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Case No. [PR2022-01291
Attorney Docket No. 50095-00451P1
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. [ 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



Case No. [PR2022-01291
Attorney Docket No. 50095-00451P1

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. 1 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.
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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. T 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. Taccessed 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.  Ipersonally 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. T 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 3™ 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.  Ipersonally 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. Ipersonally 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.  Ipersonally 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. Ipersonally 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). 1
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.

12
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26. 1 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
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RX-0508

Stimulating Student L earning with a Novel “In-House’
Pulse Oximeter Design

Jianchu Yao, M.S. and Steve Warren, Ph.D.
Department of Electrical & Computer Engineering, Kansas State Univer sity
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 datato a
personal computer viaan RS-232 serid link. A LabVIEW interface running on the personal
computer processes these raw data and stores the results to afile. 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
commercia pulse oximeters whose packaging hides the hardware configuration from the
students, the open, unpackaged design stimulates student interest and encourages dialogue with
the devel oper; the in-house nature of the design appeals to students. Moreover, most pulse
oximeters on the market are expensive and provide users with afront panel that displays only
percent oxygen saturation and heart rate. Thislow-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 datafitting algorithms.

|. 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 operationa range, and reasonable cost, optical pulse oximetry iswidely adopted
as a standard patient monitoring technique. Although its foundations date back more than fifty
years," many facets of this technology still attract researchers. Current interest areas include
motion artifact reduction,? * power consumption optimization,* low-perfusion measurements,” °
and issues germane to various application environments (e.g., wearability for battlefield and
home care monitors).”® It isimportant for biomedical engineering students to understand the
principles of pulse oximetry, hardware/software design issues, and signal processing approaches.

Proceedings of the 2005 American Society for Engineering Education Annual Conference & Exposition
Copyright © 2005, American Society for Engineering Education
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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 alows
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 datafor use in the classroom. The deviceis 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-al one pulse oximeter module with a
novel circuit design, an open form-factor, and multiple signal outputs, (b) a personal computer
station with aflexible, 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 projectsin 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.

[1. Theory —Principles of Pulse Oximetry

PPG pulse oximetry relies on the fractional change in light absorption due to arterial pulsations.
In atypical configuration, light at two different wavel engths illuminating one side of tissue (e.g.,
afinger) 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.'® 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: **

| ¢ — | 0 (e_:uatT Xe_:uavv Xe_:uaaA) (1)
where lg is the incident light intensity, I is the light intensity detected by the photodetector, and

Hat, Uay, @Nd Uaa are the absorption coefficients of the bloodless tissue layer, the venous blood
layer, and the arterial blood layer, respectively, in units of cm™.

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:

Al =Tt (€7 et Jert=" A )

Proceedings of the 2005 American Society for Engineering Education Annual Conference & Exposition
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Multiple elements contribute to the attenuation of light traveling through tissue, and arterial
pulsation has only asmall relative effect on the amount of light detected (on the order of one
percent or less; see Figure 1).

A Absorption dueto
wu\ pulsatile arterial blood
1
Absorption due to non-
v pulsatile arterial blood
A
10 Absorption due to
venous blood
v
A
100 Absorption due to
skin, bone and tissue
v

Figure 1. Breakdown of the componentsin the detected photo-plethysmographic signal.*

Dividing this change by the dc value normalizes this variation:

li — % — _luaadA
I dc I t (3)
The ratio of the above ratio for two wavelengths (‘r’ for red, ‘IR’ for infrared) is given by
— (dltllt)r — :ua,r
(dlt / It)IR Har , (4)
where u,; can be expressed as afunction of S,0,," arterial oxygen saturation:
ty = [5,0,01 + 1-5,0, )07
Y (5)
Here, i =r,IR, while 62°® and o are the wavel ength-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
Ro™ — g%
S O — a,IR a,r
N G I G ©

Equation (6) provides the desired relationship between the experimentally-determined ratio R
and the arterial oxygen saturation S,0,. 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 ssmplified
mathematical description above only approximates area system that incorporates

Proceedings of the 2005 American Society for Engineering Education Annual Conference & Exposition
Copyright © 2005, American Society for Engineering Education
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inhomogeneities and mechanical movement. Consequently, (6) is often represented empirically
by fitting clinical datato the following generalized function:
S,0, =k,R+Kk,

)
where, e.g., k= -25.6, k.= 118.8" or ky= -25, ko= 110.%°

[11. 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) acircuit 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.

e Probe
P LEDs < Display
\w Processing
o @ Storage
Q A
o) FN]
R Control signals 8
= o
L%) _ ¥ ; Circuit
! i | Microcontrol er| Module
A . .
Light-feedback Differentiator with AID —> Opticd signa
amplifier » holding circuit > Andlog signa
e e e » Digital signal

Figure 2. Functional block diagram of the pulse oximeter.

The analog portion of the pulse oximeter consists of alight-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 sel ected as excitation sources.

Asdiscussed earlier, the “ac” component resulting from arterial blood volume variation is very
small. If A/D conversion is performed on the overall signal, thistiny “ac” component will be
buried in the “huge” “dc” component after conversion. A differentiator addresses thisissue. 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.

Thiscircuitry 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 modul ate 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” signa 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 isturned 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 virtua instruments (@) 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 atext file for follow-up
analysis. The datain the file are in columnar format:

Column 1 —Time in milliseconds,

Column 2 — d(l 5)ir/dt (derivative of the near-infrared signal)

Column 3 — (lgc)ir

Column 4 — d(l a¢)red/dt (derivative of the red signal)

Column 5 - (Idc)red

Column 6 — (I5c)ir/dt (reconstructed near-infrared signal)

Column 7 — (I4c)red (reconstructed red signal)

Figure 3. Pulse oximeter module and reflectance probe.
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Figure4. LabVIEW virtual instrument for the pulse oximeter. In addition to heart rate
and blood oxygen saturation (%), the interface displaysthered and infrared derivative
data (top two wavefor ms) and thered 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 abasis for alecture/laboratory pair in the
Bioinstrumentation course sequence. In order to improve the quality of the laboratory, the second
author designed alaboratory 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 lear ning obj ectives of this laboratory (i.e., what a student should be
able to do upon completion of the laboratory) are the following:

e Explain the physiological origin of a photoplethysmogram

e Describe the hardware and software components required to determine blood oxygen

saturation using light-based sensors
e Calculate blood oxygen saturation given a set of red/infrared plethysmograms
e Assessthe character and spectral content of the time-varying signals
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e Extract physiological datafrom a photoplethysmogram

e Describe person-to-person variations in plethysmographic signal data

e Calculate calibration coefficients using different approaches

e Counteract the effects of mild motion artifact
During the laboratory, the classis divided into groups of 2~3 students. Each group is equipped
with a collection of components: areflectance 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 |, when calculating
the “ac/dc” ratio. This method is evaluated with two different filtering techniques. adiding
average filter and adliding median filter. The FFT method uses the spectral peaks of the red and
near-infrared signals to represent |5 in the calculations. The students are then asked to compare
the cal culation methods and choose the best one.

Students are al so 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 — Honor s 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:

e datafor time-domain smoothing algorithms (see Figure 6),

e signalsfor time- and frequency-domain filtering projects (see Figure 7 and Figure 8),

o waveformsfor Fourier series reconstruction projects (see Figure 9), and

e signalsfor 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’ variationsin 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 thisfigure, a
polynomial of order 12 provides a reasonabl e 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 siding
window appears to provide areasonable job of smoothing out the noise while retaining the
fundamental shape of the waveform.

1.018

Fle Edit View Insert Tools Window Help

Insaa/ xar- |®pn

1.016 1
016 Sliding average filters:

7-wide, 25-wide, and 51-wide

Fjlarhpl-1eye.tut, Fit order = 12, Sum of Least Squares Error = 0.00014085
- : : : " " , : : 1014 1
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| (V)
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Si

1.006 Atk Asasia
1,004 -

1.002 -
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Figure 6. Data smoothing algorithms (polynomial fits and dliding aver agefilters) applied to
photoplethysmographic data. These exerciseswere 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
acascade of 2™-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).

Lowpass Filter
Unit Impulse

Input Signal RESDONSE Filtered
Corrupted by &P Output
Artifacts Signa

W )DOD’
LPF LPF HPF HPF

Figure7. Multi-stagefiltering of photoplethysmographic data via time-domain convolution
in EECE 512 (Linear Systems). Stages. 2"-order lowpass and highpass filters.

Frequency-domain filters are a'so an important part of asignals and systems course. In these
projects, a student’ s program typically (1) loads an input signal from afile and calculatesits
Fourier transform, (2) calculates the frequency response of afilter 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 spectrato a
set of ASCII text files and creates a plotting script that can be called by MATLAB or GNUPLOT.
In the exampleillustrated in Figure 8, an ideal bandpass filter with alow 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 origina
plethysmographic signal.

T T T
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T T T T ; i
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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 9illustrates 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 theinitial signal. Inthe canine
electrocardiogram depicted on the right hand side of the figure, 125 harmonics produced a good
reconstruction. Thisis due to the higher frequency components present in each QRS complex.

Human Pulse Plethysmogram Canine Electrocardiogram

Fie Edt Yiem Dnssrt Tools Window Help File Edit Vew Insert Took indow Help

nsmEaxar/ |peo Ins@a|/xarrs 2o

Signal {pulseOux.txt) and its CTFS Representation (45 Harmonics] ) Signal (dogECG.txt) and its CTFS Repreentation (125 Harmonice)
T T T T T T T T

=20k

ijif? [ o QT‘? ?‘?Ww? o

rw, (rads)

iy (rad/s) vy (rad/s)

Figure9. 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 aMATLAB interface that would be written by a student in a
graduate scientific computing course. In thisfigure, the upper left set of axes plots the time-
domain plethysmogram, while the lower left set of axes displays the spectrum of the signal
versustime. 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 |eft trace). The
fields on theright 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).

Honor s Resear ch Projects. The undergraduate Electrical & Computer Engineering curriculum
at KSU allows high achieving students to perform research for course credit. The pulse oximeter
modul es 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 Y oung developed a
system based upon the pulse oximeter module that acquired light reflectance data from the
forehead using sensors mounted on afirefighter 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 isto find a comfortable, noninvasive way to replicate the
information normally provided by often painful blood pressure cuffs.

Asnoted in Figure 11, Jonathan Hicks investigated a method to use a patient’ s light reflectance
dataas abiometric indicator. This capability would alow a home monitoring system to
authenticate the identity of a patient prior to uploading the patient’s physiological datato 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 plotsin Figure 11 show arepresentative 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
M easurements 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

Multi-Period Light Reflectance Waveform Single-Period Light Reflectance Templates
- Subject B
Subject C

2t Subject A

Subject A

e I T e T e
me] wi0® Normalizad Tima.

