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Abstract: Vasomotor reactivity, which is important to estimate neurogenic regulation of
blood vessels in patients with different pathologies, is still assessed by occlusion
plethysmography using sensors contacting the limbs. Recently we proposed a contactless
approach for measuring blood flow changes during venous occlusion using imaging
photoplethysmography [Kamshilin et al., Sci. Rep. 7, 464 2017]. In this work, the response of
the vascular system on the occlusion was studied simultaneously by contact air-
plethysmography system and remote optical system under illumination by incoherent
polarized green light. A high correlation (» > 0.93) between the waveforms measured by both
system was observed. Moreover, we found that the response of the optical system on the
venous occlusion is uniform at the whole area of the forearm. The new optical technique is
more convenient for assessment of the blood flow dynamics because it can be used for
measurements in any part of the body. Method of imaging photoplethysmography is very
promising for use in equipment intended for evaluation of neurogenic mechanisms of
regulation of vascular blood flow.

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Assessment of the muscle blood flow and studying of the reactivity of blood vessels in
response to various physiological impacts is an important approach for diagnosis of
vasomotor regulation disorders in a wide range of patients. The well-known method of
occlusive plethysmography [1] is still considered as the most appropriate for evaluation of
vascular reactivity. Initially, either water- or air-filled cuff was used for plethysmography
measurements, but these setups were bulky and required a well-trained operator to be
implemented properly [2]. Currently, the mercury-in-rubber type of strain sensors is still
widely used to measure changes of limb's circumference caused by the venous occlusion [1,3]
in spite of toxicity of mercury. More advanced metal-free electromechanical sensor with
inelastic but flexible plastic line spanning around the limb [4,5] was also proposed for
measurements of forearm blood flow. However, all these methods require direct contact with
a subject skin, which constrains their wide applications because of impossibility of measuring
damaged limbs and necessity of proper selecting of the well-wrapping gauge. Several
attempts to apply optical technologies based on contact photoplethysmography (PPG) to the
assessment of venous blood flow were unsuccessful, as well [6-8]. Development of
noncontact plethysmography systems could overcome these problems. Nakano et al.
suggested assessment of venous compliance via measurements of skin-color changes nearby
superficial veins caused by venous occlusion by digital color camera [9]. However, this
technique has been validated only in the back of the hand.
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In imaging photoplethysmography (IPPG) the subject’s skin is typically illuminated by
green polarized light, and the video camera captures the live image through a cross-polarized
filter attached to the lens [10—12], so it actually measures and records the quantity of the light
scattered and reemitted from the dermis tissue including the shallow capillary bed located just
below the epidermis. Any changes in the blood microcirculation parameters can be detected
as changes in the amount of light reemitted from the skin [13,14]. Particularly, change of
musculocutaneous blood flow due to venous occlusion should lead to alteration of
microcirculation, as well. However, the detailed mechanism explaining how and which
parameters of the capillary blood flow do result in green light intensity modulation remains
unrevealed. Nevertheless, recently we demonstrated the feasibility of monitoring the changes
of microcirculation in the course of venous occlusion by using IPPG system [15]. Four
monochrome cameras providing all-around video recordings of subject’s forearm illuminated
by green light were used in this pilot experiment. It was found that the mean light intensity
reemitted from the skin is linearly diminishing immediately after the occlusion starts in the
most of the arm surface. The optical waveform had the shape similar with the typical response
of classical plethysmography [15]. However, no direct comparison with the classical
plethysmography was done in this first experiment.

IPPG videos, besides the useful signal components reflecting the parameters of the
capillary bed, also contain deviations because of the subject’s unintended movements,
illumination fluctuations, and other factors. These signal components do not carry the
information about the capillary bed and should be considered as noise. Typical approach to
increase the signal-to-noise ratio (SNR) in IPPG is averaging when the temporal signal
component is calculated as mean of the varying image pixel values over the chosen region of
interest (ROI) within every frame. The averaging allows to reduce both noise components: the
camera-sensor noise and the noise which appears due to unintended movements. This type of
averaging was utilized for obtaining the reference signal in high-spatial-resolution IPPG [10].
However, averaging over a large area can be used only to detect the signal component that is
synchronous within the entire area. If the parameters of the capillary bed vary differently at
different locations of the visible skin, then the amplitude of the signal varying with every
frame calculated as mean pixel values over large areas may sufficiently degrade and the
information on the capillary-bed condition can be lost. To provide improvements in IPPG
signal quality, other approaches were proposed. These are based on spatiotemporal filtering
[16], algorithms for proper ROI selection [17], blind source separation methods [18,19]
including independent component analysis for multivariate data [20] and principal component
analysis [21], and motion resistant spectral peak tracking method [22]. In this research, we
study the properties of the IPPG signal using matrix singular value decomposition (SVD) [23]
when applying venous occlusion tests.

