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Section II. Systems and programs

Skin photoplethysmography — a review
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The photoplethysmograph has been used for over 50 years but there are still misconceptions in how and what is the
information obtained. A photoplethysmograph signal from any site on the skin can be separated into an oscillating
(a.c.) and a steady-state (d.c.) component, their amplitudes dependent upon the structure and flow in the vascular bed.
Many simple applications are available: pulse counters, using the a.c. component, skin colour and haemoglobin
saturation meters, using the d.c. component. The d.c. component of the photoplethysmograph signal is a function of the
blood flux beneath the device. A good emitter for use in a photoplethysmograph of skin blood flow is one in the
frequency range 600-700 nm and the best signal for a.c. analysis is obtained from the finger pulp. The frequency range
of the electronic circuitry should be from 0.01 to 15 Hz, then all the information in the signal can be extracted about
the autonomic nervous system control of the cardiovascular system, particularly between 0.01 and 2 Hz. Comparative
studies may be drawn between similar skin sites on a subject or between subjects if the afferent inputs to the brain stem
are controlled or driven at a known frequency. These afferents, inputs, will modulate the efferents, outputs, which
generate variations in the a.c. component of the detected photoplethysmograph signal.

Photoplethysmography; Skin; Blood flow; Signal analysis

1. Measurement of skin blood flow

To date, a precise quantitative measurement of
skin blood flow has proved to be impossible. The
skin has a complex structure (see Fig. 1), and
many factors affect the skin blood flow. Methods
used to date for skin capillary blood flow mea-
surement include skin thermometry [35], thermal
clearance [36], laser Doppler plethysmography
[34,58], radioactive isotope clearance [55,56], elec-
trical impedance methods [18,53] and photo-
plethysmography [25,42], each having their own
advantages and disadvantages. When choosing a
method to measure skin blood flow it should be
remembered that the ideal non-invasive technique
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should be safe, sensitive, reliable, reproducible,
simple to use and inexpensive.

In skin thermometry the surface temperature is
used as an indicator of changes in skin blood flow.
t is predominantly sensitive to the component of
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Fig. 1. Diagrammatic representation of skin and the cutaneous
vascular system.
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total skin blood flow that is employed for thermo-
regulation, with a reduced sensitivity to changes in
nutritional capillary flow. It has the practical dis-
advantage of requiring an environment in which
ambient temperature and humidity are kept con-
stant. Thermal clearance or thermal conductance
[9] methods assess the rate of removal of heat
from a heated area at the centre of a probe by the
skin’s nutrient blood flow in the dermis. The
thermal clearance transducer measures the tem-
perature difference between a heated copper disc
at the centre of the probe and an unheated, con-
centric copper annulus at its periphery. The main
practical disadvantages are the relatively long lag
period before a constant reading is obtained and
the application of heat to the skin modifies local
skin conditions.

The laser Doppler technique depends on the
Doppler shift of coherent (laser) light ‘back
scattered’, from moving red blood cells. This
frequency shift is due to the velocity of blood cells
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(particles) within the tissue and, therefore, is re-
lated to tissue blood flow. To measure changes in
nutritional blood supply the geometry of the
capillary loops needs to be known which is an
impossibility because of its random variations.
Laser light, in the red region of the spectrum,
penetrates further than incoherent light as the
beam is narrower making the intensity per unit
area greater rendering the laser Doppler method
able to collect data from deeper lying blood ves-
sels [48].

The radioactive isotope clearance technique in-
volves the measurement of the clearance rate of
intradermally injected radiopharmaceuticals, the
most widely used tracer being '**Xe. This method
required access to a y (gamma) camera or surface
counting technique with exposure to a small
amount of radiation and involves percutaneous
injection. The trauma may be unacceptable to
diseased skin and repeated measurement in the
same patient is limited by the radiation dose.
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Fig. 2. Photograph of plethysmographs. From left to right: red LED photoplethysmograph, green LED photoplethysmograph,
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piezoelectric plethysmograph, and bulb photoplethysmograph.
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The basic technique applied in electrical imped-
ance methods requires a high frequency, constant
amplitude, current to pass through the segment of
interest. The measured voltage appears as a result
of the segment impedance. The electrode area and
spacing, together with the choice of operating
frequency determine the form of signal produced.
The impedance techniques provide an indication
of blood volume in deeper vessels. The main diffi-
culty of this technique is to provide good contact
between the skin and the electrodes.

Plastic piezoelectric microphones are now com-
mercially available and they have many applica-
tions [23], they can be used as plethysmographs
[45]; one is shown in Fig. 2. As piezoelectric
plethysmographs they are used to measure the
movement of the skin. A major disadvantage is
that to obtain a reasonable signal their size has to
be about 70 mm by 10 mm so the signal produced
gives an indication of the skin movement over a
relatively large area. The signal contains only an
oscillating (a.c.) component because of the rapid
decay of the acquired charge through its internal
resistance and the impedance of the connected
circuits. The lower frequencies are attenuated due
to the rapid loss of the charge. No steady-state
(d.c.) component is generated. The piezoelectric
plethysmograph produces a signal which is the
differential of the photoplethysmograph signal
[45].

