the RBCs have been described theoreti- 
cally using a sphere model by Mie theory 
[ 19,20,47], a disk model by the Rayleigh- 
Cans method [ 19,201, and a more compli- 
cated discoid model by a WKB method 1481. 
These values have &en compared against 
experimental values and used to explain ex- 
perimental results. 

Again, the macroscopic scattering con- 
stant of the blood can be given by: 

This is the oxygen saturation of tissue when 
transmitted or reflected light from tissue is 
analyzed. When we discuss tissue oxygena- 
tion utilizing time resolved spectroscopy, 
S 0 2 ~ i s  the target measurement from which 

H 
V 

venous saturation and arterial to venous 
blood volume distribution can be derived. s b  = =Oj 

Scattering Constant 
Scattering of light by red blood cells 

and tissue components takes place at in- 
terfaces where there is a change in the 
index of refraction. This scattering is due 
to microscopic fluctuations in the refrac- 
tive index of the tissue, corresponding to 
physical inhomogeneities. The angles 
through which the light is scattered and the 
scatter coefficient depend on the size and 
shape of the optical inhomogeneities rela- 
tive to the wavelength, and to differences 
in the refractive index between the inho- 
mogeneities and the surrounding medium. 
Scattering from molecules or structures 
whose size is much less than the wave- 
length (Rayleigh scattering), is weak, 

Here, St is the scattering constant of the 
bloodless tissue component. Usually, 
since the absorption constant of arterial 
and venous blood do not deviate signifi- 
cantly, that is oxygen saturation does not 
affect scattering properties of RBCs, Eq. 
11 can be used to express the macroscopic 
scattering constant of compound tissue. 

Theoretical Analysis of Optical 
Propagation in Tissue 

Theoretical analysis of optical propagation 
can be divided into I )  absorbing but no scat- 
tering, and 2) both absorbing and scattering. 

Absorbing but 
Non-Scattering Medium 

In the case of non-scattering but ab- 
sorbing medium, the simple Beer-Lam- 
bert Law can be applied to analyze the 
transmitted light intensity in terms of vari- 
ous species concentrations. Here, the 
transmitted intensity of light. It, is related 
to the incident light intensity, lo. by: 

where ct is the absorption coefficient, C 
the concentration of the absorber, and t is 
the optical pathlength. This equation can 
be applied to a homogeneous and non- 
scattering solution. In Eq. 13, OD is the 
optical density, a linear function of con- 
centration, C, when optical pathlength, t. is 
fixed. Bench top oximeters usually utilize 
from 2 to 4 wavelengths, depending on the 
number of components involved in the sys- 
tem. Equation 13 is utilized to solve for the 
concentration of the species, from which 
saturation can be derived. For example, 
when two wavelengths are used, from Eq. 
13, concentrations ofoxy- and deoxy-hemo- 
globin, CHb02and C H ~  are given as: 

where os is the total scattering cross section 
given by (T = (T: + OS. However, in a single 
phase material there will be no scattering, 
i.e., when RBCs are packed (H = 100%) or 
when there are no RBCs (H = 0). Thus, Eq. 
8 is usually multiplied by (1 - H) 1491, giving: 

For a compound system such as tissue, the 
linear treatment used in the absorption analy- 
sis is also applicable. Thus, the net scattering 
constant of tissue, ST, is expressed as: 

C H b  = ’ 
d 

where 
n =OD(hl)a(h2Hb) - OD(h?)a (h lHb)  
and 

CL( h2HBO2)a( h I Hb )] 
d = t [ a ( h 1 H b M ) a ( h 2 H b )  - 

(14) 

n 
C H h  = 2 

where 
n = OD (h l )u (h2HbO2)  - 
OD(h2) a ( h i H b O 2 )  

and 
d = t [ct(hl H b )  a(h2HbOZ) - 

a(h2Hb)  a(hi HbOZ)] (15) 
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I n  Eqs. 14 and 15, a(hiHb) and 
a(hiHb02)are the absorption coefficients 
of Hb and Hb02. respectively, at wave- 
length ai, and a(hzHb) and a(hzHbO2) 
are the absorption coefficients of Hb and 
Hb02, respectively. at wavelength h2 
Then, from Eqs. 14 and 15, the oxygen 
saturation can be derived as: 

I MULTIPLE SCATTERING 

Absorbing and Scattering Medium 
When the medium is both scattering 

and absorbing, the non-liner effect of 
scattering becomes important and the 
result deviates from Eq. 13. The first 
theoretical treatment of scattering in a 
random medium was given in 1903 by 
Schuster [ S O ] ,  who described interac- 
tions of radiation with the foggy atmos- 
phere. This one-dimensional theory was 
based on phenomenological observa- 
tions of intensity transfer in the medium. 
It was further heuristically developed in 
1931 by Kubelk and Munk [SI], by 
which time it  was called the “two-flux 
theory.” Based on the concept of for- 
ward and backward traveling fluxes, it 
adequately describes optical propaga- 
tion in a medium if the illumination is 
diffuse and the medium is dull so that 
light is diffusely scattered (Fig. 3).  
H o w e v e r ,  b e c a u s e  of i t s  pheno-  
menological and heuristic nature, as 
well as its one-dimensionality, the the- 
ory has serious limitations when applied 
to optical processes in whole blood and 
tissue. 

The optical process can be classi- 
fied into a)  single scattering. b) multi- 
p le  s c a t t e r i n g  and  3 )  d i f f u s i o n ,  
depending on the concentration of 
scatterers as shown in Fig. 4. Various 
scattering theories are available for a 
single particle, including Mie theory, 
which deals with scattering of light by 
a sphere; and Rayleigh-Gans theory 
for scattering by a disk. When the par- 
ticle concentration increases, a phe- 
nomenon called “multiple scattering” 
occurs. The light goes through multi- 
ple scatterings because of the exist- 
ence of numerous particles i n  the 
medium. I n  application to biological 
samples, such as whole blood and tis- 
sue, Twersky developed a forward 
scattering theorem [49]. It includes 
both absorption and scattering terms 
i n  a modification of Eq. 12. and as 
given by: 

(16) = [(,e-sT + y( l-r-”)e-“C‘ 

, 

SINGLE SCATTERING 

DIFFUSION PROCESS 

L I 

3. Schematic drawing of (a) single scattering, (b) multiple scattering, and (c) diffu- 
sion processes. 

OPTICAL SENSOR SCATTERING AND 
ABSORBING MEDIUM 

FAR D:a T 
MULTIPLE SCATTERING 

ud = I /  [K(ZS+K) ] 112 

INCIDENT PHOTON PENETRATION DEPTH 
po = I /  (S + K) 