The aim of this work was twofold: (i) to simultaneously measure the response of classical
air plethysmography (APG) and IPPG system on venous occlusion of an upper limb and (ii)
analyze homogeneity of the IPPG-system response over large area of the forearm by applying
advanced processing of recorded video frames.

2. Materials and methods
2.1. Four-cameras imaging system

Experiments were carried out by using a custom-made IPPG system similar to that described
in [15]. It consisted of four Smartek Vision GC1391MP digital cameras with Sony ICX267
CCD image sensor, and KOWA LMS5NCL lenses. The cameras were installed around the
forearm at the distance of 20-25 cm to provide all-round video recordings of subject’s
forearm as shown in Fig. 1. Image frames with a resolution of 696 x 520 pixels were recorded
at the frame rate of 30 frames per second. Two LEDs (BL-HP20APGCL-5W STAR) with the
output power of SW and wavelength of 525 nm were placed nearby each camera lens
providing almost uniform illumination of the forearm’s side recorded by the respective
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camera (Fig. 1). Light emitted by each pair of LEDs propagates through film polarizers with
parallel transmittance axes assembled ahead of each LED. The cross-polarized analyzer was
installed ahead of the respective camera lens to increase SNR [12,24]. The whole setup was
covered with opaque fabric to reduce the influence of the ambient light. All four cameras
were controlled by a custom-made software via personal computer allowing simultaneous
start of video recordings from four sides of the forearm. The frames were saved in the
portable network graphics (PNG) format directly into the computer RAM to avoid problems
with the bandwidth of the network connector between the camera and its processor.
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Fig. 1. Layout of the measuring setup for simultaneous recording of the vascular system
reaction on the venous occlusion by IPPG and APG systems: (1) Digital cameras, (2)
Illuminating green LEDs, (3) Film polarizers, (4) Cross-polarized analyzer, (5) Inflating cuff,
(6) Measuring cuff of the Dohn plethysmograph; (a), (b), (c), and (d) are indexes of the video
cameras.

2.2. Experimental procedure

During the experiment, the subject was in a comfortable supine position whereas his hand
was in the physiological position on a support keeping the arm at the same level as the heart.
The support was adjusted so that the forearm was located approximately at the same distance
from each of four cameras. Venous occlusion was accomplished using inflation cuff attached
to the lower third of the subject’s upper arm. Another, measuring cuff of an air
plethysmograph was attached to the upper third of the forearm to measure changes of the
forearm size in the course of the venous occlusion. It was custom-made plethysmograph
fabricated according to design of Dohn et al. [25]. The measuring cuff consisted of a flexible
inner jacket made of thin, elastic rubber and an outer stiff plastic frame. It was filled with air
at ambient pressure and connected to the pressure sensor. During venous occlusion, the
pressure in the cuff is increasing due to an increase in the limb volume caused by the influx of
arterial blood in conditions of outflow cessation via the venous vessels. At small volume
changes, the air pressure in the cuff grows up linearly in time with the inclination angle
proportional to the blood flow in the tissue located distal to the occluding cuff.

Baseline conditions were recorded simultaneously by IPPG and APG systems for about 4
seconds. In the next step, the venous blood flow was suspended by fast increasing of the
pressure in the occlusion cuff up to 40 mmHg and maintaining this pressure for 10 seconds.
Then, the occlusion cuff was deflated and kept without pressure 10 seconds more. The
occlusion cuff was inflated and deflated sequentially three times. Duration of the experiment
was about one minute. During the whole test, the subject was asked to relax, avoid any
movement, and keep breathing normally. All measurements were carried out in a medical
laboratory at the temperature of 22 + 2 °C.
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2.3. Participants

We recruited seven volunteers (5 males, 2 females) between 26 and 64 years (42.1 = 14.7
years). Each subject was informed about the experimental procedure and gave written consent
of participation in the experiment. The study was conducted in accordance with ethical
standards presented in the 2013 Declaration of Helsinki. The study plan was approved by the
ethical research committee of the Almazov National Medical Research Centre prior the
experiments.