LED Excitation Sources

RED 4T
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Figure 11. Honor s resear ch projectsthat have benefited from the pulse oximeter design.
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V. Discussion and Conclusion

This paper presented initial effortsto 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 asthe 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 |aboratory
(2001~2004). Because these home-grown pulse oximeters offer improved data access as
compared to commercia 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 modul es has been supported by device devel opers.
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 alow 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 avail ability 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 pul se oximeter
signalswith the noise filtered out.” Many other individualsin this class of 65 students had
similar opinions about working with data provided by a device in anearby 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 redlistic signalsto
filter — that is what made me feel like this was a realistic project.”

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 careersin an expanding biomedical industry.
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Introduction

In 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 professions, 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 discipline 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 short
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
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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 teo 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-1930s
and penicillin in the early 1940s that the main danger of hospitalization, i.e., cross-in fection 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
catheterization and angiography (the use 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 11, technological advances 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:

1. 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. Diagnostic ultrasound based on sonar technology became so widely accepted that ultrasonic
studies are now part of the routine diagnostic workup in many medical specialties.

5. “Spare parts” surgery also became commonplace. '|t'l;hnnlugiﬂls were encouraged to provide
cardiac assist devices, such as artificial heart valves and artificial blood vessels, and the artifi-
cial heart program was launched to develop a replacement for a defective or diseased human
heart.

6. Advances in materials have made the development of disposable medical devices, such as
needles and thermometers, as well as implantable drug delivery systems, a reality.

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 menitor 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 biotechnology 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 entire 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
clear that bioengineers of the future will have a tremendous impact on the quality of human life, the
potential of this specialty is difficult to imagine. Consider the following activities of bioengineers:
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« Development of improved species of plants and animals for food production

« Invention 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 therapeutic 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 1950s 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
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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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Pulse oximeters now occupy most critical care arenas
and virtually every operating room in the United States.
They are manufactured by more than 35 firms, with 1989
annual world wide sales estimated at 65,000 units valued
at $200 million.

In January 1989, two comprehensive reviews of pulse
oximetry were published. One gave relative emphasis to
theory of operation and other technical aspects,' while
the other focused primarily on clinical issues.? Since the
reviews of 1989 were completed, more than 500 addi-
tional publications have described methods, uses, prob-
lems, progress, and effects of pulse oximetry—135 of
them in the 6-month period prior to the end date of this
review (October 1, 1991). The past 3 yr have seen a variety
of other reviews concerning some recent developments®-'?
as well as the history of pulse oximetry.'*!*

The purpose of this article is to summarize the litera-
ture on pulse oximetry that has appeared since the major
reviews of early 1989. Expressions such as “‘before 1988
and “since 1988,” unless otherwise indicated, refer herein
to the mid-1988 cutoff date for the references appearing
in those reviews.

Methodological Developments

There is relatively little to report as to methodological
advance in pulse oximetry since 1988. A potential excep-
tion is surface reflectance (“surface’) oximetry, which has
received significant recent experimental attention but
does not appear ready for widespread clinical use. In 1988,
a review of pulse oximetry?® could dismiss the topic of
reflectance oximetry by observing that it was “‘one desir-
able possibility for the future of pulse oximetry . . . in
which measurements of reflected light would allow mon-
itoring at nontransilluminable sites, such as the fetal pre-
senting part during labor.” With the possible exception
of its use in labor, reflectance oximetry is still largely in-
vestigational. Some models now couple the oximeter to
the ECG (see “Limitations of Pulse Oximetry: Motion

Address reprint requests to Dr. Severinghaus: 1386HSE, UCSF, San
Francisco, California 94143.

Key words: Blood: oxygen measurement; oxygen saturation. Com-
plications: hypoxia; postoperative hypoxia; respiratory problems.
Equipment: optical; oximeters. Monitoring: oximetry.
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Artifact”). Probe design has been evolving toward re-
duced size and greater comfort. Two recent reviews dis-
cussed the technology of pulse oximetry,'®!6 although it
must be noted that by and large this technology has not
changed since 1988.

Equipment is now available to permit central nursing
stations to monitor several patients remotely (Novametrix
Inc). Pan and James'” reported trials of a telemetric pulse
oximetry network for use in monitoring of patients on a
ward (after caesarean section). Their study was concerned
primarily with false alarms (see ‘‘Limitations of Pulse Ox-
imetry: False Alarms and False Nonalarms”).

Uses of Pulse Oximetry

Clinical uses of pulse oximetry may be divided into the
oximetric and the plethysmographic.? The oximetric ap-
plications are largely concerned with detecting and quan-
titating hypoxemia in various settings, but considerable
attention and controversy have surrounded oximetry’s
use in avoiding neonatal hyperoxia as well.

In 1988, the detection of hypoxemia in perioperative
and critical-care settings was an established use for the
pulse oximeter; its utility as the sole monitor for neonatal
hyperoxia was controversial at best; and a large number
of plethysmographic uses had been suggested anecdotally,

TABLE 1. Uses of Pulse Oximeters: Topical Analysis by Frequency
of Publication from May 1988 to October 1991

Subject Number of Papers
Endoscopy 26
Postoperative recovery 22
Neonatal intensive care unit 21
Oral surgery and dentistry 14
Airway management 13
Sleep studies 13
Hypotension, poor perfusion 12
Premedication 11
Pediatric anesthesia 10
Transport 10
Emergency 9
Chronic obstructive pulmonary 8
disease, lung disease
Adequacy of circulatory tests 8
Anesthesia, adult 8

Topics reported in three to seven papers include croup; infection;
fetal monitoring; magnetic resonance imaging; exercise; epidural mor-
phine; altitude studies; mechanical ventilation; caesarean section; in-
tensive care units; hypothermia; embolism; one-lung anesthesia; posi-
tioning problems; heart surgery; and anemia. Other uses discussed in
one or two papers include home monitoring of sudden infant death
syndrome patients; weaning from a ventilator; hypoxemia during labor;
seizures; asthma; induction of anesthesia with jet ventilation; obesity
and apnea; hemodialysis; pneumothorax; pulmonary edema; aspiration;
malignant hyperthermia; efficacy of cardiopulmonary resuscitation; ef-
fect of sickle cell disease; application in ear, nose, and throat practice;
and home O, therapy control.
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TABLE 2. Performance and Limitations of Pulse Oximetry: Topical
Analysis by Frequency of Publication from May 1988
to October 1991

Number of
Subject Papers
Effects of methemoglobin,

carboxyhemoglobin 19
Tests of accuracy 18
Sites for probes 13
Failure with hypoperfusion 12
Standards and legal issues 7
Motion artifact 6
Skin pigments 6
Uses in animals 6
Models for in vitro testing 5
Palmar circulation (Allen’s test) 5

Other publications described oximetry in burn patients; comparisons
with transcutaneous Po,; use in tissue revascularization and transplan-
tation; effect on use of arterial blood gas analysis; reports of finger
burns by probes; blood pressure measurement; and cost-benefit ratio
estimations.

relatively few of which had been submitted to more rig-
orous examination.!? All three of these generalizations
still hold, despite worthwhile developments in each area.

The time-honored, if not ideally rigorous, technique
of “citation analysis” (used memorably in Keats’s 1983
Rovenstine Lecture,'® among other publications) helps to
illustrate where current clinical interest in pulse oximetry
is directed. It is clear from table 1 that pulse oximetry,
having entrenched itself in the bank of operating-room
monitors, is now under active scrutiny for the recovery
room and for outpatient settings such as the endoscopy
suite, the dentist’s office, and the sleep laboratory. Table
2 lists recent active topics of investigation into perfor-
mance or limitations of pulse oximetry, independent of
clinical setting.

THE DETECTION OF HYPOXEMIA

The high prevalence of clinically unsuspected hypox-
emia is perhaps the most famous disclosure that pulse ox-
imetry has made. The incidence of hypoxemia was studied
intraoperatively in a single-blind study of 296 adult an-
esthetics by Moller et al.'® In 563%, mild hypoxemia (86—
90%) was seen. Severe hypoxemia, with hemoglobin (Hb)
oxygen saturation measured by pulse oximetry (Spo,) as
< 81%, was recorded in 20% of the patients; 70% of
these severe episodes were not detected by the anesthetist.
McKay and Noble?® found that 6% of a series of nearly
5,000 anesthetics involved critical incidents, of which 29
involved Spo, readings < 75%. Coté et al.,?! in a single-
blind study of 402 pediatric cases, separately examined
the effect of withholding oximeter and/or capnograph
data from the anesthesia team. They identified 59 major
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desaturation events (Spo, < 85% for > 30 s) in 43 patients
and 130 minor desaturations (< 95% for > 60 s). Of the
major events, 41 (=2 70%) were first diagnosed by oxim-
etry, 13 by the anesthesiologist and 5 by the capnograph.
Blinding the oximeter data increased the number of pa-
tients experiencing major desaturation events from 12 to
31 (P = 0.003). Infants < 6 months of age had the highest
incidence of major desaturation events. Blinding the cap-
nograph data altered neither the frequency of desatura-
tion events nor the incidence of major capnograph events
but did increase the number of patients with minor cap-
nograph events (P = 0.0026). The authors concluded:
“1) The pulse oximeter is far superior to either the cap-
nograph or clinical judgment in providing the earliest warn-
ing of desaturation events. 2) Capnography can provide an
early warning to potentially life-threatening problems, but
such problems often result in desaturation . AL

In a less-controlled study of 91 pediatric anesthesia
cases, Schulz et al.?? found hypoxic episodes (Spo, < 95%)
in 52% and major desaturations (Spo, < 85%) in 54% of
newborn infants. They reported that ‘“‘desaturation was
more likely to occur in intubated children than in those
with a mask (p < 0.05)" (reflecting problems with the
processes of intubation and extubation).

These last 3 yr have seen the investigative focus turn
from the operating room and intensive care unit, where
unanticipated hypoxemia is relatively rare, to the post-
anesthesia recovery period, clearly demonstrating the high
incidence of hypoxemia due to the effects of anesthetic,
sedative, relaxant, and especially opioid drugs.?*-* In
Copenhagen, a single-blind study®? of 202 adults in the
recovery room following elective operations, found de-
creases to Spo, < 91% in 55% of all patients at some time
before discharge, despite administration of nasal oxygen
in more than half of these hypoxic episodes, and to
Spo, < 80% in 13%. Patients who had undergone regional
anesthesia had a lower risk of hypoxemia. A randomized
study by Lampe et al.®' of 141 patients for carotid end-
arterectomy or hip replacement noted postoperative
Spo, < 90% in 63% and <86% in 21%; they monitored
that portion of the postoperative period included in “a
24-hour period beginning just after induction of anes-
thesia.” Use of oxygen during the first postoperative night
reduced the incidence of hypoxemia from 29% to 0%.