L%LQ multiple scanering, shallow region 
or surface effect 
(thin film 01 blood, small vessel) 

r-0 diffusion approximation valid 
or deeper layer 

REGION 

4. Diffusion process in the medium, and underlying assumptions for diffusion process. 
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Then, OD becomes: 

OD = B + act (17) 

Here, B is the term related to scattering 
and the second term is related to absorp- 
tion. For the multiple scattering analysis 
to be applicable, the medium thickness 
must be very thin or the concentration of 
the particles must be very low, so that the 
coherence of the incoming light is not lost. 
Equation I6 has been successfully applied 
to analysis of light transmitted through a 
small vessel, through a frozen tissue sam- 
ple, and in the vicinity of the optical fiber 
tips. 

When the particle concentration in- 
creases above 5%. or the medium thick- 
ness becomes large so that light will go 
through repeated multiple scattering, then 
the coherence of the incident light is lost 
and it is said the light becomes diffused 
[52].  This was confirmed in whole blood 
with an immersed optical fiber. As the 
hematocrit of blood increased, the light 
patterns became more and more centered 
around the tip of optical fiber, and coher- 
ence of the incident light was completely 
lost [21]. 

Thus, as shown in Fig. 5 ,  diffusion 
takes place. when the medium satisfies the 
conditions of a) scattering particle concen- 
tration above the critical value, and b) the 
medium thickness becomes large. We can 
define two parameters to evaluate the un- 
derling assumptions of diffusion theory. 
First, incident photon penetration depth, 
&,.and defined as 1/(S + K), will indicate 
the average depth, tD in which the light can 
penetrate into a particular medium before 
losing coherence. Thus, it is entirely func- 
tion of the medium and excitation wave- 
length, a. The second parameter is the 
diffusely scattering condition, called al- 
bedo, and defined as S/(S + K). The al- 
bedo, as S and K are also wavelength 
dependent, is determined by the medium 
and the excitation wavelength . When the 
albedo of the medium is greater than 0.5, 
diffusion will take place. When the me- 
dium satisfies both conditions, diffusion 
analysis is valid. Diffusion analysis is a 
heuristic approach derived from transport 
theory. Its application to biological media 
such as whole blood and tissues has been 
employed by several researchers. The dif- 
fusion approach can be divided into two 
phases: a) steady state continuous case, and 
b) a time resolved or pulse diffusion case. 

Diffusion analysis 
a. Steady state dirkion equation 

For the steady state case, the diffusion 
equation was derived from the transport 

SOTROPICALLY SCATTERING 
AND ABSORBING MEDIUM 

Differential equations for A+ and A- fluxes are: 
[ did2 + (S + K) ] A + = S A- 
[ did2 - (S + K)] A- = S A + 

For a semi-infinite medium, diffuse reflectance Rd is 
Rd = { K + S - [ K ( K + 2s) 1 [ K + S - ( K + 2s) 1 ) 

5. Two flux analysis 

theory and given in the cylindrical coordi- 
nate by [21 I: 

where So is a source function and p. is the 
scattered photon density, c is the velocity 
of light, D is the diffusion constant given 
by D = 1/3 [fa+( I - w)f,], fa and f, are the 
absorption and scattering coefficient and 
related to K and S by 

c K = fN  (19) 

The solutions of Eq. 18 for both isotropic 
and an-isotropic scattering with various 
boundary conditions have been solved and 
successfully applied to design fiber optic 
oximeters in whole blood. The solution 
obtained by Reynolds for isotropically 
scattering homogeneous medium is [20]: 

R (rc,  ) = (2/d )[S/(S+K)]x 

C A , I  [ 1 - e?"(- 1 )"I x 

This equation gives diffuse reflectance for 
an illuminating optical fiber radius of b 
separated from the receiving fiber by ra as 
a function of tissue thickness, d, and scat- 
tering and absorption constants, S and K. 

MI and N 1 are the first order Bessel func- 
tions. This equation can give quantitative 
diffuse reflectance from an isotropically 
scattering homogeneous medium such as 
whole blood. 

In application to tissue, one-dimen- 
sional solution was applied to reflectance 
oximetry in blood and tissue by Longini, 
Cohen, et al. [53-541. A three-dimensional 
solution for a two-layer tissue model was 
obtained by Takatani and Graham for ap- 
plication to reflectance oximetry from gut 
mucosa [ S I .  This solution was further 
extended by Schmitt to a multi-layer 
model application in pulse oximetry [56]. 

b. Time resolved case 
When a narrow width light pulse, on 

the order of picoseconds, is injected into 
the medium, the transmitted pulse's shape 
and amplitude indicate the scattering and 
absorbing characteristics of the medium. 
The diffusion equation for a narrow width 
pulse through the medium can be written 
as [57]: 

where, scattered photon density, ps (r. 0, z, 
t), is now expressed as a time varying 
function. The local diffuse reflectance, R 
(r,t), from a semi-infinite medium irradi- 
ated by a pencil beam is given by [57]; 
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In the limit when time approaches infinity, 
the terminal slope of the (6/6t) loge R(r, t) 
converges to; 

Thus, from Eq. 24, the absorption proper- 
ties of the medium can be quantified. 

In the frequency domain, the amplitude 
modulation and phase shift can be directly 
obtained from the Fourier transform of Eiq. 
22, with S'(r, t) = No sin (w + &). Figure 
6 shows a one-to-one transformation be- 
tween the time resolved and frequency 
domain analyses. At low modulation fre- 
quency with 0 << fa c and N = 1 ,  the mean 
of the distribution of pathlengths, < L >, is 
directly proportional to phase shift, (r, 
w) which is given by [57]; 

Since the scattering constant does not vary 
significantly with small wavelength 
changes, the ratio of the <L>2 at two wave- 
lengths will become the ratio of the ab- 
sorpt ion cons tan ts ,  thus  g iv ing  
hemoglobin saturation. Likewise, the 
phase shift information can also be used 
to obtain absorption characteristics of tis- 
sue that is dependent on hemoglobin oxy- 
gen saturation. 