2.4. Image and signal processing

Typical set of four images of a subject’s forearm is shown in Fig. 2. Particular subject placed
his hand inside the measuring setup in such a way that the images of radial and ulnar sides of
the forearm were recorded by the cameras (a) and (b), respectively, whereas the cameras (c)
and (d) recorded the palmar and dorsal sides of the forearm, respectively. Note that each
subject has chosen the most comfortable position for his hand, thus the correspondence
between the camera index and the recorded part of the forearm was different for different
subjects. The measuring air-cuff and support for the hand can be also seen in each part of Fig.
2. All the frames recorded by four cameras were processed off-line by using custom software
implemented in the MATLAB platform.

APG system includes the measuring cuff with the embedded air-pressure sensor. Its signal
was sampled at 16 Hz and then filtered by Bessel low-pass filter of 4th order with the cutoff
frequency of 4 Hz. The filtering was performed by filtfilt function in Matlab providing zero
phase shift. Then the resulting signal was interpolated to obtain new samples at the frequency
of 30 Hz to be matched with the frame rate of our video system. Since preliminary
experiments revealed similarity of the PPG and classical plethysmography waveforms
recorded in the course of venous occlusion [15], we synchronized APG and the mean IPPG
signals off-line calculating the cross-correlation function and defining the time mismatch
between them.

In this research we used SVD technique for IPPG data processing to find out the most
significant temporal function which describes the time-varying modulation of the light due to
venous occlusion. With arbitrarily selected images, the ROIs were chosen manually on the
frames from all four cameras. ROIs were formed by polygons situated within the areas with
well visible skin. To speed up the calculation and reduce the required amount of computer
memory for SVD, the images have been reduced by a factor 4, and the number of spatial
samples from every ROI has been chosen to be less or equal to 2048. If the number of pixels
within the ROI of the reduced image exceeded this limit, the required samples within the ROI
were chosen randomly (an example of the random choice is shown in Fig. 2 by blue points).
After the ROIs selection, images had been read sequentially to fill either the all-cameras or

joined-data matrix S with elements s, obtained by sampling the images s(z,r) at distinct

time ¢, of each image frame and pixel coordinates 7; :

s,.jzs(t,,rj). 1)

Since the recorded information includes images from multiple cameras, the position vector r
contains not just ordinary geometrical coordinates within an image but also the correspondent
camera index.
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Fig. 2. Images of a subject’s forearm from four digital cameras: (a) the radial side viewed by
the top camera, (b) the ulnar side viewed by the bottom camera, (c¢) and (d) the palmar and
dorsal sides viewed by the right and left cameras, respectively. The measuring air-cuff of APG
system and the hand support are marked by (1) and (2), respectively. Blue points show the
random choice of 2048 samples in each view of the forearm skin.

Before calculating the SVD of the matrix S, mean values and linear trends from every
column of S were removed. The SVD represents the signal as

S=vDU", 2

where D is the diagonal amplitude matrix consisting of singular values of the original data
matrix S; and columns of the matrices V and U consist of left and right singular vectors of
S . These sets of vectors are orthonormal:

V'V=I and U'U=I, 3)

where [ is the identity matrix. Typically the computer algorithms of SVD are designed in
such a way that order of columns in calculated matrices V and U corresponds to decreasing
diagonal values of the matrix D). It means that the contribution of the first columns of V and
U is higher than the second ones, etc.