Durmg Jecovery from anesthesia studied in Sydney,
Australia® with routine use of nasal oxygen as judged
appropriate by nurses, 80% of patients’ saturations de-
creased to < 90% Spo, and 26% decreased to < 80%
Spo, during the first 15 min of recovery. Sixty-four per-
cent decreased to < 90% even while the patients received
nasal oxygen. On the other hand, in Boston, Morris et
al.*® showed that only 14% of inpatients developed at
least transient hypoxemia during recovery, and only 1%
of outpatients became hypoxic in the recovery room. The
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amounts of premedication and injected sedatives and
opioids were not significantly different between inpatients
and outpatients.
Canet et al.?® not only demonstrated postoperative hy-
poxemia in 44% of more than 200 patients and showed
that 35% oxygen prevented hypoxemia, but also reviewed
other evidence that supported the routine administration
of oxygen and the concomitant use of pulse oximetry.

The incidence of hypoxemia has been investigated in
various outpatient or “office”” procedures accompanied
by sedation without professional anesthesia assistance. The
greatest attention has centered on bronchoscopy and en-
doscopy. Schnapf®’ demonstrated > 5% desaturation in
80% of 36 children aged 6—142 months during fiberoptic
bronchoscopy in a pediatric special care unit or pulmonary
laboratory, with higher incidence in the youngest patients.

Pulse oximetry has shown potentially dangerous de-
saturation to be present in 45% of patients undergoing
endoscopy under sedation.®® A prospective study by
Moore et al.* in surgical intensive care disclosed hypoxic
episodes in 21% of patients in the surgical intensive care
unit, mostly during mechanical ventilation. In a recent
review with 63 references, Bell*® suggests that during
gastrointestinal endoscopy, hypoxic problems are com-
mon, with 60% of deaths during endoscopy attributed to
cardiopulmonary complications. Al-Hadeedi and Leaper*!
observe that the 1:5,000 mortality during upper gas-
trointestinal endoscopy—itself ‘‘several fold” lower than
that for endoscopic retrograde cholangiopancreatogra-
phy—still “‘does not compare favorably with the much
lower perioperative mortality directly attributed to anes-
thesia.” In 132 patients undergoing endoscopic retro-
grade cholangiopancreatography under sedation, they
found that Spo, decreased from 95.7 + 2.4% (mean
+ standard deviation) to 88.9 * 6.4%. The largest de-
creases occurred after positioning of the endoscope
(rather than after administration of the sedative or com-
pletion of the procedure). In 57 patients between the ages
of 6 weeks and 36 months undergoing 60 flexible upper
intestinal endoscopies with parenteral sedation only, 7
patients showed oxygen desaturation to < 90% after se-
dation but before insertion of the endoscope without overt
clinical evidence of complications.*? The British Society
of Gastroenterology recommended and approved guide-
lines for use of pulse oximetry as a standard during all
procedures and also suggested that oxygen be adminis-
tered.*®

Sedation and anesthesia are commonly used without
professional anesthesia assistance in oral surgery and den-
tistry. In view of the potentially high incidence of hypoxia,
pulse oximetry has been strongly recommended,** al-
though Wilson*® suggested that 87-90% of desaturation
episodes in his study of 22 sedated children were due to
motion artifacts.
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Marjot and Valentine*® found an 80% incidence of hy-
poxemia (‘“‘persistent desaturation to S,Oq less than 90%”)
following premedication with lorazepam, morphine, and
droperidol for cardiac surgery, accompanied in 33% by
ECG changes, previously unsuspected and easily corrected
by oxygen administration. Hypoxemia (Sag, < 90%) was
documented in 10 of 15 women in labor, 7 of whom had
received opioids.*’

Oximetry has also been used to demonstrate that pe-
riodic breathing in premature and newborn infants is un-
related to the occurrence of apneic spells.*® Oximetry may
reduce the need for intensive care in low-risk groups. In
30 patients during emergency field rescue operations,
Spo, was compared with arterial blood oxyhemoglobin
(O2Hb) and found to correlate with r = 0.898 and bias
(Spo, — OgHb) of —0.3 + 2.4.%

Airway management problems aided by oximetry in-
clude evaluation of the performance of experimental res-
cue devices such as the “‘glossopalatinal tube,”*® detection
of obstructed®! or misplaced®*~** endotracheal tubes, as-
sessment of readiness for removal of tracheostomy,55 for-
eign body removal,?® and effectiveness of use of helium.5’
Oximetry is especially useful in managing one-lung anes-
thesia.®

Use of oximetry and end-tidal P, instead of arterial
blood gas in assessing a patient’s ability to be separated
from mechanical ventilation was studied in 60 patients by
Withington et al.5° After assessing noninvasive method
reliability in 20 subjects, they demonstrated the success
of the method in the next 40. Pulse oximetry has been
used .in optimizing continuous positive airway pressure
and positive end-expiratory pressure® and, for quanti-
tative purposes, pulse oximetry has been a documented
help in a variety of procedures, such as determination of
the needed oxygen flow rate or concentration in venti-
lator-dependent patients.®!

When epidural morphine came into general use for
pain relief, there was concern about possible unobserved
apnea on wards. Choi et al.®? demonstrated in 20 post—
caesarean section women that half of the patients expe-
rience desaturation to < 85% over the 15-h monitoring
period, whether they were given morphine parenterally
or epidurally, but the desaturation occurred within 3 h

with parenteral morphine and at 13.7 + 5.9 h with epi-

dural morphine.

In a study in general hospital (non—critical-care) units,
Bowton et al.®® found that 75% of patients monitored for
36 h had at least one episode of desaturation to < 90%
and 58% had at least one episode of desaturation to
< 85%. Few of these episodes were documented, and even
the availability of monitoring had little effect on care.

The use of oximetry in emergency care situations was
reviewed.® Patients transported by ambulance, helicop-
ter, and aircraft are increasingly monitored by pulse ox-
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imetry because the vibration makes most other methods
of ventilatory and circulatory monitoring ineffective.®®
Short et al. compared seven oximeters during helicopter
transport, and reported three to be subject to vibration
interference or otherwise unacceptable.®®

Pulse oximetry is used (in connection with periodic ar-
terial blood gas determination) to help adjust the flow
rates and periods of use of home oxygen therapy of pa-
tients with chronic obstructive pulmonary disease, e.g. in
response to increased needs with exercise and rapid-eye-
movement sleep. A review of this field by Tiep (110 ref-
erences) suggests that the involvement of physician and
oxygen supplier may have increased in the effort to tailor
oxygen supply to demand and to reduce possible excessive
oxygenation (and respiratory depression).®”

In summary, pulse oximetry is now well-established—
both inside and outside the operating room and intensive
care unit— as a useful and sensitive detector of hypox-
emia. Its acceptance as a supplement to clinical detection
for hypoxia is clearly apparent. Equally apparent, how-
ever, is the role of motion artifact in limiting its specificity,
especially in certain populations (see *‘Limitations of Pulse
Oximetry: Motion Artifact”). Furthermore, outcome
studies are generally lacking for the above-mentioned ap-
plications, leaving open the question of whether pulse ox-
imetry reduces morbidity and mortality (see ‘‘Does Pulse
Oximetry Increase Patient Safety?”).

MONITORING CIRCULATION

The pulse oximeter’s plethysmographic capability has
been proposed as a monitor of circulatory adequacy. By
1988, a number of anecdotal applications of this type had
been reported.? This list is now longer (below), but an
earlier caution? still holds true: the pulsatile perfusion
required to generate a pulse signal on a given pulse ox-
imeter in not a priori either necessary or sufficient to
guarantee adequacy of circulation for a given application.
Machine characteristics, intersubject variability, and in-
trasubject variability all are involved. Only controlled
studies can resolve these issues; by and large, these have
not been done for plethysmographic applications of the
pulse oximeter.

The best-studied use of this type is Allen’s test. In 1988
there was no consensus among those who had investigated
pulse oximeter plethysmography as a measure of palmar
collateral circulation.? Several others have now tried and
recommended it without controlled testing.?®% Levin-
sohn et al.,” taking digital cuff sphygmomanometry as
the “gold standard,” showed laser Doppler to be equally
accurate and easier to use, and found the classic (‘‘sub-
jective’) Allen’s test to be sensitive but not very specific
(“‘a good screening test’’). But they found pulse oximetry
to indicate false adequacy of collateral circulation in two
of three hands with abnormal digital systolic pressure.
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In contrast, Pillow and Herrick”' found that laser
Doppler agreed with pulse oximetry in 109 of 109 patients
with respect to both ulnar collateral flow (100 sufficient,
9 insufficient) and radial collateral flow (108 sufficient, 1
insufficient). They were unable to account for the contrary
results of Glavin and Jones,”® who rejected pulse oximetry
for this test 2 yr earlier, in 1989, except to speculate that
the thumb may be a more sensitive site than the index
finger for monitoring ulnar collateral flow. Despite the
further study, this issue appears no more settled than it
was three yr ago.

Systolic blood pressure may be accurately determined
by reappearance of the pulsatile waveform during cuff
deflation in instruments that display the waveform (tested
with Ohmeda 3700)7** or, perhaps more accurately, by
waveform disappearance during slow cuff inflation.”s~""
Comparison of pulse amplitudes on the finger and the
toe demonstrated toe vasodilation due to sympathetic
blockade with spinal anesthesia.”® The waveform response
toa Valsalva maneuver can detect patients with autonomic
dysfunction or blockade.”

Other new reported uses include determining ductus
arteriosus patency,?® assessing the level of ischemia in pe-
ripheral vascular disease (in which it is claimed to be more
sensitive than either transcutaneous Po, [tcPo,] or Dopp-
ler flowmetry®'), assuring patency of major arterial
grafts,® testing viability of the bowel,®*#* indicating artery
compression in shoulder arthroscopy®® or fracture ma-
nipulation,®® determining limb vascularity,?” assessing
circulatory adequacy of the arm when an unconscious pa-
tient is placed in the lateral or prone position or with arms
elevated or hyperabducted for surgery,® and monitoring
circulation of reimplanted digits or grafts.® In general,
these are anecdotal uses, not verified by controlled studies.

ROLE IN PREVENTING RETINOPATHY
OF PREMATURITY

In premature infants, the administration of supple-
mental oxygen is associated with retinopathy of prema-
turity (ROP).**?! The duration, concentration, and pat-
tern of oxygen toxicity all are implicated—as are gesta-
tional age, hypercapnia (possibly via a vasodilatory increase
in oxygen delivery to the retinal vasculature®®), the state
of the ductus arteriosus (open®® or closed®®), light, and
literally dozens of other factors, which may or may not
be confounding.’! Indeed, premature infants can develop
ROP despite persistent hypoxemia.®®

Empirical recommendations for arterial oxygen satu-
ration (Sag,) in infants at risk for ROP generally fall into
the 90%-95% range.?%” The pulse oximeter has obvious
application here, but its main use is in preventing hypox-
emia, not hyperoxia. It is generally agreed that pulse ox-
imetry is not adequate for evaluating hyperoxia in this
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setting—not only because its inherent inaccuracy of 2-
3% looms so large in the region of the Hb-oxygen dis-
sociation curve above Sag, 90%, but also, and more fun-
damentally, because there is no consensus on an acceptable
safe upper limit for Sag,.