Invasive and Noninvasive 
Oximeter Systems 

a)  Intra- and extra-vascular oximetty 
For intra-vascular oximetry, optical fi- 

bers are used to guide the light signal 
inside the vessel and reflected light from 
red blood cells back to the light detector 
(Fig. 7). In estimating SO2, usually the 
reflectances at the two wavelengths, one 
in the red and the other in the near-infrared 
regions, are used with the empirical rela- 
tion given below: 

where A and B are the constants that de- 
pend on the fiber geometry and physi- 

INPUT PULSE RECEIVED PULSE 

TURBID MEDIUM 

INPUT SIGNAL 

RECEIVED SIGNAL 

I 

FOURIER 
TRANSFORM 

6. (a) Time and (b) frequency domain analysis of picosecond and ultra high fre- 
quency spectroscopy. 

I COUPLER 

e SPECTROPHOTOMETER 

7. Basic block diagram of fiber-optic oximeter. 

ological parameters of blood. Equation 27 
is the basis of modern reflection oximetry, 
derived empirically by Polany and Hehir 
[ 181. Although the computation of reflec- 
tance ratios at wavelengths in the vicinity 
was suggested to cancel the effects of 
nonlinearity due to scattering, effects of 
hematocrit change may become impor- 
tant. Hence, currently available fiber-op- 
tic oximeters utilize more than two 
wavelengths to adjust for hematocrit vari- 
ation. The fiber-optic oximeter from 
Oximetric (Oxnard, CA) utilizes three 
wavelengths to compensate for hematocrit 
changes. 

Current use of intravascular oximeters 
is aimed at measurement of mixed venous 
saturation, from which status of circula- 
tory system can be deduced. Mixed ve- 
nous saturation varies in reflecting the 
changes of 1) SaO2, 2) cardiac output, 3) 
hematocrit or hemoglobin content, and 4) 
oxygen consumption [6, 58-59]. One of 
the disadvantages of fiber optic oximeters 

\SAMPLING MEDIUM 1 

is that damage to optical fibers results in 
severe measurement error. In order to cir- 
cumvent this short-coming, catheter tip 
type oximeters using hybrid type mini- 
ature sensors have also been developed 
[60-611 (Figure 8). 

In extra-vascular oximetry, forward 
scattered light through small vessels of 
frozen tissue samples, the mesentery 
have also been analyzed to obtain oxygen 
saturation [62-641. Multiple scattering 
theory (Eiq. 18) has been utilized to treat 
scattering as an additive component to 
absorption. The oximeter sensor has also 
been applied to the extra-corporeal circuit 
used in the heart-lung machine to deter- 
mine the oxygen saturation of the flowing 
blood [65-661. 

h) Tissue oximetry 
Tissue is a complicated medium in 

which blood vessels, both artery and vein, 
are distributed non-homogeneously. Red 
blood cells in arterial blood that flows 
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8. Basic illustration of the catheter-tip hybrid circuit oximeter sensor. 

through the tissue release oxygen and re- 
turn via the veinous system to the heart. 
Because of the unknown and nonhomo- 
geneous distribution of arteries and veins, 
analysis of optical process in tissue is com- 
plex. Ever since the first tissue oximeter 
by Millikan, researchers have been trying 
to measure tissue oxygen saturation either 
in the transmission or reflection mode. 
The ear oximeter by Hewlett Packard 
Corp. has acquired some clinical success 
[67]. However, this instrument was never 
fully accepted. Arterialization of capillary 
blood by heating in the sensor created 
discomfort for patients. More importantly. 
the oximeter failed in the case of shock or 
hypo-volemia. The skin reflectance 
oximeter developed by Cohen 122) util- 
ized solid state devices such as LEDs and 
photo-transistors. However. again be- 
cause of a lack of calibration procedure. i t  
did not attain clinical acceptance. 
Takatani [23.41,.5.5], in 1979, developed a 
noninvasive tissue reflectance oximeter 
based on the photon diffusion theory and 
succeeded in estimation of mucosal oxy- 
gen saturation. Because of capillaries high 
density, the assumption to treat the tissue 

homogeneous mixture of blood and 
blood-free components was valid. The tis- 
sue was cooled to minimize arterial-to-ve- 
nous saturation difference and tissue 
blood volume was measured by replacing 
the blood with saline. The arterial-to-ve- 
nous saturation difference was minimized 
to less than S% by cooling the tissue. The 
three-dimensional photon diffusion the- 
ory was used to compute the retlectances 

June/July 1994 

in the visible and near-infrared regions, 
which were then compared to the sampled 
tissue reflectances at five wavelengths. 
The theoretical predicted tissue saturation 
compared well with the average of the 
arterial and venous saturations. Approxi- 
mately 70% of the blood was in the venous 
system of the gut mucosa. 

I )  Pulse oximetry 
Pulse oximetry utilizes the plethys- 

mographic principle in combination with 
the optical absorption characteristics of 
hemoglobin. The signal varies with pulsa- 
tile changes in tissue blood volume. The 
optical signal is usually sampled at two 

wavelengths and conventional linear re- 
gression analysis is applied to obtain arte- 
rial saturation. Pulse oximetry thus 
assumes that the pulsatile signal change is 
due to arterial blood volume change (Fig. 
9). Most pulse oximeters are transmission 
type. where forward scattered light 
through the finger tip or the ear lobe is 
analyzed based on the Beer-Lambert law. 
An accuracy of 1 %  or better has been 
reported for the saturation range above 
80%. Usually, the accuracy is less at lower 
saturation because of non-linear effects of 
absorption. Reflection type pulse oxime- 
ters have also been developed, with more 
general applicability to any portion of the 
body, such as forehead, cheek, calf and 
thigh (Fig. 10) [68-711. However, in com- 
parison to transmission, the reflection 
pulse oximeter has poorer signal-to-noise 
ratio. Mendelson, et al. utilized multiple 
photodiodes around the light source to 
enhance signal level, and a heater was 
incorporated in the sensor to warm the 
tissue so as to increase local blood flow 
172-731. Excellent correlation in compari- 
son with the transmission oximeter has 
been shown from the calf and thigh. 
Takatani, et al. have studied the effect of 
light source and detector separation, and 
concluded that the greater the separation, 
the better the pulsatile to average signal 
level in the reflectance mode [74]. How- 
ever. the absolute signal level decreased 
exponentially as the separation increased, 
and also the variability from person to 
person increased due to effects of tissue 
non-homogeneity. More light sources or 
light detectors are required to increase the 
signal level as well as to minimize the 
effects of tissue non-homogeneity. 