Plethysmography applies to the measurement
or estimation of the fullness or volume of an
object. Volume and strain gauge techniques re-
main true to this definition in the assessment of
blood flow. Volumetric measurements of limbs
were accurately taken well before the advent of
electronic transducers and polygraphs [4,37,41].

lethysmographs have been productively applied
in peripheral circulatory studies [25,27,62] also to
estimate arterial blood flow [22,33] and variations
in vasomotor tone [28-30]. A recent review of
volume plethysmography is given by Porter and
Swain [50].

Photoelectric plethysmography, or photo-
plethysmography, was introduced almost simulta-
neously in 1938 by Hertzman [25] in the United
States and Matthes and Hauss [42] in Germany
but Hertzman [24] and Hertzman and Spielman
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[26] were the first to use the term ‘Photoplethys-
mograph® and suggested that the resultant
‘Plethysmogram’ represented volumetric changes
in the blood vessels of the skin. Hertzman [25]
published his paper on the subject of photo-
plethysmography demonstrating the effect of cold
and exercise on blood volume changes in the limb.
He also established the validity of the method for
estimating both skin blood flow and blood volume
changes, where a steady blood flow appears as a
constant volume.

2. Skin photoplethysmography

Photoplethysmography satisfies most of the condi-
tions for a non-invasive technique to estimate skin
blood flow and is ideally suited to situations which
require measurement to be made over long peri-
ods. It is a technique that provides a signal pro-
portional to changes in skin blood volume but
does not produce a quantitative measure [15]. The
d.c. component represents total red cell volume
below the sensor plus some reflected components
from within the skin (see below). The a.c. compo-
nent is produced by the fluctuations in the blood
volume below the sensor. The volume changes
recorded sequentially reflect the variations in flow.
Thus the a.c. component is a measure of changing
flow. Its attraction is that it is the least invasive
method and atraumatic, as well as being inexpen-
sive. Fairs et al. [21] have recently demonstrated
that photoplethysmography and Doppler flowme-
try correlate well with venous occlusion plethys-
mography and stated that ‘optical methods of skin
blood flow measurement approach the ideal situa-
tion of non-invasion’.

Fig. 2 shows a photograph of photoplethysmo-
graphs constructed from two light sources and a
detector. The signal produced by the photo-
plethysmograph depends upon the location and
the properties of the subject’s skin at that site,
including the skin structure, the blood oxygen
saturation, blood flow rate and the skin tempera-
tures.

The importance of the spectral reflectance and
transmittance of skin has long been recognised
and many workers have used such measures to
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determine the state of the skin circulation. Daw-
son et al. [14], in an in vivo study of light absorp-
tion and scattering in skin, described a theoretical
basis for the application of the logarithm of the
inverse of reflectance (LIR). An instrument was
constructed specifically for the measurement of
LIR spectra in the assessment of skin colour. The
spectrum of light reflected from the skin is related
to the light absorbing and scattering structures
within the skin. The clinical use of the instrument
was also reported and the calculation of indices
which may be used to quantify erythema and
pigmentation of skin. From these observations
Dawson et al. [14] concluded that the LIR spectra
can be resolved into three principal components
which correspond to two layers, one containing
melanin and the other the subpapillary venous
plexus, and a residual term comprising the contri-
butions of fibrous protein, collagen and fat.
Melanin absorbs strongly over the visible spec-
trum, its absorption increasing towards the ultra-
violet while whole blood has a relatively small
absorption at wavelengths greater than 620 nm, as
illustrated in Fig. 3.

Haemoglobin absorbs strongly in the yellow
band of the visible spectrum. Oxygenated and
de-oxygenated blood have similar absorption coef-
ficients at wavelengths greater than 805 nm [11],
but below 805 nm their absorption coefficients
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Fig. 3. Absorption curves for melanin and blood in vitro. (A4)
Melanin; ( B) whole blood.
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greatly diverge with those of oxygenated greater
than the de-oxygenated blood [61]. The differen-
tial haemoglobin saturation level is significant
when considering total blood volume. Recently,
devices based on the photoplethysmograph have
been available for use in anaesthesia which pro-
duce a pulse rate and percentage oxygen satura-
tion of haemoglobin (pulse oximetry).