When the SVD is applied for a complete data set, i.e., when the original matrix contains
values of all pixels from all frames of the video, the matrices V and U can be used to
represent temporal principal components (PCs) and spatial distribution of their amplitudes
[26]. In our analysis, we used all frames for calculations but the number of spatial samples in
selected ROIs was reduced, as described above, and the SVD was applied to joined-data
matrix S only to obtain the common temporal PCs. To find the most variable parts in the
studied images, the orthonormal columns of V were used to calculate the decomposition of
temporal variation of any image pixel s(z,,r;) into a sum of PCs,

S(t[’rj):mzvikRk (rj), @
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where

R, (rj):ﬁZviks(t,.,rj). &)

Here, v, are the elements of the matrix V, and N, is the number of frames. The
coefficients R, (r;) of this decomposition mapped into the image space would show a spatial

distribution of the amplitude of every PC. SVD is often used for principal component analysis
(PCA) [26] to find correlated data and transform the data set in such a way that it allows to
represent the data with the reduced amount of variables. SVD can be successfully used for
detection of the most pronounced changes in the signal and association of these changes with
correspondent spatial distributions. Therefore, the size of the required SVD can be diminished
to a few principal components if the resulting accuracy of the signal representation (Eq. (1) is
sufficient. Particularly, if one of the processes is dominating over others, the first diagonal
value of the matrix D will be much larger than others, and temporal variations of the process
will be described by the first columns of the matrices V and U. Then, the first column of the
matrix V allows calculations of the spatial distribution of the amplitude with the dominant
process.

In our experiments, PC represents temporal changes of the light intensity reemitted from
the skin. According to a convention accepted by the majority of PPG researchers, changes of
the light intensity are inverted in sign providing IPPG waveform to correlate positively with
variations of blood pressure [13,27]. Similarly, we inverted the sign of the PCs in all our
calculations.

3. Results
3.1. Comparison of IPPG and APG responses on venous occlusion

Typical response of both IPPG and APG systems on the triple venous occlusion is shown in
Fig. 3. IPPG waveforms were calculated from the matrix S (Eq. (1) containing the data
recorded by all four cameras. The first and second PCs taken from two leftmost columns of
V multiplied by their respective diagonal elements of D) (Eq. (2) and scaled to represent the
root-mean-square deviation of the light intensity in units of pixel value are shown in Fig. 3a
by blue and red lines, respectively. The black line in Fig. 3b shows the APG waveform in
units of the pressure.

As one can see, the amplitude of the first PC is much higher than the second. A significant
excess of the first PC over all other PCs was found in all 14 experiments (the sequence of
triple venous occlusion was applied twice to every subject). Distribution of the root-mean-
square (RMS) amplitudes of the higher PCs normalized by the RMS amplitude of the first PC
among all experimental trials is shown in Fig. 4 proving that the first largest PC presents the
most variable signal change in the image. It is clearly seen in Fig. 3 that the shape of the first
PC is very similar to the shape of the APG waveform: (i) the beginning and end of each
occlusion event are well synchronized, and (ii) small oscillations at the frequency ~1 Hz
attributed with arterial blood pulsations at the heart rate are in phase in both waveforms.
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Fig. 3. Comparison of IPPG and APG waveforms in response to triple venous occlusion. (a)
Two largest principal components calculated by SVD from the matrix S of video-signals
from all 4 cameras. First and second PC are shown by blue and red curves, respectively. (b)
Signal from the air-cuff plethysmography (black curve). Green and red arrows show the
beginning and end of each event of venous occlusion.

Nevertheless, some differences between these waveforms are also visible: more
pronounced saturation of the APG signal after the fifth second of occlusion, and more delayed
relaxation of the IPPG signal after the end of occlusion. To compare quantitatively IPPG and
APG waveforms we calculated Pearson’s coefficients of correlation between these two
waveforms for 14 statistically independent experiments: these coefficients vary from 0.67 to
0.95 with the median value of 0.8. Therefore, high correlation observed between responses of
different systems confirms the feasibility of the contactless optical system to monitor the
blood flow changes during venous occlusion.

0 T T T T T T

B ,
555555

T
L
2nd 3rd 4th 5th 6th Tth 8th
Principal component No.

L
=)

RMS-amplitude ratio, dB
3 &

R
&

Fig. 4. RMS amplitudes of PCs from 2nd to 8th normalized by RMS amplitude of Ist PC
obtained from 14 statistically independent measurements of the response on triple venous
occlusion. Zero dB corresponds to the RMS of the first PC. Red horizontal lines, blue boxes,
and whiskers show the mean, its standard deviation, and extreme values, respectively of the
data for each PC order.