Time 
b 

AC = Rd - Rs, DC= (Rd + R s ) / 2  

9. Conceptual tissue model for pulse oximetry. 
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10. Schematic diagram of the reflectance oximeter sensor [68]. 
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11. Measured pulse waveform of a picosecond light pulse through tissue. (a) Linear 
scale, (b) logarithmic scale, (c) effect of an alteration of wavelength from 790 to 760 
nm in the cat-head model, a point at which the Hb absorbs maximially in this region 
[33], (d) logarithmic scale. 

2) Time resolved spectroscopy 
The major problem in analysis of tissue 

spectroscopy is the unknown pathlength, 
which precludes application of a simple 
Beer-Lambert law. When the optical path- 
length is determined, optical density 
measurements based on the Beer-Lambert 
law allows computation of absorption in 
the tissue. assuming that the extinction 
due to scattering is minimal. In order to 
qunatitate this value, Chance, et al. and 

later Delpy, et al. applied a very narrow 
duration (picosecond order) pulse at the 
near-infrared region, where absorption 
due to hemoglobin and tissue is low, and 
measured the transit time of a photon 
through the tissue [31-35, 75-77]. Figure 
1 I shows the pulse wave after passing 
through the tissue. One can estimate the 
transit time as well as tissue scattering and 
absorption properties from this wave 
form. Similarly, frequency modulation, at 

frequencies on the order of 500 MHz, has 
been used to measure the phase shift 
through the tissue, from which transit time 
is calculated. According to the measure- 
ment performed by Delpy, et al., path 
length through an infant's head and arm is 
about 4 to 5 times larger than the separa- 
tion distance of the light source and detec- 
tor [78]. 

Time resolved spectroscopy is being 
applied to the area of neonatal cerebral 
monitoring [79-821. A light signal is in- 
jected from one side of the head and scat- 
tered light through the head is measured at 
the opposite side. Figure 12 shows the 
instrumentation system to accomplish 
such measurement. The Beer-Lambert 
law is applied to analyze the measured 
signal in terms of oxy- and deoxy- hemo- 
globin concentrations. However, this 
method still lacks calibration. Thus, the 
result is still qualitative and only change 
with respect to the initial measurement can 
be followed. Also, the distribution of arte- 
rial and venous blood in the tissue is un- 
known. If the venous blood volume in 
tissue is assumed to be about 70-75%, 
venous saturation can be derived. Once 
these unknown areas are clarified, a very 
powerful technique will be available to 
map the oxygen field deep in the body, 
without invasive procedures. 

In applications to the brain, McCor- 
mick, et al. [83] employed dual detectors 
as proposed also by Takatani, et al. [84]; 
one placed close to the light source and the 
other at a distance. Through differential 
measurement from these detectors, the ef- 
fect of the skull was minimized and deep 
layer brain tissue information was ob- 
tained. Figure 13 shows how this concept 
works to eliminate surface or shallow 
layer effects. In the continous mode, the 
difference between the receivers one and 
two can be expressed using Eq. 13 as 
follows: 

00(#2)  = a(bone) C(bone) d(bone) 
+ a(bruin) C(bruin) d(bvuin) 

(29) 

00(#1)-00(#2)  = 
a(brain) C(bruin) d(brain ) (30) 

where a(bone) and a(brain) are the ab- 
sorption coefficients: C(bone) and 
C(brain) are concentrations; and d(bone), 
d(brain) are the photon travel distances. 
Differential measurement allows detec- 
tion of hemochrome concentration in a 
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12. Block diagram of the neonatal cerebral monitoring system. 
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13. Near and far detector approach in estimation of deep layer tissue oxygenation as 
applied to the head. 

deeper layer. Similar analysis is also ap- 
plicable with time resolved spectroscopy. 
Transit time difference between detectors 
#1 and #2 can be obtained from Eqs. 23- 
24. In general, multiple detectors can be 
placed to focus at specific depths in tissue, 
yielding three-dimensional mapping of 
the oxygen field of tissue using time re- 
solved diffusion equations. 

Pulse spectroscopy is also applicable 
for the measurement of cytochrome aa3 
saturation in the brain 138-391. Although 
the concentration of cytochrome aa3 is 
considerably less than hemoglobin. pho- 
ton counting techniques may yield infor- 
mat ion related to  oxygenat ion of 
cytochrome at the mitochondria level. In 
combination with hemoglobin measure- 
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ment, cytochrome and myoglobin meas- 
urements in tissue using time resolved 
oximetry will elucidate the mechanism of 
cell metabolism otherwise unattainable. 

Summary 
During the last decade. we have expe- 

rienced two innovative approaches in 
spectroscopy, The first is pulse oximetry, 
which revolutionalized the clinical in- 
strumentation. Because of limitations in 
application sites of the transmission 
oximeter. research continues on reflec- 
tion oximeters. In the area of tissue oxy- 
gen  m o n i t o r i n g ,  t ime reso lved  
spectroscopy is gaining the interest of 
researchers. Picosecond pulse transit 
t ime measurements  a l low charac- 
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terization of the tissue, from which oxy- 
gen saturation can be derived. However, 
we still lack adequate calibration proce- 
dure to quantitate optical measurements 
through the tissue. We need to build a 
good tissue model in which we can simu- 
late real tissue with known arterial and 
venous distribution and oxygen satura- 
tion. Theoretical predictions can becom- 
pared to measured values in orderto verify 
theapplicability oftissue models. Inaddi- 
tion to these measurements, imaging of 
tissue in terms of an oxygen field is be- 
coming realistic. A three-dimensional 
oxygen field can be obtained through op- 
tical measurement, but first we need to 
quantitate accurately tissue arterial and 
venous bloodvolumesandoxygen satura- 
tions. Suchabreakthroughwill bring non- 
invasive optical spectroscopy into wide 
use in the diagnosis of circulatory disor- 
ders, the evaluation of the cardio-pulmo- 
nary system,andtodeterminetheviability 
ofvarious end-organs. 
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Resources Technical Notes Optics Beam Shaping with Cylindrical Lenses 

Beam Shaping with Cylindrical Lenses 
Cylindrical Lenses focus or expand light in one axis only. They can be used to focus light into a thin line in optical 

metrology, laser scanning, spectroscopic, laser diode, acousto-optic, and optical processor applications. They can 

also be used to expand the output of a laser diode into a symmetrical beam. 