A recent “‘consensus report’’ on neonatal pulse oxim-
etry,96 definitive enough in its other recommendations,
was able to recommend ‘‘further research” only after
“long and complex’ discussion of a safe upper limit. The
current uncertainty about this issue is illustrated by the
various definitions of hyperoxia used in recent investi-
gations into neonatal pulse oximetry; they include Po,
> 80 mmHg,*® Po, > 90 mmHg,'® and Py, > 100
mmHg.%

Hay et al.'® noted that when an Ohmeda 3800 dis-
played Spo, = 92 * 3% in neonates, the Pag, was between
40 and 100 mmHg 100% of the time—but they added
that, while keeping Spo, = 92 * 3% ‘‘seems prudent and
safe, . . . this conclusion is arbitrary and not tested.”

Bucher et al.'° recently concluded that the Nellcor N-
100 and the Ohmeda Biox 3700 are highly (95%) sensitive
for hyperoxic episodes (Po, > 90 mmHg) but have only
mediocre specificity (38% and 52%, respectively); this 95%
sensitivity was achieved by choosing an Spo, upper limit
of 96% for the Nellcor N-100 but of only 89% for the
Ohmeda Biox 3700. Findings like these suggest that cau-
tion is required in interpreting blanket recommendations
on safe upper limits, such as Hay’s *“‘consensus” of Spo,
94-95%,% that do not make reference to a specific pulse
oximeter brand and model.

On the other hand, Reynolds and Yu,*® also using the
Ohmeda Biox 3700 and studying 175 readings in 12 ne-
onates with pulmonary compromise, recommended an
Spo, upper limit of 90% to avoid Po, > 80 mmHg. If
nothing else, the incongruity between this result and that
of Bucher et al.'° underscores that the prevention of ROP
may involve more than just control of Sag, or Pag,. In-
deed, the recent slowdown in published investigations into
a safe upper limit of Sag, for neonates—in contrast to a
veritable spate of such studies circa 1987—may signal a
conceptual retrenching as the multifactorial nature of
ROP is acknowledged in practice.

What is certain is that pulse oximetry cannot currently
be recommended as the sole monitor of oxygenation for
the neonate at risk for ROP. The prevention of ROP is
probably best accomplished by either intermittent arterial
blood gas analysis or continuous tcPo, monitoring, with
pulse oximetry as a supplementary modality.

As Sag, decreases, because of the steepening dissocia-
tion curve, oximetry becomes progressively more de-
pendable than tcPo, measurement in assessing, control-
ling, and maintaining some defined level of oxygenation.
In an infant with mostly fetal Hb, a 5-mmHg change in
Po, at 70 mmHg (=~ 97% Sao,) is equivalent to only about
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0.6% change of Sao,, but the same 5 mmHg change at
40 mmHg (~ 87% Sao,) accompanies a 5% change in
Sap,. Fetal Hb is not distinguishable from adult Hb by
pulse oximeters.'®? For this reason, at Sao, < 90%, some
investigators®®!%3:1% believe oximetry to be more reliable
than transcutaneous monitoring, but not even they seem
to believe that it can supplant other forms of monitoring.
The relative merits of tcPo, monitoring and pulse ox-
imetry have been reviewed.'%-1%7

INVESTIGATIVE USES

Cardiopulmonary resting and exercise tests,'**'%? hyp-
oxic ventilatory response studies,'!° and sleep abnormality
studies'!!~1'® are now more easily and accurately done
with oximetry. The rate of decrease of Spo, during apnea
after 5 min of preoxygenation was shown by Jense et al.'!?
to be twice as fast in morbidly obese patients, with Spo,
decreasing to 90% in 163 =* 15 s in the obese subjects.

Using oximetry, Brodsky et al. reassessed diffusion
hypoxia after discontinuation of nitrous oxide.''® In ASA
physical status I and II patients breathing unspecified
concentrations of isoflurane in 3:2 nitrous oxide/oxygen
(at51- min™!), a transient Spo, decrease of 4% was seen
3 min after discontinuation of nitrous oxide, whereas no
corresponding drop was seen in patients breathing isoflu-
rane in 100% oxygen.

Oximetry has been used to test exposure to and accli-
matization at high altitude'!®-'?* and to study breath-
holding in the diving women of Korea and Japan.'?* Pulse
oximeters have been successfully used in laboratory ani-
mals such as the dog,'?5 sheep,'**!?7 pig,'?® horse,'?° rab-
bit,!3° and rat.!3! The sites used have been the ear, cheek,
tongue, and tail.

Limitations of Pulse Oximetry

INCIDENCE OF FAILURE

In a prospective intraoperative study at the University
of Washington, Freund et al. reported a 1.12% failure
rate in 11,046 anesthetics.!*? Failure was defined conser-
vatively as ‘“‘the inability to obtain any pulse oximetry
reading for a cumulative period of 30 minutes or greater
after all mechanical problems . . . had been eliminated
and all possible sites had been tried . . .” (e.g., other digits,
ear, nose). Curiously, the failure rates differed by hospital:
they were 0.78% at the University Hospital, 0.56% at the
Harborview Hospital, and 0.56% at the Children’s Hos-
pital, but 4.24% at the Veterans’ hospital. When a failure
occurred, it persisted for 32% of total anesthesia time.

In a retrospective study of 1,403 patients in a postanes-
thesia care unit at the University of Washington Hospital,
Gillies et al.’®® found a comparable failure rate of 1.1%
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(two or more 15-min periods when no values were noted).
About 90% of failures were at the beginning of the stay
in the postanesthesia care unit.

Low SIGNAL-TO-NOISE RATIO

Probably a majority of the factors that interfere with
pulse oximetry can be explained as either too little signal
(low-perfusion state, improper probe placement) or too
much “noise”’ (motion, ambient light, electrocautery, ve-
nous pressure waves). When arterial pulsation decreases
below some fraction of total transmitted light (about 0.2%
for the Ohmeda units), the signal is judged unacceptable
by the computer program, which may display a ‘“low
quality signal” message, display a blank, or set the display
to zero. This lower limit for default varies between man-
ufacturers. Instruments that continue to display Spo, at
lower pulse pressures may be more prone to providing
erroneous data at low signal levels.”'3*-1% If artificial
“‘pulsations” are present (due to some interfering process
such as mechanical movement or ventilation), the pro-
cessor may either default to zero or display an incorrect
Spo, with an erroneous heart rate. The inappropriate
heart rate can often alert the user that a problem exists.

PROBE POSITION

Kelleher and Ruff documented that finger probes,
when withdrawn partially beyond the fingertip, exhibit
what they called a “penumbra effect,”'*” often causing a
false low reading before failure occurs. (The authors
speculated that this might also cause a false high reading
if Sag, is < 85%.) The mechanism probably involves light
shunt either edgewise through superficial finger tissue or
through air, lowering the signal-to-noise ratio. The er-
roneous values are more common with warm than with
cold fingers.

VASOCONSTRICTORS

Cold vasoconstriction combined with a low pulse pres-
sure (e.g., after cardiac bypass) or an increase in venous
pressure often precludes detection of Spo, from fingers
or at least delays detection of hypoxemia.'*® In ten pe-
diatric patients deliberately surface-cooled to 25° C, the
arterial oxygen saturation was overestimated by the pulse
oximeter between 30° and 36° C and was underestimated
below 30° C when the initial saturation was low.!*® Va-
soconstriction in shock or cold may essentially stop flow
through fingers without eliminating pulsatility in arteri-
oles. This may result in gradual desaturation of the arterial
blood remaining in the fingertips, either by diffusion
through arterial walls or by movement in and out of si-
nusoids or capillaries. An example was noted in a cachectic
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70-yr-old woman during hemorrhagic shock, initially
treated with ephedrine.”” Spo, decreased from 98% to
45% while the heart rate detected by the oximeter con-
tinued to be correct at radial arterial Po, = 550 mmHg.
Local finger desaturation has been confirmed during ex-
perimental hypotension and vasoconstriction.””

Finger vasoconstriction can prevent detection of the
changes clearly shown with an ear probe.!*® Anecdotal
reports suggest that a finger block with 0.25 ml 1% li-
docaine on each side at the base of the finger may restore
circulation and oximeter detection in the face of vaso-
constriction induced by cold or hypotension. Grayson and
Bourke'*! were able to restore oximetry signals for 1.5—
2 hin five of five patients in whom finger signal had dis-
appeared using 2 ml 2% lidocaine. Topical nitroglycerin
paste on the finger has been used to reverse vasoconstric-
tion, but with variable results. Spinal anesthesia strongly
increased the pulse amplitude detected in the toe.”®!4

LOW-PERFUSION LIMITS

The low-perfusion limits of pulse oximetry were rela-
tively unexplored in 1988. Since then, the low-pressure
and -flow limits at which oximeters fail have been exten-
sively investigated.””7134-136.142 I yolunteers, Severing-
haus and Spellman’” induced hand hypotension or vaso-
constriction by several methods such as arm elevation in
the lateral decubitus position (a nitroprusside infusion was
required in several instances to induce signal detection
failure), application of a carpenter’s C-clamp slowly over
the antecubital brachial artery, inflation of a brachial cuff,
and intraarterial injection of norepinephrine. The three
pulse oximeters tested were the Nellcor N200, the
Ohmeda 3740, and the Criticare 504US. The mean sys-
tolic pressure at the threshold of function (mean of failure
with decreasing pressure and recovery with increasing
pressure) was 29.7 + 12.8 mmHg with elevation, a test
in which pulse pressure remains normal. No difference
was found among the three oximeters. However, with
partial clamping of the brachial artery, the Nellcor
threshold was 47.1 + 18.56 mmHg, significantly higher
than those of the other two (38.7 + 14.5 with Criticare,
36.0 * 3.4 with Ohmeda). Norepinephrine injection fur-
ther increased the thresholds. A potentially significant
observation was that when pressure was just above
threshold, detection of an induced hypoxic transient was
delayed, in one case by 6 min. Also noted was a decrease
of Spo, despite normoxia in the awake volunteers, reach-
ing on average 88.8 * 11.5% Spo, just before failure.
The authors suggested that pulsation may continue to be
detected in the absence of flow, such that oxygen may
diffuse from either arteriole or capillary to finger tissue,
causing an actual decrease in the pulsating blood oxygen
saturation. These failure thresholds were considerably
lower than those often seen clinically, suggesting that
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clinical failure is more often due to finger vasoconstriction
than to hypotension.