3. Photoplethysmograph operation

The construction of a photoplethysmograph re-
quires a light source and a detector. Their relative
positions may vary in individual designs. On cer-
tain areas of the body, such as the ear lobe and
fingers, it is possible to have the light source and
the detector opposite each other on the skin
surface, an arrangement known as transmission
mode, but this limits the application possibilities.
A more acceptable arrangement, known as reflec-
tion mode [46], is such that the light source and
the photodetector are placed side by side, and this
arrangement can be applied to any part of the
body. The principle of operation of the photo-
plethysmograph is based on the assumption that
light is attenuated when it is shone on to the skin
and the attenuation shows variation depending on
the volume of blood entering the tissue under
observation. This attenuation is due to reflection,
scattering and absorption of light. Such absorp-
tion of light depends not only upon the skin
pigments, melanin and other substances which
absorb specific spectral bands, see Fig. 3, but also
upon a scattering action due to the structural
inhomogeneities in the skin. Absorption of light
may depend on haematocrit and on the orienta-
tion of red cells within the vessels, an explanation
suggested by Hocherman and Polti [32].

The wavelength of the source used is of signifi-
cant importance. Light sources that operate in the
near red (600-700 nm) region of the spectrum are
most effective because haemoglobin is the major
protem present which changes with time and
scatters the hight in this region. In this area of the
spectrum the absorption of skin pigments,
oxyhaemoglobin, haemoglobin and bilirubin with
the exception of melanin fall to their minima.
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Another factor which makes this part of the spec-
trum, 600-700 nm, favourable is that the skin not
only has minimum absorption but also the dif-
ference in the optical density of the skin due to
erythema is negligible [3]. With pulsating flow,
there is a variation in the light received at the
detector on the skin surface [20], but the pulsatile
component is largely independent of wavelength
in the range 660-805 nm. Challoner [12] con-
firmed this by comparing the outputs of photo-
plethysmographs operating at 650 nm and 805
nm, and found that their pulsatile outputs were
substantially the same. Although the pulsatile
component at heart rate does not require a critical
narrow spectral range, the values of the lower
frequency components are better detected using a
light emitter in the range 600-700 nm. Much of
the skin has a poor pulsatile component but the
precapillary activity is present throughout.

The signal detected by the photoplethysmo-
graph consists of a steady component (d.c.), which
is related to the relative vascularisation of the
tissue, and a pulsatile component (a.c.), which is
related to changing blood pulse volume [24]. The
resultant signal is a measure of expansion of skin
vessels (predominantly arterial) which is a summa-
tion effect of the arterial pulse and the opposing
elastic properties of the vessel wall. The amplitude
of the volume pulsation with each heart beat is
closely correlated with the flow. Both amplitude of
pulsation and blood flow serve as an index of the
state of contraction of the walls of the blood
vessels and hence of the activity of the sym-
pathetic nervous system [10].
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Roberts [52] in a study of fundamental aspects
of the optical properties of blood in motion, out-
lined a review of mathematical analyses of light
scattering and diffusion processes taking place in
blood and proposed that light diffusion through
blood, from a source outside a blood vessel, can
diffuse preferentially in the direction of motion of
blood which is added to the static diffusion pro-
cess. Roberts [52] demonstrated that a reflectance
photoplethysmograph, of reasonable size (not in-
corporating fibre optics or miniature transducers),
constructed as a detector placed between two un-
collimated light sources would be relatively insen-
sitive to small positional changes in measuring
blood flow either over a diffuse vascular bed or
over a single artery.

4. LED photoplethysmograph and amplifier

The problem with using tungsten filament bulbs is
the excessive heat produced. The frequency con-
tent of the light emitted from tungsten fillament
bulbs is in the infrared area of the spectrum. The
ratio of heat to light output is large, therefore the
heating of the skin can be a limiting factor. We
have found that usually the bulb fails when the
filament partially shorts out producing extra light
and heat. This will disturb the calibration of the
photoplethysmograph and may cause burning of
the skin. Normally a reflection type photo-
plethysmograph is used which incorporates a de-
tector mounted in between two light sources or 2
light source alongside the detector. We have re-

30 I |
Red 15K l er2v I { I I
7 Qutput | i | “
Yetiow
se ov ‘,'/— Lo 1 R1 | | | _&_
Green L
L" Eﬂ“ 4] [ l
Surface IS h R _‘_ Outout
fnput _ Outpu
ink | = . l :{{ e 4t : { A2 - tinl
o— ! ] ! a2l
| nu%r | o3 ] l []“5
-12v {.'.;I l | I o2y tiv)
T ) 1 |
-12 : R3 1 T i ! | <
4 Green e h'g;'cng ! HPF ! Butter l Amplifier

Fig. 4. (a) Diagrammatic representation of the photoplethysmograph electrical circuit. (b) Circuit diagram of the photoplethysmo-
graph amplifier. Typical values are R1,6 100 k: R2 500 k; R3.71 M; R4,5 15 k; C1 10 uF; C20.022 pF; C3 100 pF; Al,2 324E1.
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