Generating a Line of Light from a Collimated Laser 

A common application of cylindrical lenses is shown in Figure 1. A collimated laser beam of radius r is incident upon 0 

a cylindrical plano-concave lens of focal length -f. In this figure, the radius of the laser beam is exaggerated for 

clarity. The laser beam will expand with a half-angle θ of r /f. The laser beam will appear to be expanding from a 0 

virtual source placed a distance f behind the lens. At a distance z after the lens, there will be a line with thickness 2r 0 

(ignoring expansion of the Gaussian beam) and length 

L = 2 (r /f)(z+f) 0 

If z is large compared to f, then we have an expansion ratio that is very close to z/f. This is not an imaging problem; 

we are projecting the laser beam into a line at a particular distance. The length of the line is simply proportional to z. 

Figure 1 . Diagram of line of light generation with a plano-concave cylindrical lens. 

If the thinnest possible line is required, then a second lens, this one a cylindrical plano-convex lens of focal length ~ 

z, can be inserted into the system just before or after the plano-concave lens. When oriented on the orthogonal axis, 

it will focus the laser at the screen onto which the line is projected 

In some cases a sheet of light is required for an application. The projected beam of Figure 1 can be thought of as a 

sheet of light, but note that the sheet is not square or rectangular. The sheet that is available for use is the isosceles 

triangle formed by the projected line at the screen and the maximum rays formed at the angles given by θ. 

Circularizing the Beam from a Laser Diode 

The output of a laser diode diverges in an asymmetrical pattern, making collimating the beam a challenge. 

Cylindrical lenses can be used to circularize the beam. Consider a laser diode with beam divergence of θ x θ = 10°x 1 2 

40°. Any attempt to collimate this beam with spherical optics would result in collimation in one direction only, with a 

diverging or converging beam in the other direction. With cylindrical optics the problem can be approached as two 

one dimensional problems. The simplest solution would be to collimate the beam in one dimension with a single 

cylindrical lens, then collimate the orthogonal dimension with a second cylindrical lens (see Figure 2). 

Figure 2 . Diagram of circularizing the beam from a laser diode using two cylindrical 

lenses. 

A few observations will guide the selection and placement of the lenses: 

1) To achieve a symmetrical beam shape, the ratio of the focal length of the two lenses should be approximately 

equivalent to the ratio of the beam divergences: 

θ /θ = 10°/40° = f /f 1 2 1 2 

2) First, to order, the laser diode is approximated by a point source, so the lenses should be placed at a distance 

equal to their respective focal lengths from the source to create a collimated output. 

3) The principal planes of the two lenses should be spaced at a distance apart equal to the difference of their focal 

lengths f - f . The actual spacing between plano surfaces of the lenses is BFL - BFL . As with spherical lenses the 2 1 2 1 

convex surfaces should face the collimated rays to minimize aberrations. 

4) Because of the rapid divergence of the laser diode beam, care must be taken to make sure the beam width at 

each lens does not exceed the lens clear aperture. Since each lens is placed one focal distance from the laser diode, 

the maximum beam width at each lens (d and d ) can be determined from the following equations: 1 2 

d = 2f (tan (θ /2)), and d = 2f (tan (θ /2)) 1 1 2 2 2 1 

For this example a convenient choice of lenses is Newport CKX012 (f = 12.7 mm, BFL = 7.49 mm) and CKX050 (f = 1 1 2 

50.2 mm, BFL = 46.03 mm). The nominal spacing between plano surfaces of the lenses is BFL - BFL = 38.54 mm. 2 2 1 

The beam diameter at the first lens is 

d = 2 x 12.7 mm x tan(20°) = 9.2 mm 1 

The beam diameter at the second lens is 

d = 2 x 50.2 mm x tan(5°) = 8.8 mm 2 

so a slight asymmetry remains, but a substantial improvement has been achieved with a simple arrangement of 

standard lenses. 
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THE luminance and power efficiency of a
light source are the key factors for determining
suitable applications.  Light-emitting diodes
(LEDs) offer very high luminance levels,
greater than 50,000,000 cd/m2, giving them a
proven ability to perform in high-ambient 
display applications.  LEDs also offer some of
the highest efficiencies for converting electrical
power to optical power.  Depending on the
material system, an energy conversion of over
60% can be achieved.  Due to these benefits
and the small solid-state form factor, emissive
LEDs can become a solution for display 
applications of all sizes.

In today’s display applications, LEDs are
most commonly used as the illumination
source for liquid-crystal displays (LCDs) of
practically all sizes, including 100-in. TVs to

0.5-in. microdisplays.  Individually packaged
LEDs are also used as the direct pixel element
in large-area billboard displays, which are 
currently the only format of directly emissive
LED displays.  What remains underexploited 
is the use of LEDs as individual pixel elements 
in all other smaller display formats.

In large-area displays, discrete packaged
LED pixels, each containing a red, green, and
blue LED chip in the package, form the active
elements in emissive video walls.  Emissive
video walls are attractive for stadium and
advertising applications given the high 
luminance (excellent viewability under 
bright ambient light conditions) and energy
efficiency of LEDs.  Although the size of 
each packaged LED pixel is relatively large,
full-resolution displays are easily achieved 
in these large-area applications.  Building
smaller displays with packaged LEDs is 
more difficult.  When using the smallest 
available packaged LED pixels (approxi-
mately 0.75 mm), 70 in. is the current mini-
mum achievable size for a FHD-resolution
(1920 × 1080) full-color display.  When using
packaged LED pixels, displays smaller than
70 in. can be produced, albeit with lower 
resolution.