The brachial arterial C-clamp method was also used by
Falconer and Robinson'** to compare failure and error
rates in 13 pulse oximeters in volunteers at reduced pulse
pressures during steady mild hypoxemia (80 < Sag,
< 88%). With pulse pressures between 11 and 20 mmHg,
only the Physio-Control 1600 failed significantly more
than the other instruments. At < 11 mmHg pulse pres-
sure, the authors were able to rank instruments, reporting
that “the Datex Satlite® was found to be more accurate
than the average pulse oximeter, and, conversely, the
Nellcor N100 and N200 without ECG link were found
to be less accurate.” They reported that the Nellcor N100,
Nellcor N200 without ECG link, and Physio-Control 1600
defaulted to zero significantly more often than expected.
The addition of an ECG link to the Nellcor N200 and
Criticare 504US significantly increased the frequency of
correct function at pulse pressures < 11 mmHg.

Clayton et al.'®® evaluated the performance of 20 pulse
oximeters with finger probes by comparison of their
readings with directly measured arterial blood oxygen
saturations in patients who had low peripheral perfusion
after cardiac surgery under hypothermic cardiopulmo-
nary bypass. An overall ranking of performance of each
pulse oximeter was calculated using five criteria (accuracy,
precision, number of readings within 3% of standard,
percentage of readings given within 3% of standard, and
expected overread limit in 95% of cases). Two pulse ox-
imeter models, the Datex Satlite and the Criticare CSI503,
achieved a combination of accuracy and precision such
that 95% of measurements would be expected to be within
4% of the laboratory oximeter value; these two also had
the lowest dropout rate.

Morris et al.” compared the response of a group of ox-
imeters to inflation of a brachial arm cuff to raise venous
pressure, thereby lowering perfusion pressure. Some but
not all appeared to show decreasing Spo, as perfusion
pressure decreased.

Oximetry during and after open heart surgery was in-
vestigated by Pilve and Vuori.!*® In 33 open-heart sur-
gery patients immediately after open-heart surgery and
in the intensive care unit after the operation, neither low
cardiac index (< 2.2 1-min™' + m™?) nor low peripheral
temperature (< 28° C) was found to affect the reliability
of three different pulse oximeter models. Kurki et al.!*®
found that an Ohmeda Biox III continued to function
during nonpulsatile bypass, although with somewhat
degraded accuracy, while a Nellcor N-100 ceased func-
tioning.

MOTION ARTIFACT

This subject has also been explored more systematically,
both in investigation and by anecdotal reports since 1988.
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When subjects are awake, movement is the most common
cause of failure and false alarm.*? In 63 dental visits, 87—
90% of the 235 desaturation episodes were due to patient
movement. Similarly, in children with a diagnosis of croup
there was poor correlation of clinical status and respiratory
rate with low Spo,.'** Frequent dips in Spo, were caused
by technical problems such as movement artifact.

Probe motion may cause either absent or incorrect
readings—the latter particularly if the motion contains
frequencies of 0.5-4 Hz (heart rate range). The impres-
sion is widespread that shivering interferes. In an effort
to simulate recovery shivering and transport, Langton
and Hanning!*® vibrated the hand at 4-8 Hz. They noted
artifactual decreases of Spo, in some instruments
(Ohmeda 3700 and Simed S100 but less in Nellcor N-
200 with ECG link and Datex Satlite) and extra delay in
the response to sudden inhalational hypoxia. Tonic—clonic
seizures did not prevent the use of pulse oximeters to
document and treat severe desaturation.!*® Vibrational
motion during helicopter transport appears not to be a
problem.8%8

In a study of eight pulse oximeters during moderate
exercise on a cycloergometer, Barthelemy et al.'® were
able to distinguish two statistically different subgroups in
which Datex, Physiocontrol, and Radiometer oximeters
were accurate to within £1.9% of Sag, while Nellcor,
Ohmeda, Novametrix, Kontron, and Hellige varied by
+2.8-5.0% from Sag,.

During cardiopulmonary resuscitation, the body mo-
tion induced by rescuers can produce oximeter readings
of about 85-90% Spo, without any actual circulation,'*’
in keeping with earlier observations that Spo, displays that
are generated by motion artifact often tend toward 85%,
the Spo, at which the alternating current/direct current
(AC/DC) ratio of ratios is 1.0.14514°

While monitoring 23 infants with sleep apnea problems
(sudden infant death syndrome) at home, Poets et al.'°
reported the pulse oximeter to fail in 7 of 69 apneic ep-
isodes because of signal loss from movement artifact,
whereas they saw no failure of alarm with tcPo, monitor-
ing, underscoring an the apparent advantage of tcPo,
monitoring in this population. (See “‘Effect of Pulse Ox-
imetry on Other Monitoring Methods”).

To reduce motion artifact, several manufacturers cou-
ple the ECG signal to the oximeter to synchronize detec-
tion to heart rate (Nellcor N-200, Criticare US). To our
knowledge, ECG coupling has not been studied in con-
nection with shivering, although Langton and Hanning'*®
found it to be useful when motion was artificially produced
via an ‘“‘industrial vibration facility.” In a neonatal inten-
sive care unit, Barrington et al.!® reported a nearly 50%
reduction (from an incidence of 4.1-2.1%) in motion ar-
tifact when ECG coupling was added in the neonatal in-
tensive care unit. They found pulse oximeters to be un-
reliable for 11.9-25% of events when used in the short
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averaging mode (display representing average of < 6 s of
data), and from 13.8% to 29% in the longer averaging
mode. ECG coupling has also been claimed to be of use
in experimental hypotension.'*®

ABNORMAL PULSES

Some oximeters detect a large dicrotic notch as a sep-
arate heartbeat, giving about twice the actual rate but
(usually)a correct Spo,. Venous pulsations due to tricuspid
insufficiency'®! or ischemic cardiomyopathy have caused
low Spo,,'*? and venous pulses have been blamed for low
or absent readings on the forehead in supine patients.'*®

VENTILATOR-INDUCED PULSE INTERFERENCE

With positive pressure ventilation, cycling venous and
arterial pressure may cause continuous searching for an
optimal signal in some instruments (e.g., Nellcor).!*® One
letter writer!®* makes a virtue of necessity by using ven-
tilator-induced changes in oximeter pulse amplitude as
an indicator of developing hypovolemia.

RESPONSE TIMES

Slow finger circulation due to cold vasoconstriction may
delay responses by more than 1 min after pulmonary ox-
ygen change at normal blood pressure and by much longer
periods during severe hypotension.”” Similar delays have
not been reported when probes are used on the ear, fore-
head, nose, or lip.

AMBIENT LIGHT

If ambient light is very strong, or is flickering at fre-
quencies similar to harmonics of the light-emitting diode
(LED) pulse rate, it may interfere with the rate and sat-
uration measurements. (Manufacturers either synchronize
LED pulse rates with harmonics of line power [Ohmeda]
or choose rates with no harmonic overlap.) Some lights
(fluorescent and especially xenon operating room lights)
have caused both falsely normal and high readings even
without a subject connected. In one rare instance,'® a
Nellcor N-100 probe continued to indicate 100% Spo, in
response to ambient light while the patient became hyp-
oxic because of unrecognized extubation. A 15-W hand-
held mercury vapor fluorescent light caused Nellcor
readings to decrease dramatically in infants with dispos-
able finger probes.!*® Although anecdotal reports have
suggested interference by phototherapy lights and heaters,
Zubrow et al.’>” were unable to find such effects in a new-
born nursery.

Opaque covering of the probe is helpful in minimizing
the effects of ambient light.
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ELECTROCAUTERY

Many early pulse oximeters failed in the presence of
cautery. With design changes such as careful shielding
and filtering, most oximeters are now somewhat better
protected. Separation of the probe from the site of surgery
and the ground pad may help if problems are seen. In a
first-generation Kontron 7840, using an unshielded
probe, the memory (random-access memory) was per-
manently “corrupted,” presumably by electrocautery,
causing it to read Spo, = 95% and heart rate = 139 beats/
min at all times,'?®

INTERFERENCE OF MAGNETIC RESONANCE IMAGING

Ferromagnetic materials within or near the scanner
can distort the magnetic field, and monitoring wires act
as antennae and may cause granularity in magnetic res-
onance imaging (MRI).%® In our own experience, there
are remarkable differences between different oximeters,
without obvious reason. Unfortunately, no one has re-
ported a comparative study of a variety of pulse oximeters,
so the user is left to testing and choosing for his or her
own environment. MRI sometimes interferes with pulse
oximetry, apparently because of radiofrequency signal
detection; an abrupt change in Spo, as imaging begins
may indicate such interference. Grounding and filtering
of radiofrequency have been shown to reduce or eliminate
these problems,’®? but this may require special probe ex-
tender/couplers, with grounding of the oximeter cable
shield to the nuclear magnetic resonance magnet case. In
a recently described novel approach, fiberoptics replaced
wires between the patient and device, eliminating both
MRI interference and possible burns.}

ALTERNATIVE SITES

In general, the pulsatile or AC fraction of total light is
smaller from the ears than from the fingers-because the
DC component is greater (thin ear transmits more light),
so most pulse oximeters use the finger, except when pe-
ripheral vasoconstriction or hypotension limits finger
perfusion. Initially, the Biox and Ohmeda ear probes were
heated to 37° C to induce local vasodilation, but this
practice has been discontinued. In infants, flexible probes
work through the palm, foot, penis,'®! or even arm.!®2
The bridge of the nose and nasal septum have been used,
but for unknown reasons the Nellcor nasal (bridge) probe

% Shellock FG, Kimble K, Myers S: Monitoring heart rate and oxygen
saturation during MRI with a fiber-optic pulse oximeter (abstract).
10th Annual Meeting, Society of Magnetic Resonance Medicine 2:
974, 1991. Device: Nonin Inc. (Plymouth, MN).
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read 4.7 + 1.4% higher than Sag, in ten postoperative or
nonoperated patients with mean Sao, of 91% (range about
85-94%)'%*1°*and 2.8 + 3.9% too high in 15 post-cardiac
surgery patients. Three other groups reported similar
high-reading errors.!38165.186 prohes have been mounted
successfully across the tongue,'®”!%® although they are
difficult to maintain in place.!®® The cheek may be used
by placing either a light source or a detector inside the
mouth,!”® to be held in place by the malleable metal from
the bridge of an oxygen mask so that the buccal mucosa
and skin are transilluminated. The wing of the nostril
provides a useful site.

It has often been noted that the Spo, reading differs
from site to site. The initial comparison of ear and finger
sites by Severinghaus and Naifeh'”!—showing both faster
response and greater accuracy at very low saturation for
the ear—has been supplemented by Clayton et al.,'®® who
studied the performances of ten pulse oximeters using
finger probes and compared them to the same pulse ox-
imeters using alternative probes (eight finger probes, two
nose probes, and a forehead probe) in poorly perfused
patients. Nose and forehead probes performed poorly.
Some ear probes performed well compared to some finger
probes, but the overall performance of probes in other
sites compared to finger probes was worse (P = 0.05).
Two of eight ear probes and no nose or forehead probes
were reliable within 4% of the reference value in 95% of
readings. Putative causes included 1) low blood flow caus-
ing actual desaturation of the pulsing blood due to local
tissue oxygen consumption, 2) light leakage around in-
stead of through the tissue, 3) venous pulsation, associated
with venous congestion, and 4) variations of tissue thick-
ness.'®® At low saturation, the ear read closer to Sag, than
the finger in most tested oximeters.!”!

