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Abstract: Camera-based photoplethysmography (cbPPG) is a novel measuring technique that
permits the remote acquisition of cardiovascular signals using video cameras. Research still
lacks in fundamental studies to reach a deeper technical and physiological understanding. This
work analyzes the employment of polarization filtration to (i) assess the gain for the signal
quality and (ii) draw conclusions about the cbPPG signal’s origin. We evaluated various forehead
regions of 18 recordings with different color and filter settings. Our results prove that for an
optimal illumination, the perpendicular filter setting provides a significant benefit. The outcome
supports the theory that signals arise from blood volume changes. For lateral illumination,
ballistocardiographic effects dominate the signal as polarization’s impact vanishes.

© 2017 Optical Society of America

OCIS codes: (170.3660) Light propagation in tissues; (170.3880) Medical and biological imaging; (280.0280) Remote
sensing and sensors
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1. Introduction

Camera-based photoplethysmography (cbPPG) is an optical measuring technique that allows
the remote acquisition of cardio-respiratory signals using common video cameras [1,2]. The
underlying principle is similar to the one in regular photoplethysmography (PPG) where back-
scattered light from superficial skin layers, which is modulated by physiological processes, is
captured and converted into signals [3]. Both, cbPPG and PPG function with light in the visible
and near-infrared spectrum. In contrast to PPG, cbPPG can also be operated without a dedicated
light source simply using ambient light [4,5]. Furthermore, the two-dimensional camera sensor
enables the extraction of spatially separated information overcoming the limitation of a punctual
measurement [2,5]. Although cbPPG could be applied in contact with the skin, we give priority
to the remote setting in which the subject is not disturbed by any instrumentation.

In the last decade, cbPPG gained a lot of attention due to its convenient and simple setup. Most
works focus on software development to ensure a reliable employment in different environments.
The potential of hardware adjustments, however, is rarely addressed. In that respect, polarization
filtration opens up new perspectives as already used in various imaging techniques [6—8]. These
techniques exploit the fact that marginally scattered light keeps its state of polarization while
strongly scattered light loses the state. Consequently, (i) the application of two filters with the
same polarization direction at the camera and light source (parallel setting) allows the analysis of
the skin surface, and (ii) the perpendicular alignment (perpendicular setting) allows the analysis
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of skin tissue beneath the surface [9]. Previous works in cbPPG applied the perpendicular setting
to suppress specular reflectance from the skin surface [10-18]. However, investigations that
systematically assess the benefit of polarization filtration for cbPPG are rare. Huelsbusch [19]
tested linear polarization in a perpenidcular setting but could not show any improvements in the
signal quality. Sidorov et al. [20] compared the perpendicular setting versus a setting without
filters for the palm which was compressed against a glass plate. They reported a reduction
of noise and artifacts but no significant increase in the blood pulsation amplitude when using
polarization filtration.

Besides a potential benefit for practical applications, polarization filtration might also yield
valuable information regarding the origin of cbPPG signals. Various theories have been discussed
in the past attempting to shed more light on factors that modulate the detected signal. One
theory relies on the classic PPG theory in which the main contribution of the signal’s pulsation
component arises from the arterial vasculature [21]. For cbPPG, wavelengths in the red, green
and blue range are of particular interest since RGB cameras are a convenient choice for the
technique. Blue (450 nm) and green light (520 nm) penetrate the skin up to a depth of 0.7 mm
and 0.9 mm, respectively, allowing these wavelengths to interact with arterioles in the reticular
dermis [22,23]. Only red light (630 nm) with a penetration depth of 1.8 mm likely reaches
down to the deep net plexus where already small arteries can be found [22,23]. However, both
types of vessels, arterioles and arteries, are compliant and pulsate in accordance with the cardiac
cycle [24]. The periodic change of vessels’ cross-section changes the blood volume insight the
recording area. This blood volume change modulates the incoming light where hemoglobin plays
the key role due to its high absorption value [25]. Another theory was proposed by Kamshilin
et al. [12] who diverged from the classic model. The group addressed the green light range
and claimed that there is a low probability for respective wavelengths to interact with pulsating
vessels. They proposed a model in which the oscillation of the transmural pressure in larger
and deeper arteries leads to a periodical deformation of the adjacent tissue in the dermis. The
deformation changes the density of this tissue, including the density of capillaries in the papillary
dermis. The density change also affects the blood volume inside the recording area regardless of
the fact that capillaries are non-compliant [24]. Although both theories take different types of
vessels into account, blood volume changes are acknowledged to be the primary factor for the
modulation of cbPPG signals (further on referred to as ’blood volume effect’). Another factor
which additionally might have a strong impact is represented by ballistocardiographic (BCG)
effects [26]. These effects can superimpose with blood volume effects which complicate the
interpretation regarding the cbPPG signal’s origin. Moco et al. [16, 17] showed BCG effects
to occur more and stronger in case of non-orthogonal (incident light not at a right angle with
skin surface) and inhomogeneous illumination. In contrast to blood volume effects, they are
detectable on the skin surface and do not require the light’s interaction with the vasculature. As
already suggested before, polarization filtration offers a way to distinguish between specific skin
layers. In combination with a systematic color setting, it provides an opportunity to identify
certain effects and shed more light on the origin of cbPPG signals.