New applications such as high-dynamic-
range (HDR) television and augmented reality
are demanding the same high-performance
specifications as that of large-area displays,
but at dimensions that are difficult to scale 
for fully packaged LEDs.  For example, 
TV displays require a peak luminance of
10,000 cd/m2 for future HDR content, and
microdisplays need to reach 100,000 cd/m2

to support the luminance needs of augmented-
reality and mixed-reality (AR/MR) glasses.
These requirements are easily satisfied by
LEDs, which can have luminances up to
50,000,000 cd/m2.  Like other emissive 
displays, an emissive LED display offers the
luminance and efficiency of the pixel source
without the typical loss associated with light
selection and modulation elements (polarizers,
color filters, etc).  Emissive LED arrays there-
fore have a huge luminance advantage 

High-luminance emissive FHD-resolution
LED displays smaller than 70 in. cannot be
made from packaged LED pixels, and thus
require the development of new manufacturing
techniques and technologies.  Specifically,
these smaller display formats require fabrication
and use smaller LED elements or “micro-
LEDs.”  Loosely defined, micro-LEDs are

Micro-LED Technologies and Applications
Light-emitting diodes (LEDs) offer extraordinary luminance, efficiency, and color quality, 
but to date are largely used in displays as backlights or packaged pixel elements in large-area
LED billboard displays.  Building high-performance emissive displays in a smaller form 
factor requires a new micro-LED technology separate from what is used for large LED 
billboards.  Several approaches have been proposed to isolate micro-LED elements and 
integrate these micro-LEDs into active-matrix arrays.  Technologies that use micro-LEDs 
offer the potential for significantly increased luminance and efficiency, unlocking new 
possibilities in high dynamic range, augmented/mixed reality, projection, and non-display 
light-engine applications.

by Vincent W. Lee, Nancy Twu, and Ioannis Kymissis

Vincent Lee is the founder and CEO of
Lumiode, a startup company commercializing
micro-LED microdisplay technology.  He can
be reached at vincent@lumiode.com.  Nancy
Twu is a Research and Development Engineer
at Lumiode.  Ioannis (John) Kymissis is a
faculty member in the electrical engineering
department at Columbia University and a 
co-founder and scientific advisor to Lumiode. 
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devices in which the LED emission area per
pixel is below 50 × 50 µm, or 0.0025 mm2. An
array of micro-LEDs makes up a micro-LED
display, which ranges in size from fractions 
of an inch up to 70 in.

Micro-LED displays take advantage of the
exceptional luminance of LEDs by spreading
the generated photons over a larger area than
the area occupied by the micro-LEDs them-
selves, either by distributing the LED 
elements spatially or by dispersing light 
optically.  This is illustrated in Fig. 1.  There
are wide differences between these two tech-
nologies, despite confusing nomenclature that
refers to both as “micro-LED.”  The former
technology, shown in Fig. 1(a), distributes
LED elements spatially and can be used to
build displays ranging from 3 to 70 in.  In this
article, these are referred to as “direct-view
micro-LED displays.”  The latter technology,
shown in Fig. 1(b), disperses light optically
and is used to build displays < 2 in., which are
referred to as “micro-LED microdisplays.”

In direct-view micro-LED displays, micro-
LEDs are fabricated with a small pixel pitch,
separated into individual dice, and transferred
to an active-matrix backplane using pick-and-
place methods.  This allows for the develop-
ment of an LED display in which the active
LED area occupies only a small fraction of the
total area.  The area expansion allows for
direct viewability of high-luminance micro-
LEDs (up to a full 50,000,000 cd/m2 per LED)
because the micro-LEDs are spatially separated,
resulting in a lower apparent luminance per
pixel.  The area unoccupied by micro-LEDs is
available for a black matrix and integration of
interconnection electronics.  With larger 
current-distribution buses available, this
approach allows for passive-matrix display
development and integration and also lends
itself to active-matrix approaches using large-
area electronics.

Micro-LED microdisplays use semiconductor
integration techniques to combine an array of
small pixel-pitch micro-LEDs with a transistor
back plate, which are then integrated with an
optical system such as projection lenses or
see-through glasses.  Because the < 20-µm
pixel pitch of micro-LEDs for microdisplays
is even smaller than that of direct-view 
displays, the scaling of micro-LEDs for
microdisplays requires full integration at the
wafer-fabrication level.  There are several
strategies to perform the semiconductor inte-
gration between micro-LEDs and transistors,

including pixel-to-transistor bonding, LED
epitaxial transfer to silicon CMOS, and inte-
gration with thin-film-transistors (TFTs).

Because of fundamental differences in 
technology approaches and display sizes,
micro-LEDs for direct-view displays and
micro-LEDs for microdisplays target different
markets.  Together they offer the promise of

replacing all displays now and in the future
with the most efficient and highest-luminance
systems possible.

Direct-View Micro-LED Displays
Using Pick-and-Place Technologies
Today, stadium and large street displays use
fully packaged surface-mounted LEDs in a

Information Display 6/16    17

Fig. 1:  Shown are two approaches used to build micro-LED displays.  Both methods start with
a micro-LED array but use either (a) a pick-and-place technology for direct-view displays or
(b) semiconductor integration for microdisplays.

Fig. 2:  In (a) and (c), selected individual chips are picked from a wafer using an elastomer
stamp.  In (b) and (d), the stamp is then moved to a non-native “target” substrate where the
devices are placed, typically in a sparse array.  Multiple devices are picked and placed in each
transfer, and multiple transfers are used to complete a final display.1
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tiled format.  With reductions in packaged
LED sizes, large-area tiled displays have
scaled to smaller sizes and higher resolution
displays, as small as 70 in. with FHD resolu-
tion.  Direct-view micro-LED technologies 
are the natural extension of efforts to further
shrink stadium-sized LED displays for new
applications.  Instead of using packaged
LEDs, direct-view micro-LED technologies
use smaller unpackaged LED dies and pick-
and-place techniques to build emissive LED 
displays in the 3–70-in. size range.  The result-
ing direct-view micro-LED displays show
increased luminance and improved color
gamut for HDR displays, provide different
form factors for wearable and flexible displays,
and address the push for ever-increasing
power efficiency in these applications.

Several academic groups and companies
have demonstrated pick-and-place approaches
for transferring LED dies to a substrate board
and connecting the elements to each other.
All of these techniques begin with fabrication
of densely packed small-pitch micro-LEDs.

The micro-LEDs are then separated into 
individual dies, transferred to a secondary
substrate, and physically spread out to a large
pitch via proprietary pick-and-place processes.  
The choice of secondary substrate depends on
the specific application and resolution.  Appli-
cations such as flat-panel displays use a secon-
dary glass substrate with active-drive transistors, 
while wearables such as watches and wrist-
bands can use a flexible secondary substrate. 

While several pick-and-place methods are
being developed, few are publicly disclosed 
in detail.  One paper by Bower et al. from 
X-Celeprint highlights some key aspects of
pick-and-place processes.1 Figures 2(a) and
2(c) show an array of densely packed devices
(micro-LEDs) from which a subset of devices
is sparsely picked up by an elastomer stamp.
This stamp is moved to a secondary substrate,
shown in Figs. 2(b) and 2(d), placing the
devices in a dispersed array.  The stamp can
pick up many micro-LED devices at one time
to lower the number of transfers needed to
populate a full display.