REFLECTANCE OPERATION

Adults
Cui et al.'"? reported the reflectance spectrum of blood
in tissue. The peak absorption is in the green region (as
with blood in vitro), suggesting that the largest pulse signal
would be in that region, although that color is not used
in present devices. Mendelson et al.!7!7* obtained satis-
factory monitoring with a forehead reflectance probe of
their own design. Cheng et al.'™® reported that a Criticare
forehead probe performed well in healthy subjects but
was less satisfactory in critically ill patients. Although this
site might be expected to have some advantages in restless
patients, reflectance from skin surfaces seems little used
and has not yet been widely tested for accuracy. On the
forehead at about 55% Sao,, the bias and precision were
found to average —0.7 - 4.0% with Criticare, —0.2 + 6.5
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with Datex, and —1.6 = 5.5 with Kontron oximeters,'’®

accuracies that matched or surpassed finger data with the
same instruments. In each case the probes were experi-
mental. A Simed forehead probe tested by Decker et al.!”’
was less stable, more subject to motion artifact, and less
accurate. Failure to detect signal is more common on the
forehead than on the finger. Infrared light penetrates
more deeply than red light,'” so the paths of the two
wavelengths traverse different tissue and thus detect dif-
ferent degrees of pulsatility. To obtain accurate tracking
at low saturation, it was found that the infrared LED
needed to be located slightly closer than the red LED to
the detector and that the spacing between the infrared
LED and detector should be at least 1 cm.!”®

At least one manufacturer is now actively marketing
reflectance oximetry (Ciba-Corning). Barker et al.!”
found an unacceptable 59% signal failure rate for this
instrument used on the forehead and a 27% rate for the
same on the finger, compared to signal failure rates of
1.3-5.8% for various transmission oximetry finger probes.

Mendelson and McGinn'® found reasonable agree-
ment (within 2-3%) between a standard finger probe and
reflectance sensors on the forearm and calf, but it is note-
worthy that the reflectance sites required heating of the
skin to 40° C to produce a detectable signal.

Fetal

Reflectance oximetry in the fetal presenting part has
been investigated with mixed results. Johnson and asso-
ciates reported reasonable data obtained by placing a re-
flectance probe on the fetal scalp via the vagina.'®! The
authors restricted their study to labors involving vertex
presentations without palpable caput or meconium stain-
ing of amniotic fluid. Continuous fetal monitoring was
achieved in all 86 of the labors thus selected. Amniocho-
rionic membranes did not appear to interfere with mea-
surements either in vitro (by absorption spectrum analysis)
or in vivo. The same group also monitored fetuses during
caesarean section.'®! Another group'®? attempted appli-
cation of pulse oximetry to intrapartum monitoring in
105 women. No adequate reading could be obtained in
44 cases. Two major sources of artifact, related to probe
apposition and signal processing, were identified and ex-
cluded. The average Spo, from the fetal scalp was 82%
(standard deviation 6%), which is higher than has been
inferred from Pg, levels. Major problems were attachment
of the probe and stagnant blood when palpable caput was
present. Johnson et al.'® focused on this issue by studying
20 neonates with significant caput succedaneum. The
scalp average Spo, was 69% when Sao, was 84%, and in
one extreme case at 90% Sag, the caput sensor read 40%.
These studies suggest the need for a probe designed to
slip inside the cervix beyond the caput, when it is present.
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SKIN PIGMENTS, DYES, NAIL POLISH

In black patients, erroneously high readings (about 3-
5%) and a higher incidence of signal detection failure
have been reported.®!'84-186 In black people, the nail bed
and fingertips are usually less pigmented than other areas
of the skin. This effect has been simulated using an in
vitro model.'®” Injected methylene blue and indocyanine
green are known to produce transient false desatura-
tion.'®® The effects of dyes, dyshemoglobins, and other
pigments were recently reviewed by Ralston et al.'? They
pointed out that although nail polish reduces total light
and may render the signal too small and cause up to 6%
underestimation, probes can be mounted from side to
side on a finger. (The effect of nail polish at low Sag, has
not been studied, but it is predicted to cause overesti-
mation of Sag,.) ‘

For a comprehensive statement about the effect of nail
polish on pulse oximetry, the work of Coté et al.' remains
definitive. Their analysis, which considers the relative
slopes of the nail polish absorbance curve at the two wave-
lengths of interest, has implications beyond the effects of
nail polish; according to their research, pigment may cause
error despite its nonpulsatility. Indirect evidence for this
is provided by anecdotes about low Spo, readings from
fingerprinting ink (which can even be transferred from
finger to oximeter probe),'® from henna, a stain used by
some Middle Eastern women on the fingers and toes,'?!
and from meconium in newborns.!9?

Jaundice appears to have no direct effect on pulse ox-
imetry but may cause confusion because it may be read
by multiwavelength laboratory oximeters as increased
carboxyhemoglobin (COHb) or methemoglobin (MetHb)
or both, reducing the in vitro OoHb reading.'?® This lab-
oratory error was found greatest with the IL282, less with
the Corning Co-2500, and not at all with the Radiometer
OSM3.!%* These authors'®* also caution that jaundiced
patients often have truly elevated COHb and MetHb as
well, which may reduce OxHb (but not Sao,).

CARBOXYHEMOGLOBIN AND METHEMOGLOBIN

With pulse oximeters, COHb is nearly indistinguishable
from O,Hb.'% In a clinical comparison of pulse oximeter
Spo, against values obtained from a laboratory blood ox-
imeter in a patient with carbon monoxide poisoning,
Spo, was equal to the sum of the OoHb and COHDb values,
with COHb as great as 30%.'% Multiwavelength labora-
tory blood oximeters read and report O;Hb as a per-
centage, which can underestimate Sag, by as much as the
sum of the concentrations of COHb and MetHb. Con-
sider, for example, a situation with 15% COHb and 10%
HHb. The multiwavelength laboratory analyzer will re-
port OxHb as 75%. (Some devices may term this “oxygen
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saturation.”) Arterial oxygen saturation will be inter-
preted as approximately 90% by a pulse oximeter, mea-
sured as 90% by gasometric analysis, and computed as
about 88% from blood gas analysis, due to the left shift
of the dissociation curve caused by COHb. The pulse ox-
imeter Spg, of approximately 90% indicates the presence
of 10% HHb, desaturated normal Hb, but neither pulse
oximetry nor blood gas analysis provides any clue to the
presence of COHb.

The effects of MetHb on pulse oximetry has been stud-
ied extensively.'9’-2%* MetHb absorbs both 660- and 940-
nm light. Barker et al.'®® found that Spo, readings de-
crease with MetHb, but by only about half of the MetHb
percent concentration up to 20%, whereas at higher
MetHb concentrations, Spo, tends toward 85%. MetHb
is commonly caused by use of 20% benzocaine sprays and
ointments and may be first detected by pulse oxim-
etry,197:198.203,20¢

When clinically significant levels of COHb or MetHb
are suspected or known, in vitro blood gas analysis and
oximetry should supplement pulse oximetry, not only be-
cause dyshemoglobins interfere with pulse oximetry but

also because they decrease the oxygen-carrying capacity
of blood.

POTENTIAL DANGERS

Instances of second- and even third-degree skin burns
have been reported in connection with pulse oximetry
during MRI?%*2%® due to induced skin current beneath
looped pulse oximeter cables acting as antennae. Burns
also have been caused by using probes with defects or
defective designs**’ and by plugging a Physio-Control
probe into an Ohmeda oximeter.2*® There is a possibility
of pressure necrosis from some probes left on a single site
too long (if a spring compresses the tissue or if tape is
applied too tightly®®®). At high FIo,, changes such as hy-
poventilation or endobronchial intubation may cause large
changes in Pag, without altering Sao, significantly and
thus may go undetected by pulse oximetry. tcPo, moni-
toring, on the other hand, is relatively sensitive to such
changes at high Flo,.* As Tremper and Barker! aptly
put it, “the pulse oximeter is effectively a sentry standing
at the ‘cliff’ of desaturation” (italics ours)—while tcPo,
monitoring is stationed well up the road.

FALSE ALARMS AND FALSE NONALARMS

Most false alarms are due to motion. Pan and James!’
demonstrated in a study of 43 post—caesarean section pa-
tients monitored on the ward that 88% of false alarms
could be avoided by incorporating a 60-s wait-period be-
fore sounding the alarm. When the lower Spo, alarm limit
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was set at 90%, with a 60-s wait, the maximum frequency
of alarms was reduced from 324 to 4 alarms per 24-h
period per patient. It was originally expected*® that some
oximeters without adequate signal might continue to in-
dicate a Spo, of 80-90% when saturation is much lower.
Direct attempts have failed to confirm this.”” An instru-
ment that frequently alarms or drops to zero because of
motion or weak signals may be ignored by the physician
when real desaturation has occurred. A low but nonzero
reading should be treated as a danger signal of hypoxemia
until proven otherwise, whereas a zero reading usually
means no signal. Unfortunately, alarms may be so dis-
tracting when problems arise that users may turn them
off or even turn the oximeter off if the alarm cannot be
silenced, in order to concentrate on the problems.

Accuracy

The indices used to quantify error in connection with
accuracy testing of oximeters have been criticized"*!° and
changed as investigators search for a single numerical de-
scription of accuracy. Regression analysis was soon found
inadequate because in most studies no deliberate wide
variations of Sap, were introduced and because even a
good correlation does not imply an accurate measure-
ment, just as a poor correlation does not imply an inac-
curate measurement. Bias, which is defined as the mean
error (Spo, — Sap,) and its standard deviation are cur-
rently the preferred error indices," but a single bias value
derived from a large range of Sao, (e.g., 40-100%) is less
than ideal because bias usually is greater at low Sag,.!4®176
Bias and its standard deviation should therefore be pre-
sented as a function of Sag, range. The standard deviation
of the bias has sometimes been called “precision.” How-
ever, precision has also been defined as mean absolute
error. A bias of 10 + 1% standard deviation would have
a precision of 1% according to the former but 10% ac-
cording to the latter. An additional possible confusing
aspect is that a high numerical “precision’ reflects a poor
performance.