Heartbeat-related pulsatile component of the first PC was observed in all measured
subjects. As seen in Fig. 3, the amplitude of pulsations before the occlusion event is higher
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than at the end of occlusion in both IPPG and APG waveforms. Every occlusion is the
statistically independent event. Analysis of 67 acts of venous occlusion revealed that the
relative decrease of the mean pulsation amplitude measured by IPPG during last 3 s before
the occlusion end in respect to that averaged during 3 s before the occlusion beginning is 43 +
14% (Mean + STD) with the minimal and maximal decrease of 11% and 78%, respectively.
Similar decrease of the pulsation amplitude was measured by APG: 45 + 20% with 6% in the
minimum and 76% in the maximum (P = 0.44).

3.2. Mapping the response measured by IPPG system

To visualize the spatial distribution of the light-intensity modulation that is synchronized with
the first temporal PC, we used Eq. (5) to calculate the amplitude of this modulation in every
image pixel. An example of this distribution is shown in Fig. 5 for a subject whose forearm
images are shown in Fig. 2 and PCs are shown in Fig. 3(a). The modulation amplitude
represents the contribution of the first PC in the light intensity changes in different image
areas. The amplitude is coded in the color scale shown on the right side. The positive sign of
the amplitude in Fig. 5 corresponds to the in-phase variations of light intensity in respect to
the first PC (different tones of red), whereas the negative — to the counter-phase (different
tones of blue).

Modulation amplitude, pixel value

Fig. 5. Spatial distribution of the amplitude of the light intensity variations in time
corresponding to the first PC. The radial, ulnar, palmar, and dorsal sides of the forearm are
shown in panels (a), (b), (c), and (d), respectively. The color scale on the right shows the
amplitude in pixel values. Red-yellow colors are associated with the positive sign for in-phase
modulations with the first PC, whereas blue-cyan colors represent the negative sign or counter-
phase modulation.

As one can see in Fig. 5, the light reemitted from the forearm skin is modulated in time
synchronously over the entire skin area. Moreover, in all studied subjects, the considerable
changes of the forearm’s image in time occur in-phase with the first PC. Similar color shades
in different forearm sides assume an insignificant difference in the mean amplitude of
intensity variations. For spatial distributions of the particular sample shown in Fig. 5, the
normalized mean amplitude was 1.20, 1.00, 1.05, and 0.74 for radial, ulnar, palmar, and
dorsal sides, respectively. Here the mean amplitude calculated for each side was normalized
to the global mean from 4 sides to minimize possible physiological differences among the
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subjects. One can see that the amplitude map of the radial side (Fig. 5(a)) is slightly yellow
than that of the dorsal side (Fig. 5(d)). However, the ratio of the mean modulation amplitude
varies from one subject to another.

3.3. Comparison of responses from different cameras

To quantitatively estimate the similarity of individual cameras response on the venous
occlusion, SVD was applied independently to every ROI signals from each camera. First
largest PCs marked by different colors for each camera are shown in Fig. 6(a). For
comparison, the evolution of the mean pixel value spatially averaged over the same selected
ROI in the data collected by different cameras are shown in Fig. 6(b) by the curves of the
same color as in Fig. 6(a). It is seen that these spatially averaged signals are almost identical
to the first PCs from correspondent cameras, and all of them practically coincide with the first
PC calculated from the joined data of four cameras (Fig. 3(a)).

The similarity of temporal signals was evaluated numerically by coefficients of
correlation between the first PC from an individual camera and the first common PC obtained
from joined data shown in Fig. 3(a). The Pierson coefficients were calculated among 7
subjects in 14 independent experiments and found to be between 0.974 and 0.999 with the
median values of 0.997, 0.993, 0.997, and 0.998 for palmar, dorsal, radial, and ulnar sides,
respectively. Likewise, the Pierson correlation between the evolution of the mean pixel value
measured by the individual camera (such as shown in Fig. 6(b)) and respective first PC from
all cameras were found to be very high: from 0.970 to 0.999, P < 0.001. Therefore, both SVD
and averaging applied to data from a single camera can be used to calculate temporal changes
of the light intensity reemitted from the forearm skin.
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Fig. 6. Temporal evolution of the signals from individual cameras. (a) First PCs calculated
from each camera, and (b) spatially averaged signals over the selected ROIs. Yellow, magenta,
blue, and brown colors correspond to the signals from cameras aimed on radial, ulnar, palmar
and dorsal sides of the forearm, respectively.