Figure 3 shows X-Celeprint’s process for
transferring a small-pitch (~20 µm) micro-
LED array to a larger pitch (~200 µm) on a
glass substrate.2 The micro-LEDs have a 
sacrificial release layer that is engineered into
the LED epitaxial growth and later undercut
to release the micro-LEDs from the growth
substrate [Fig. 3(b)].  The micro-LEDs are
then picked up by the elastomer stamp and
transferred to a glass substrate with some 
pre-defined metal lines [Fig. 3(c)].  A second
metal layer is then deposited [Fig. 3(d)] to
electrically connect the transferred micro-
LEDs to the glass substrate.  By using this
transfer process, X-Celeprint demonstrates a
100 × 100 color passive-matrix display 
[Fig. 3(e)].  Active-matrix formats can also be
achieved by transferring the micro-LEDs to a
secondary substrate with indium gallium zinc
oxide (IGZO) or low-temperature polysilicon
(LTPS) transistors.

Sony’s micro-LED technology, initially
demonstrated at CES in 2012, was recently
released.  Based on available technical data,

frontline technology
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Fig. 3:  Image (a) shows the pick-and-place process of micro-LEDs to a secondary substrate.  Image (b) is a micrograph of ready-to-transfer
micro-LEDs on a source wafer with an undercut etch of the sacrificial layer.  The LED size is approximately 10 x 10 µm.  Images (c) and (d) are
micrographs of transferred micro-LEDs and deposited metal layer for interconnection between micro-LEDs and a secondary substrate, respec-
tively.  Image (e) shows a full-color passive-matrix micro-LED display.2
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micro-LEDs approximately 50 × 50 µm in
size are placed on a 320 RGB × 360 tile.3
Much like conventional stadium displays,
these micro-LED based tiles are then further
arrayed to form the FHD display.  Not much is
known about the pick-and-place method or the
backplanes used in Sony’s demonstrations.
Two other companies in the space are
InfiniLED and LuxVue.  InfiniLED’s micro-
LED technology uses a unique parabolic
micro-LED structure for light collimation and
light extraction [Fig. 4(a)].4 This type of
shaping allows for control of the micro-LED
emission angle and potential improvements to
the overall efficiency of the display.  LuxVue,

recently acquired by Apple, uses a MEMS-
based pick-and-place process for micro-LEDs.

For pick-and-place technologies, the manu-
facturing challenges are similar across all of
the techniques.  The primary challenge is
pixel transfer yield, as modern displays
require nearly zero dead pixels across a FHD
screen.  To reach the needed pixel yields,
some groups have proposed transferring
redundant micro-LEDs,4 as shown in Fig. 4(b),
or performing individual pixel repair transfers
for dead pixels.2 These workarounds will add
to either the base material cost or manufacturing
time to build a display, reducing scalability.
In addition, each pick-and-place process

requires careful engineering of the LED 
materials, sometimes even custom LED 
epitaxy, to ensure that the electrical and 
optical performances are not affected through-
out the fabrication process (LED ohmic 
contacts, undercut etch of the micro-LEDs,
transfer of pixels, etc).

Micro-LED Microdisplays Using
Semiconductor Integration Technologies
For microdisplays with a panel diagonal 
< 2 in., pick-and-place technologies cannot
scale to the smaller pixel pitch required for
FHD displays.  Microdisplays < 2 in. using
passive-matrix schemes also cannot achieve
sufficient resolution or luminance, even
though small pixel pitches have been demon-
strated.5,6 Building bright high-resolution < 2 in.
microdisplays requires direct integration of
micro-LED arrays with arrays of transistors
that provide active-matrix switching.  There
are several transistor technologies and
approaches to building the integrated active-
transistor matrix.  At a high level, these 
technologies can be sorted into the three 
categories as shown in Fig. 5: (a) chip-level

Information Display 6/16    19

Fig. 4:  The top image (a) shows a micro-LED schematic with reflective sidewalls and a curved
shape for light collimation and extraction.  The lower image (b) demonstrates a top-view design
of a twin micro-LED emitter for redundancy and improvement of micro-LED yield.4

Fig. 5:  Shown are three approaches to the
integration of silicon transistors and micro-
LED arrays for microdisplays: (a) chip-level
hybridization of foundry CMOS chip with
micro-LED arrays; (b) wafer-level transfer of
LED epitaxial layers to CMOS wafer; and (c)
wafer-level fabrication of TFTs directly on
micro-LED arrays.7
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micro-LED pixel–to–CMOS-transistor bond-
ing, (b) LED epitaxial transfer to silicon
CMOS, and (c) micro-LED array integration
with TFTs.

Under first consideration is chip-level 
micro-LED pixel–to–CMOS-transistor bond-
ing, a process also known as flip-chip bonding.  
Because of the ubiquity of foundry CMOS
processes, many  technologies in this category
start with a completed silicon chip and work 
within back-end processes to add functionality, 
namely, chip-level assembly of micro-LED
arrays as shown in Fig. 5(a).  The LED arrays
are fabricated by lithographic patterning of
contacts and mesa etches.  Bump bonds are
then fabricated either on the silicon CMOS
chip or on the micro-LED array.  Next, the
micro-LED arrays are die separated and bump
bonded to the silicon CMOS chip.  This fabri-
cation flow offers researchers the advantage
of using the highest-performing transistors,
demonstrated by researchers at the University
of Strathclyde,8 the Hong Kong University of
Science and Technology,9 the Industrial Tech-
nology Research Institute,10 and mLED.11

Devices fabricated by mLED with conven-
tional flip-chip bonding have been hybridized
and demonstrated up to nHD (640 × 360) 
resolution with a pixel pitch as low as 20 µm.

frontline technology
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Fig. 6:  Image (a) shows a cross-section schematic of a silicon CMOS IC flip-chip bonded with
a micro-LED array using indium bump bonds.  An image of a monochrome microdisplay
appears in (b) and a micrograph of a micro-LED array with indium bonds prior to flip-chip
bonding is shown in (c).12

Fig. 7:  Image (a) shows a schematic cross section of the micro-tube fabrication process.  Image (b) shows a scanning electron micrograph of
micro-tubes fabricated on a CMOS wafer.  In (c) and (d), micrographs and a photograph of flip-chip bonded micro-LED arrays with a 10-µm
pixel pitch are shown.13,14
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Within flip-chip bonding, as pixel-pitch
shrinking becomes more aggressive, non-
traditional bonding processes are being 
developed.  Devices by Day et al. use indium
bumps to bond a 160 × 120 array at a 15-µm
pitch [Fig. 6(b)].12 Fabrication of this device,
shown in Fig. 6(a), starts with foundry-silicon
CMOS and a micro-LED array.  The micro-
LED array is then coated with indium through
thermal evaporation and lithographically 
patterned to form indium bumps [Fig. 6(c)].
The indium-patterned micro-LED array is
then flipped and mated with the corresponding
CMOS silicon contact and heated to reflow
each of the LED-transistor contacts.