In this work, we evaluate the benefit of polarization filtration for cbPPG using wavelengths
in the red, green and blue color range. To the best of our knowledge, there are no equivalent
investigations in the field where considered skin tissue was not compressed. The goal of our study
is (i) to analyze which filter setting leads to the highest increase in signals’ pulse strength, and
(i) to draw conclusions about signal’s origin by exploiting different filter and color settings. We
believe the results to contribute extensively to a systematic employment of polarization filtration
in future works. Moreover, the better fundamental understanding of cbPPG will allow a better
adaption of methods to specific applications.



Research Article Vol. 8, No. 6 | 1 Jun 2017 | BIOMEDICAL OPTICS EXPRESS 2825 I

Biomedical Optics EXPRESS o~

2. Material and methods

2.1. Technical setup and data

For illumination, we designed and built an LED matrix (140 mm X 230 mm) which holds 6 x 9
single RGB LEDs of the type SFT722N-S. The LEDs are driven by a constant current to avoid
unwanted flickering in the videos. Each color can be adjusted separately to a certain intensity
between zero and maximal power. Further technical specifications are listed in Table 1. The
matrix was the only light source during the measurements. For video recording, we used a
monochrome industrial camera (IDS UI-3370CP-NIR-GL) that was equipped with a lens by
Schneider-Kreuznach (Cinegon 16/1.8). The camera was set to a resolution of 420 x 320 pixels, a
color depth of 12 bits, a frame rate of 50 fps and an exposure time of 20 ms. All videos were stored
in an uncompressed binary format and further processed using MATLAB 2016a. Depending on
the test in the experiment, linear polarization filters were fixed to the illumination matrix and
the camera, respectively. We used a customized polarization film (Schneider-Kreuznach P-W76)
for the matrix which was slid into a slot of the case. The polarization direction was oriented
vertically. For the camera, a glass filter (Schneider-Kreuznach M30.5x0.5 IF AUF) was applied
and mounted on the front of the lens. The polarization direction was varied between a parallel and
perpendicular orientation regarding the direction of the film filter. Additional filter information
can be found in Table 1. As a reference, we recorded PPG signals that were obtained by an ear
clip (ADInstruments, MLT1020EC) using the PowerLab 16/35 (ADInstruments, Dunedin, NZ).
Both, video and PPG data were captured synchronously on a PC.

Table 1. Technical specifications for the used LED matrix and the applied polarization filters.
Blue Green Red
Electrical power 52W  52W  34W
LED Peak wavelength 453nm 518nm 632 nm
Spectral bandwidth 23nm 33 nm 14 nm
Extinction ratio glass 300 7000 100000
Extinction ratio film 1000 8000 70000

Polarization filter

We recruited 18 Caucasian volunteers (17 male, 1 female) between 21 and 29 years (25.2 +2.2
years). Each individual was informed about the measurements’ procedure and gave writ-
ten consent. The study was approved by the Institutional Review Board of the TU Dresden
(IRB00001473, EK168052013). For the experiment, the subjects were positioned in front of the
illumination matrix and the camera at a distance of approximately 450 mm. They were asked to
comfortably rest their head on a soft pillow, which was placed on a desk, and remain relaxed and
steady during the measurements. The matrix and the camera were aligned towards the forehead
which was chosen as the region of interest (ROI). An additional hair circlet prevented any ROI
occlusion by the hair. Furthermore, our protocol required to wear safety goggles in order to avoid
eye irritation. The recording area contained mostly the upper part of the face and, to some extent,
also the background. The whole experimental setup is depicted in Fig. 1.

2.2. Experimental procedure

For each subject, nine subsequent tests of 20 s were conducted. At first, three tests were performed
using the perpendicular filter setting (denoted by ’+’), followed by three tests where the parallel
setting was applied (denoted by ’||”). The last three tests were executed using no polarization
filters (denoted by *0’). In each of the three subtests, a different color was set at the illumination
matrix: i) blue, ii) green and iii) red. Note that the LEDs were operated at their maximal output.
Liu et al. [27] showed that the image intensity affects the quality of extracted cbPPG signals.
Due to changing filter and color settings in our analysis, the mean image intensity would vary.
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Fig. 1. Measuring setup of the polarization experiment: 1) Camera system, 2) Multi-
wavelength illumination matrix, 3) Polarization filter (film), 4) Polarization filter (glass)
with an adaptable angle, 5) Test subject with protection goggles and hairband, 6) Reference
PPG sensor.

Therefore, before each test, we manually adjusted the aperture of the lens to obtain a similar
ROI intensity ensuring a higher comparability between the tests. During the adjustment, we also
guaranteed that the forehead was not locally under or oversaturated.