A table summarizing 39 accuracy studies from 1983
to 1988 was included in a previous review.? Subsequent
studies of accuracy are likewise numerous.”9-101.211-217
In general, the claim of most manufacturers that er-
rors are < *3% at Sag, > 70% has been con-
firmed,'%11:171176.216.218 Gy ch studies continue to appear,
sometimes with special groups of patients. In a subset of
17 patients with chronic obstructive pulmonary disease,
Hannhart et al.?'® found consistent overestimation of
Sap, by Spo, at low saturation in at least three oximeters
(Nellcor, Ohmeda, and Critikon), but the bias was within
4% for all instruments. This group also found overesti-
mation error with the same instruments in steady-state
hypoxic tests in normal subjects. Their ‘“‘gold standard,”
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the two wavelength OSM-2 (Radiometer), is less depend-
able than the newer multiwavelength oximeters. Most
other workers have not found similar high readings at
low saturation.

Pulse oximeters may be considered more than suffi-
ciently precise for most clinical purposes (except perhaps
for detecting neonatal hyperoxia; see above). The above-
described limitations on accuracy appear minor in com-
parison with requirements for effective patient monitor-
ing. The device’s ability to detect an unfavorable trend in
oxygenation—subject to acknowledged limitations at high
Flo, and in the presence of artifact—can be at least as
important as its accuracy. In the clinical setting, pulse ox-
imeters often function appropriately as ‘‘desaturation
meters,” with a low Spo, taken to imply a low Sao, until
proven otherwise by clinical evaluation.

EFFECT OF ANEMIA ON ERRORS

Retrospective analysis in tests of 43 oximeters of 12
manufacturers®!® disclosed a negative error inversely
proportional to Hb concentration when Sag, was < 80%.
The mean error when Sag, = 54.5% appeared to be a
nearly linear function of Hb concentration, with no error
at 14.5 g/dl. In 45 determinations with 13 oximeters at

Hb = 8.2 g/d|, the mean bias at 53% Sap, was —15 £+ 9%, -

of which 8% could be attributed to anemia and 7% to
oximeter errors at normal Hb concentrations. This was
a “‘fail-safe”’ error, providing exaggerated warning of hy-
poxemia in anemia.

Anemia has been studied in dogs by Lee et al.?*® The
overall Spo, bias and precision was 0.2 + 7.6% for 178
points. Below 10% hematocrit, the bias and precision
worsened to —5.4 & 18.8%.

No errors or problems were detected in the use of pulse
oximeters in 27 burned patients.??!

IN ViTRO METHODS OF TESTING THE ACCURACY
OF PULSE OXIMETERS

De Kock and Tarassenko??? attempted to investigate

the effect of a number of physiologic parameters on pulse
oximetry accuracy in an in vitro model but limited their
conclusions to the effects on the pulsatile or AC ratio of
red to infrared light. At > 50% saturation, pulse oximeters
were not affected by variations in hematocrit, blood flow
rate, tissue blood content, or pulse amplitude. A variety
of in vitro models have been tried in an effort to test ox-
imeter response more simply, especially at very low sat-
uration.??>-22" Volgyesi et al., using a mechanical in vitro
finger model with two oximeters,?*® reported a strongly
positive (i.e.,, dangerous) bias error (Spo, — Sao,) with
normal Hb (16 g/dl) at low (50%) saturation. The error
disappeared with 3-fold dilution of blood.??® In view of
the conflict between these in vitro results and the in vivo
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tests reported above, the validity of these finger models
was inadequate as described. Volgyesi has been able to
correct this error by use of a thinner (less opaque) model. §
Aoyagi and Miyasaka®®’ devised a model finger with a
layer of blood on one side of an elastic membrane and
milk on the other side in a rigid opal cuvette. This model
yielded a relationship (of ® vs. Sp,) ‘‘similar to that of the
human finger” down to 60% So, (the limit of testing). &
is the ratio of ratios, (ACred/DCred)/(ACinfmred/DCinfrarcd)-
However, neither this nor any in vitro calibration models
have been documented in vivo as adequate to represent
human responses at low saturation.

Evaluations of Pulse Oximeter
Performance and Features

New to the literature on pulse oximetry is the Consumer
Reports—style comparison of multiple features of several
devices. Alexander et al.,'® evaluating nine oximeters,
compared 21 aspects of each, gave their ranking of overall
performance, and judged four to perform significantly
better than the other five (the Ohmeda 3700, In-Vivo
4500, Nellcor N-200, and Datascope Accusat, were better
than the Criticare 501+, Physio-Control 1600, SARA,
SensorMedics, and Catalyst MiniOx). This ranking dif-
fered from that based only on bias and precision data
obtained at lower saturations'’"!7® because accuracy
(which they evaluated only down to Sao, ~ 85%) contrib-
uted only a small and undefined part of their determi-
nation of performance rank. Morris et al.” compared 15
oximeters, listing 41 features, and were able to divide
them into “‘two major groupings with considerable vari-
ation in each group.” The reader is referred to these
comparisons for further details.

The papers listed and described above (under *“Accu-
racy”) all are partial performance evaluations in that all
of the tested instruments worked, providing useful data.
The other features evaluated by Alexander et al.'® and
Morris et al.” should be considered in this context. There
appears to be relatively little difference in failure at low
perfusion and pressure among tested instruments, while
some evidence does support differences in motion rejec-
tion as described (see *‘Limitations of Pulse Oximetry:
Motion Artifact’).

Does Pulse Oximetry Increase Patient Safety?

E. C. Pierce, Jr., President of the Anesthesia Patient
Safety Foundation, recently suggestedf that since 1984,

§ Volgyesi GA: Personal communication to Severinghaus JW. De-
cember 19, 1991.

{ Pierce EC Jr: Anesthesia Patient Safety Movement, 1991. ASA
Newsletter 55(11):4-8, 1991.

€20z Joquiaidas g0 uo 1sanb Aq jpd-72000-00090266 T-27S0000/80T#ZE/8TOT/9/9.Hpd-djdnse/ABojoIsauyisaue/bio byese sgndy/:dny woly papeojumoq



1030 J. W. SEVERINGHAUS AND . F. KELLEHER

In my view, it is probable that mortality from anesthesia in the
healthy patient has declined from the range of 1 to 2 deaths per
10,000 anesthetics to the range of 1 per 100,000 or more anes-
thetics, at least a 10-fold decrease.

If it is true, why has this change occurred? While technological
advances in anesthesiology are considered a strong factor by many,
perhaps more important is the way anesthesiologists view their
practice today, given the explosion of anesthesia patient safety
and risk management endeavors,

Is it possible to dissect from these improvements the
contribution of pulse oximetry? Many of the studies re-
viewed above, like several earlier studies,"? appear to
demonstrate clearly that pulse oximetry is superior to
clinical judgment (and to capnography®’) in providing
early warning of hypoxic events. Although this capability
is accepted prima facie as impressive and valuable by most
anesthesiologists, it is equally impressive that no published
investigation has yet demonstrated that pulse oximetry makes a
difference in morbidity and mortality. The task of making
such a determination is daunting in view of the relative
safety of anesthesia even before pulse oximetry was avail-
able; very large numbers of patients may be required.

In general, the myriad studies documenting clinically
undetected hypoxemia aim only at description. They do
not answer the questions raised by Fairley?*® and others:
“What kind of desaturation is unacceptable? Under what
circumstances? For how long? In whom?” (italics ours).
No answers will ever satisfy all conditions for all observers
and patients. At the physiologic level, recent pulse ox-
imetry data do provide some surprises about how tolerable
severe hypoxemia is in humans. Saturation cycling re-
peatedly down to 30-40% has been recorded during sleep
without detectable brain or other systemic damage both
in subjects with chronic mountain polycythemia??® and in
obese patients with chronic obstructive pulmonary disease
and sleep apnea.!'!"#*® In addition, the subtle evidence of
permanent brain injury reported by Hornbein et al.2! in
Mount Everest climbers was found in those who had the
best hypoxic ventilatory drive, and who therefore were
presumed to have been least hypoxic but most hypocapnic
during exposure. On the other hand, when anesthesiol-
ogists find Spo, decreasing from normal to 90% without
evident cause, they may well judge this sufficiently un-
acceptable to warrant further investigation and therapy.

The near-uncritical enthusiasm that greeted the intro-
duction of pulse oximetry has become tempered, es-
pecially in the past 3 yr, by commentary regarding the
paucity of risk/benefit data. As Keats'® so trenchantly
observed, prima facie clinical impressions need not bear
any relationship to what might be demonstrable via that
grail of clinical research, the outcome study: ‘“Without
[outcome data on pulse oximetry] I can envision a sub-
population of this country walking around without their
front teeth because of urgent intubation when an oximeter
read less than 90%.°%%2
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Attempts to examine outcome with pulse oximetry date
back to 1987 when Cooper et al.?*® showed that signifi-
cantly fewer patients experienced “‘recovery room impact
events’ such as hypotension and dysrhythmia after pulse
oximetry was introduced into the operating room. Their
study fell short of establishing a cause-and-effect relation-
ship, however, perhaps (as the authors suggest) because
of insufficiently sensitive definitions of “impact events.”

In 1988 Coté et al.?** showed that “‘major hypoxic
events” (Spo, < 85% for = 30 s) were significantly less
common when pulse oximetry was available to the anes-
thesia team, and thereby drew editorial praise?** for dem-
onstrating the device’s early-warning capability. Coté et
al. also found, however, that ‘“no morbidity was docu-
mented in any patient [in either group] who suffered an
hypoxic event.” The 1991 study by Coté et al.? makes
no mention of differences in morbidity or mortality.

A 20,802-case prospective controlled study in Denmark
in which half were monitored by pulse oximetry failed to
show an effect of that monitoring on morbidity or mor-
tality, except for a decreased incidence of intraoperative
myocardial ischemia.?*®2%” Although the final report has
not been published, data in the abstracts suggest that there
were 113 deaths in the monitored group and 94 in the
group not using oximetry (difference not significant). Four
deaths in each group (of 10,000) were believed to be re-
lated to anesthesia. (Note: this study included all ASA
categories, which suggests that anesthesia-related deaths
are more common in patients who are more severely ill.)

Another approach to assessing the benefits of pulse ox-
imetry is retrospective. The Closed Claims Project of the
Professional Liability Committee of the ASA?*® reported
in 1989 a review of 1,175 claims from 17 insurance com-
panies. The reviewers determined that, of 348 “prevent-
able” injuries or deaths, “‘pulse oximetry . . . would have
been efficacious in preventing injury in 138 cases.”

The need for comparable routine use during postop-
erative transport and recovery is supported by evidence
of hypoxic injury after discontinuation of operating room
oximetry.**

Eichhorn,?? in a 1989 analysis of the anesthetics of an
estimated 1,001,000 ASA I and II patients in the Harvard
hospitals between 1976 and mid-1988, found 11 major
anesthesia-related accidents, 7 or 8 related to inadequate
ventilation or oxygenation, only 1 of which occurred after
pulse oximetry began to be used routinely in 1985. A
thoughtful editorial by Orkin®*° accompanied the article,
pointing out that this was not a statistically significant dif-
ference and that neither Eichhorn’s nor any other work
had yet shown clear evidence of a cost—benefit justification
for additional monitoring, including pulse oximetry.