More recently, Templier et al. at CEA-LETI
demonstrated an innovative micro-tube 
technology to perform the bonding process.
As in other approaches, a silicon CMOS chip
and a micro-LED array are first fabricated
separately.  The silicon CMOS chip then 

continues through a series of back-end 
processes to form micro-tubes, as shown in
Figs. 7(a) and 7(b).13 The micro-tubes are
created through the use of a sacrificial layer
and deposition of a hard metal layer.  This is
followed by a chemical mechanical polish and
removal of the sacrificial layer to form the
micro-tube core.  On the micro-LED array, a
soft metal is formed to be compressed into the
micro-tubes during the die assembly process.
The resulting hybridized chip, shown in Figs.
7(c) and 7(d),14 contains 6-µm micro-LEDs
with a 10-µm pitch, a resolution of 873 × 500,
demonstrating luminances up to 10,000,000
cd/m2.

An alternative to flip-chip bonding is been
being developed by Ostendo.  Here, the 
process starts with silicon CMOS wafers, but
instead of flip-chip bonding a completed array
of micro-LEDs, LED epitaxial layers are
transferred to the CMOS wafer.  The LED

material is then patterned and fabricated into
the structure shown in Figs. 8(a) and 8(b).15

In addition, vertical waveguide hole structures
are fabricated into the surface, which can
define the light-output cone angle.  By changing
the size of the hole structures, cone angles
between ±17° to ±45° can be achieved.
Ostendo has shown transfer of three colors
(RGB) and a stacked RGB structure yielding 
a full-color microdisplay.  In particular, nHD
(640 × 360) and 720p (1280 × 720) resolution
displays at 20,000 cd/m2 have been demon-
strated, as shown in Fig. 8(d).

Lumiode, the authors’ startup, integrates
micro-LEDs with a thin film of silicon transis-
tors in a fully monolithic process, meaning all
fabrication work is done on a single wafer.  As
illustrated in Fig. 5(c), the process starts with
the LED substrate, upon which pixels are 
patterned into a micro-LED array using photo-
lithography.7 The pixel pitch can ultimately

Information Display 6/16    21

Fig. 8:  A cross-section schematic of a single stacked micro-LED pixel with vertical waveguides appears in (a).  Image (b) shows a cross-section
schematic of each light-emitting layer within the stacked micro-LED pixel.  An image of a micro-LED array after front-side processing appears in
(c), and in (d), a photograph of a test image shown on a 720p micro-LED microdisplay is shown.15
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scale to the limits of wafer-level photolithog-
raphy tools.  Next, instead of using a foundry
CMOS process and bonding to the micro-
LEDs, layers of silicon dioxide and silicon 
are deposited to form the active TFT films.
Standard materials from nearly all LED 
suppliers can be used as the starting LED 
substrate, with the caveat that the maximum
process temperature is limited to what the
LEDs can withstand.  Thus, the challenge is 
to build a high-performance low-temperature
transistor process.  This is achieved by using
laser crystallization to convert the low-electron-
mobility amorphous silicon to high-mobility
polycrystalline silicon.  This laser crystalliza-
tion is similar to low-temperature polysilicon
(LTPS) processes employed in flat-panel 
displays.  Transistors are fabricated in the
polycrystalline silicon to form the necessary 
display driving circuits.  Figure 9 shows a cross 
section and top view of an integrated device.

While significant strides have been made
with regard to micro-LED microdisplays,
much work still remains to be done before
commercial products reach the marketplace.
The integration of color-generating materials
is a challenge, although some work has been
demonstrated in using an optical combination
of three micro-LED microdisplays16; integra-
tion of phosphor materials11; and stacking of
red-, green-, and blue-LED epitaxial layers.15

Another challenge for micro-LED micro-
displays is the scalability of the integrated
semiconductor processes.  Flip-chip, LED 
epitaxial transfer to CMOS, and TFT methods
all have unique factors that affect overall scal-
ability and the ability to yield high-resolution
displays.  Overall, these factors will drive the
associated costs and thus associated address-
able markets.

Micro-LED microdisplay technologies all
aim to address markets where small panels
and high luminance are the primary require-
ment, the largest market being displays for
augmented reality and mixed reality (AR/MR).
Glasses-based devices for AR/MR require a
microdisplay focused through a see-through
optic that can be viewed in outdoor environ-
ments.  This will require luminances well
above 100,000 cd/m2, luminance levels that
only emissive micro-LED displays can 
provide.  In addition to AR/MR, micro-LED
microdisplays have been demonstrated in a
wide range of applications, including projection
formats10,17 and light-field displays,18 as well
as non-display markets such as maskless 
photolithography,19 optogenetics,20 and 
visible-light communications.21

Micro-LEDs Will Maximize LED Usage
Today’s consumer markets rely on LEDs as
the illumination source for general lighting

and nearly all displays.  By extending the
application of LEDs beyond illumination to
directly emissive pixels, the specifications
needed for next-generation displays can be
satisfied.  In this review, we categorized the
activity within the micro-LED space by the
two display-size regimes: direct-view displays
(3–70 in.) which use pick-and-place technologies
and microdisplays (< 2 in.) which use semi-
conductor integration technologies.  While the
science behind micro-LEDs is straightforward,
the success of any particular technology will
depend heavily on overcoming the unique
engineering and manufacturing challenges
associated with each technology.  Once 
commercialized emissive LED displays have
the ability to replace all displays and can span
the entire size range from 0.5-in. microdisplays
all the way up to a 1000-in. stadium displays.
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