Figure 7 shows the distribution of the normalized mean amplitude of intensity modulation
among the forearm’s sides in 14 experiments with triple venous occlusion. It is seen that the
modulation amplitude in the dorsal side is significantly smaller than in any other forearm’s
side, whereas there is no significant difference in the mean amplitude measured in palmar,
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radial, and ulnar sides. Thus, it is advisable to locate a single camera for monitoring the
venous occlusion so that it views any forearm’s side except the dorsal.
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Fig. 7. Normalized mean amplitude of the light intensity modulation caused by triple venous
occlusion as a function of the forearm’s side. Distribution of the amplitude is presented as the
mean (red lines), standard deviation (boxes), and extreme values (whiskers) measured in 14
experiments for 7 subjects. Labels at the X-axis show the part of forearm viewed by a camera.

4. Discussion
4.1. Origin of light intensity modulation

The occlusion plethysmography is aimed to estimate the musculocutaneous blood flow
measured as an increase of the limb volume due to arterial blood inflow in conditions of the
venous outflow cessation caused by the occluding cuff [28]. APG system transfers the volume
increase into the measurable change of the air pressure. In IPPG system, the measurable
parameter is intensity of the light reemitted from the skin. The green light (525 + 30 nm) used
in our system has small penetration depth of 0.6 — 0.9 mm [29], which limits its interaction
with upper capillary layer. Capillaries themselves are noncompliant [30] providing that
arterial blood-pressure pulsations cannot change their size. Nevertheless, recent comparative
study of videocapillaroscopy and PPG has revealed that the faster the movement of
erythrocytes in capillaries, the higher the amplitude of pulsating modulation of light intensity
[14]. A detailed mechanism for the modulation of light by capillaries is still unknown, but
these observations are likely supporting the hypothesis of Lindberg and Oberg [31] in which
the heartbeat related intensity modulation arises from the dependence of the number of
aligned and elongated erythrocytes on the blood speed in vessels. Our more recent
experiments with capsaicin-induced opening of precapillary sphincters have demonstrated
that such an opening increases the amplitude of the heartbeat related modulation twenty-fold
higher than the skin redness, the latter is related to the erythrocytes density in capillaries [32].
Opening of sphincters evidently increases the speed of erythrocytes in capillaries. Therefore,
we suggest that significant increase of the modulation amplitude observed in [32] can be also
explained by the dependence of the modulation of RBC orientation on their speed despite the
fact that the Lindberg and Oberg model [31] was initially proposed for thick blood vessels
containing several stratum of RBCs. In the upper capillary layer we are dealing with
capillaries whose mean diameter is less than the mean diameter of RBCs but assume
existence of an orientation-speed dependence that might be different from the case of thick
vessel. Note that recent mathematical simulations of the pulsatile PPG component at green
light using Monte-Carlo method carried out by different groups leaded to controversial
results. While one group concludes that modulation at the heart rate arises from pulsating
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arterioles [33], the other one considers the compression of the upper capillary layer due to
arterial expansion as the modulation origin [34]. Advanced theoretical and experimental
investigation of the PPG waveform origin is certainly needed.

As seen in Fig. 3, an increase of the IPPG waveform follows the APG-signal increase
during the venous occlusion. It can be explained by increasing the green light absorption
because of development of venous hyperemia in the surface layers of the skin due to
increased blood filling of near-skin vessels. Since the mean diameter of capillaries in the
upper layer (7 um) is comparable or smaller than the mean erythrocytes’ size [35], and the
blood flow is maintained in these vessels during occlusion, the density of erythrocytes is
hardly increases in this layer. These capillaries are first connected with the non-contractile
postcapillary vessels, which are essentially wide capillaries with diameters from 10 to 20 um
and then they followed by larger, contractile, and collecting venules (20 — 50 um) [35]. In
condition of outflow cessation, the erythrocytes density can be increased in both these types
of vessels. Considering that the average length of the capillary loop is about 0.4 mm [36],
green light can interact effectively with both postcapillary vessels and venules being more
absorbed due to increased density of erythrocytes. The absorption increases linearly in time,
and the rate of the increase is obviously proportional to the volume speed of the blood flow in
the surface layer of the dermis. However, as the venules fill up, the pressure difference
between the arterial and venous ends decreases diminishing the blood flow through the
surface capillaries, and consequently, the rate of absorption increase. Decrease of the pressure
difference between the capillary ends also leads to diminishing of the erythrocytes’ speed and
to a progressive decrease of the heart-related pulsation amplitude according to the Lindberg’s
model. The decrease of the pulsatile component by 43 + 14% at the end of venous occlusion
was observed in our experiments (see Sect. 3.1).