** Cheney FW: The ASA Closed Claims Project after the pulse
oximeter: A preliminary look. ASA Newsletter 54:10, 1990.
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Caplan et al.,**! using the Closed Claims Project data-
base, described 14 cardiac arrests in healthy patients dur-
ing spinal anesthesia between 1978 and 1986. All were
monitored by blood pressure cuff and 13 by ECG, but
apparently none were monitored by pulse oximetry. In
12 of these patients, intravenous sedation or opioids had
been given, although never ‘“inappropriately or care-
lessly” in the reviewers’ judgment. Because *half of the
patients were verbalizing at the time of arrest,” the au-
thors believed that ‘‘respiratory changes produced by se-
dation may have played an important role in approxi-
mately one-half of the arrests.” They postulated an ad-
verse cascade of physiologic events, involving hypoxia,
hypercapnia, vasodilation, and inability to maintain cir-
culatory homeostasis in the face of sympathetic block. On
the basis of this information, the authors recommended
pulse oximetry when sedatives are given or the patient is
otherwise not communicating well, but they refrained
from judgments about whether any of the arrests might
have been thereby ‘‘preventable.”

More recent work by Caplan’s group,?*? using cases
from the Closed Claims Project database, has suggested
the possibility that knowledge of the severity of outcome
could influence a reviewer’s judgment of the appropri-
ateness of care, which may prompt a reinterpretation of
the Closed Claims Project’s findings about the prevent-
ability of injury by monitors. Keats,***> commenting on
ongoing Professional Liability Committee work, notes that
“cases that only two years ago would have been classified
as inadequate ventilation . . . now . . . have oximeters
in place and they show no desaturation.” In view of this
very recent development, clinical intuitions about the
benefits of pulse oximetry continue to await rigorous cor-
roboration.

We conclude that pulse oximetry probably did contrib-
ute to the increasing safety of anesthesia. In one sense,
however, this change may have come through the device’s
educational role in promoting vigilance and awareness of
inadequacies in technique. We suspect that the experience
anesthesiologists have had in the last decade with oximetry
would ensure safer anesthesia even if a functioning ox-
imeter were unobtainable, However, we may never be
able to prove it.

Effect of Pulse Oximetry on Other
Monitoring Methods

Pulse oximetry and tcPo, measurement were invented
in the same year (1972). The need to protect premature
infants from hyperoxia resulted in rapid application of
tcPo, in nurseries within 5 yr, whereas pulse oximetry
development and application required > 10 yr, as it
awaited both technological development and realization
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of its potential benefits in all anesthesia and critical care
settings.

tcPq, closely estimates Pag, in hemodynamically stable
infants, permitting control of oxygenation to avoid retinal
oxygen damage (see ‘‘Role in Preventing Retinopathy of
Prematurity’’). Comparison of tcPo, with oximetry in he-
modynamically stable infants and children showed no dif-
ference in the value of Sag, computed from tcPg, versus
measured Sag, or Spo,.2**%* Poets et al.'*® compared ox-
imetry and tcPo, as home monitors in 23 patients (age
0.5-40 months) with recurrent cyanotic episodes. Of 69
episodes in which the arterial oxygen saturation was
=< 80% for = 20 s and/or central cyanosis was present,
the tcPo, monitor alarm sounded (< 20 mmHg or 2.67
kPa) in every episode. The pulse oximeter (Poet®, Criti-
care) identified hypoxemia in 62 of 69 episodes, failing
in seven episodes because of signal loss from movement
artifact. In 32 episodes in which Sao, decreased to < 60%,
the tcPo, monitor alarm sounded after a median time
interval of 16 s (maximum time interval 30 s). Indications
for monitoring included apparently life-threatening events
or cyanotic episodes (n = 163), prematurity and prema-
turity related disorders (n = 86), and sudden unexpected
death in one or more siblings (n = 122).

In adults and during anesthesia, tcPo, is variable, usu-
ally averaging 60-80% of Pao,.*** However, pulse ox-
imetry has several advantages over tcPo, monitoring:
permanent calibration; speed; simplicity; extremely low
incidence of burns; no drift; and no electrode membrane
failures. Perhaps most important, oximetry can be used
and maintained by personnel involved in direct patient
care rather than by specially trained technical support
staff. Accordingly, pulse oximetry has both supplemented
and partially replaced tcPo, in the care of premature in-
fants.

Because of pulse oximetry, the use of arterial blood
gas analysis has decreased in patient care arenas,’® but it
remains essential for pH and Pco, measurement, for high
Po, analysis in the determination of shunts, for instances
when pulse oximetry fails, and for determination of
whether a low Spo, reading reflects arterial or only finger
tissue hypoxia. By 1988, institutional surveys had already
suggested that pulse oximetry had reduced the need for
arterial blood gas analysis on various hospital services®;
this was supplemented in 1991 by a study of 20,120
emergency-room visits in which physician orders for ar-
terial blood gas analysis decreased by 37% without ad-
versely affecting the quality of emergency care.*°

Regulation, Insurance, Standards, and Cost

On January 1, 1990, pulse oximetry became an ASA
standard for basic intraoperative monitoring, and after
January 1, 1992 the same standard applied to the postan-
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esthesia care unit, T+ stated as follows: “During recovery
from all anesthetics, a quantitative method of assessing
oxygenation such as pulse oximetry shall be employed in
the initial phase of recovery.”” An ASA publication}: de-
scribed the various state governmental, medical, and in-
surance regulation agency actions relative to the use of
pulse oximetry. These efforts began in 1986 in Massa-
chusetts with the establishment of a risk management unit
in the Board of Registration in Medicine, set up by the
state legislature “‘to provide technical assistance and qual-
ity assurance programs designed to reduce or stabilize the
frequency, amount and cost of claims against physicians.”
The Board was given the authority to promulgate regu-
lations requiring physicians to participate in risk manage-
ment programs as a condition of licensure. The Medical
Malpractice Joint Underwriting Association of Massachu-
setts was required, subject to the Insurance Commission-
er’s approval, ‘to impose a system of discounts for phy-
sicians or other insured who participate in risk manage-
ment activities.” By 1987 the Joint Underwriting
Association and the Commissioner had approved the use
of standards (243 CMR 3.00) that reduced premiums for
“‘anesthesiologists who participate in risk management
activities that would require the use of a pulse oximeter,
whenever physically possible. . . . The 20 percent pre-
mium discount in 1989 translates into a savings of ap-
proximately $4000 per year for each anesthesiologist who
holds a policy that provides $1 million/$3 million cov-
erage.” An updated review of state efforts has been pub-
lished.§§

According to Pierce,T between 1985 and 1990, the
“liability insurance relativity factor,” an industry index
of relative risk, decreased from 5.0 to 2.5-3.0. In the
1975-1978 period, anesthesia liability claims paid by
members of the National Association of Insurance Com-
missioners were 367% of the average of all specialties’
payments, whereas in 1986-1987, the ratio had fallen to
equal the mean (103%, St. Paul Insurance Co). It may
never be known whether the temporal relationship of re-
duced insurance costs and payments to the introduction
of pulse oximetry was incidental or causal. Concurrent
with the introduction of pulse oximetry came far greater
emphasis on patient safety, increased use of capnometry,
and appreciation, in part due to publication of closed

1t Standards for postanesthesia care. (Approved by House of Del-
egates on October 12, 1988 and last amended on October 23, 1990.)
ASA Directory of Members, 56th edition, 1991, p 672.

$L FY1. . . A commitment to patient safety. ASA Office of Gov-
ernment Affairs, 111 14th Street NW, Suite 501, Washington, DC
20005. January 1990, pp 1-12.

§§ Anesthesia Patient Safety Newsletter. Anesthesia Patient Safety
Foundation 5(4):40-41, Winter 1990-1991,
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claims analyses, that there were preventable gaps in anes-
thesia practice in which hypoxia occurred.

The American Society for Testing and Materials Com-
mittee has proposed a specification standard for pulse ox-
imeters.11 Similarly, the International Standardization
Organization has proposed a draft standard for pulse ox-
imeters.*** Neither document is final; the contents are
subject to change; and their impact on manufacturers
cannot be accurately foreseen.

Possible Effects of Oximetry on Anesthesiologists

Pulse oximetry is remarkable among monitors in that
it involves no calibration, negligible time lag, and infre-
quent false negative data (i.e., infrequent incorrectly high
Spo,) and requires no routine maintenance, no disposable
components, no training, and little interpretation while
it continuously and noninvasively displays a vital variable.
Oximetry reduces dependence on blood gas analysis, ob-
viates visual dependence on cyanosis to detect hypoxemia,
and may make anesthesia safer (and, by implication, eas-
ier). Does it thereby threaten to make the anesthesiologist
less vigilant, as suggested by Orkin?**® What are the po-
tential effects on anesthesiologists as well as on patients
of increasing technological perfection? Can technology
and vigilance coexist? Is Hein right in this grook??’

When technology is master
We shall reach disaster faster,

Monitors and associated computers, robots, and print-
ers might replace three human functions: measuring, re-
cording, and responding. An example is servo-control of
administration of vapors depending on the patient’s end-
tidal concentration. Is a machine with alarms vigilant?
Does it add to or subtract from supervision and care and
attention? What will be the effect on vigilance of automatic
generation of the anesthetic record, with which the vital
signs can be precisely recorded without having to pass
through the brain of the anesthetist?

Snow deplored the separation of intellectual human
life into two cultures, sciences and humanities, unable to
communicate with each other.2*® In anesthesia, the two-
culture metaphor translates loosely into technology versus
vigilance. The contemporary writer Robert Pirsig, in Zen
and the Art of Motorcycle Maintenance,?*® traces Snow’s two-

1 American Society for Testing and Materials document F29.03.10-
005. Contact R. I. Godinez, M.D., Ph.D., Children’s Hospital of Phil-
adelphia, 34th Street and Civic Center Boulevard, Philadelphia, Penn-
sylvania 19104,

*** ISO/DIS 9919.2. Obtainable from ISO, Case postale 56,
CH1221 Geneva 20, Switzerland.
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culture dichotomy back to the dialogues of Plato. Pirsig
maintains that a catastrophic loss of human cultural de-
velopment over the past 2,500 yr resulted from alienation
between the two cultures, a “‘Socratic” emphasis on dis-
covery of the facts of nature, and a ““Sophistic” preoc-
cupation with merit, virtue, and excellence. The mainte-
nance of the metaphoric motorcycle requires of its user
both thorough knowledge of its mechanical workings and
limitations and a resolute determination to use one’s skills.
To combine Socratic science—medical intelligence—with
Sophist emphasis on quality in the healing art: that is the
goal.
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