Therefore, the optical method of blood-flow-changes assessment reflects the increase of
the blood volume in venous vessels as well as the classical plethysmography does. However,
the main difference between these methods is due to the difference in the vascular system
regions affecting the measurable parameters. While it is the dynamics of musculocutaneous
blood flow, which defines the shape of APG waveform, the IPPG waveform originates from
the blood flow in the superficial layer of the dermis only. Nevertheless, both methods have
similar value in terms the regulatory process characterization that is confirmed by high
correlation between IPPG and APG waveforms (see Fig. 3).

4.2. IPPG system optimization

Since the spatial distribution of the capillary-blood-flow reaction on venous occlusion was not
known before these experiments, we used four cameras to study the response over the entire
surface of the forearm. Our experiments have demonstrated high correlation between any
temporal IPPG waveform calculated from the data of an individual camera and the waveform
obtained from joined data of all cameras in all 14 experiments (see Sect. 3.3). Therefore, it is
enough to use a single camera coupled with the source of incoherent polarized light to collect
necessary information that significantly simplifies the whole system and diminishes its cost.
However, despite of high correlation of the waveforms (the Pierson coefficient exceeds 0.93),
we found that the amplitude of light-intensity modulation is significantly smaller when
measured in the dorsal side, whereas there is no significant difference among other three sides
of the forearm (see Fig. 7). We hypothesize that this difference is a consequence of typically
thicker epidermis of the dorsal side of forearm resulting in deeper position of venules and less
efficient interaction of green light with large venous vessels. Consequently, it is advisable to
adjust a single camera so that it views any of three forearm’s sides: palmar, radial, or ulnar.

In this research, the video-data were processed by using SVD to reveal the main features
of capillary blood flow response on the venous occlusion and guarantee that some essential
data have not been lost. However, the observed similarity of the evolution of the first PC and
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spatially averaged reemitted light intensity (see Fig. 6) that proves homogeneity of the
capillary bed response allows simplification of the data processing in future devices.

4.3. Limitations of the study

The cutaneous blood flow assessed by IPPG system is measured in the relative units. This
limits applications of the method to dynamic studies in paired tests aimed at estimation of
either regulatory influence or effect of various drugs and/or chemical substances on the
peripheral blood flow.

Another limitation of the method is related to the fact that the green light interacts only
with the upper capillary layer. Unlike air plethysmography, the IPPG assesses the cutaneous
blood flow, the regulation of which is different from the muscle blood flow. While the latter
varies under the influence of systemic sympathetic stimuli, the skin integuments are involved
in thermoregulatory processes and respond not only to global, but also to local temperature
changes. It means that a constant comfortable room temperature has to be kept during the
measurements. Moreover, additional study is required to estimate the performance of the
IPPG system in the case of subjects with dark or damaged skin.

5. Conclusions

Direct comparative measurements of the blood-flow changes provided by the contact APG
and contactless IPPG systems have confirmed preliminary conclusion [15] about prospects of
using the optical technique in the assessment of cardiovascular-system reactivity. Moreover,
advanced image processing used in this work allowed us to demonstrate that the response of
the optical system on the venous occlusion is uniform at the whole area of the forearm.
Therefore, the use of just one camera instead of four is enough to get full information about
the change in blood flow caused by an impact. Method of imaging photoplethysmography is
very promising for use in equipment intended for evaluation of neurogenic mechanisms of
regulation of vascular blood flow by using occlusion plethysmography. It can simplify
significantly clinical applications of the equipment and expand the possibilities of the method.
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