2.3. Image and signal processing

For each subject, we manually defined one ROI for the forehead which was determined in the
first frame of the first test. The ROI was then held statically over the test. We used the same ROI
for the following tests but corrected the position in the corresponding first frame if necessary.
During the annotation, we tried not to include high-contrast areas like skin edges. Figure 2(a)
shows an example. In further descriptions, the forehead ROI will be denoted by ROly. In order
to take regional differences into account, we also applied spatially distributed ROIs (size of
15 x 15 pixels) which were automatically fitted in ROIg, of each subject. An example can be
found in Fig. 2(b). Across all subjects, between 49 and 133 (90 + 24.6) blocks were defined that
will be referred to as ROI; sman (i is the ROI number). By comparing the performance of the ROI
blocks, we aimed at finding systematic characteristics which are worth looking into and which
should be considered for a substantial analysis. Based on the results (see Fig. 3, red wavelength)
and prior knowledge about BCG influences at lateral areas [16], we determined three larger ROIs
that were set to be evaluated in depth along with ROIf;;. Two regions ROljef; and ROLjgp, were
positioned at the left and right side of the forehead holding a width of 30 pixels (empirically
chosen). The third region ROl e Was defined as a reference with the same width and aligned
in the middle of ROIje; and ROLjgpe. The three ROIs are confined by ROlyyy, and they all have
similar sizes ensuring a better comparability between the results (see Fig. 2(c) for an example).

After annotation, the cbPPG signals were extracted by averaging the pixels inside the respective
ROI for every frame. Consequently, for each test and ROI, we obtained one signal. The signals
were then bandpass filtered using a Butterworth filter (order 5, cutoff 0.5 and 15 Hz) to suppress
low-frequency variations and high-frequency noise. We decided to declare the pulse strength
pac as the quality index for our cbPPG signals (similar to pulsation amplitude measures in
other works [19,20]). For determination of p 4¢, we firstly detected the beats within the signals.
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To prevent any false detections, we utilized the reference PPG signals that were captured
separately for each test. The minima positions of the reference signals, which were extracted
by applying the OSET MaxSearch algorithm [28], were used to cut out the single cbPPG beats.
We omitted beats if their height was bigger than 30 intensity units because the physiological
origin of such a variation can be ruled out. The remaining beats were averaged to one mean
beat. Eventually, the pulse strength p 4 was set as the distance between the absolute minimum
and maximum of the mean beat resulting in one p 4¢ value for each test and ROI. Figure 2
exemplarily depicts the procedure for one signal. Since the reference-guided detection does not
consider if the pulsation component is related to the cardiac cycle, we also calculated the noise
level n4¢ for comparison. Two different ROIs with similar size and illumination as ROl and
ROleft/right/center» Te€Spectively, were applied to the background in a reference measurement. We
based this step on an analogous approach from Kamshilin et al. [10]. In the same way as p4c,
nac was determined for the extracted signals leaving two noise values, one for the full forehead
ROI and one for the ROI strips. The values are visualized as magenta lines in Fig. 4.
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Fig. 2. Main processing steps depicted for an example: (a) Forehead ROL, (b) Equally sized
sub-ROIs (15 x 15 pixels), (c) ROI strips that were defined based on the results when using
the sub-ROIs, (d) Extracted cbPPG signal for one test with diastolic positions (red) of
reference PPG, (e) Extracted beats and calculated mean beat (red) with the height p 4.

2.4. Evaluation and statistics

Across all 18 subjects and nine experiments, we statistically analyzed the behavior of the ps¢
values in each of the four ROISs (full, left, center, right). In order to assess whether the polarization
filtration causes a significant change in p 4, we applied a Friedman test separately for each color
setting and ROL. If the Friedman test showed significance, post-hoc tests were performed using
the Wilcoxon signed rank test where p-values were adjusted by the Bonferroni correction. Note
that always three groups (Co’,’||’,’+”) with 18 values were considered. In a second analysis, we
evaluated the differences between the three wavelengths for each ROI and filter setting. Statistical
testing was done over the respective three groups (blue, green, red) in the same way as in the
first analysis. Eventually, a third analysis was performed to compare the results of the three ROI
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strips since they were built due to local differences. For this purpose, three groups (left, middle,
right) were taken into account for each color and filter setting and statistically tested as described
above.

3. Results

The results of p 4¢ for the full forehead ROI are depicted in Fig. 4(a). The Friedman test shows
that the polarization filtration leads to a significant change in signals’ pulse strength within all
three color settings (see Table 2, first column). The strongest differences can be found for blue
and green, the lowest for red. As the post-hoc tests prove, the *+’ setting yields signals with
significant higher pulses p 4¢ than the ’||’ setting does. The same holds true for the ’+’ and ’0’
setting with the exception of the red wavelengths. It should be noted that for red, the p 4 values
accumulate around the noise level which makes their validity questionable. Blue is the only
color to provide statistical differences between the "o’ and ’||” setting although the trend for all
colors implies the *0’ setting to perform better. When comparing the performance of the three
wavelengths, substantial differences can be found (see Table 3, first column). The strongest ones
occur with respect to red. The application of the green wavelengths provides the best outcome
for p sc. The values for blue are similarly high while the ones for red yield poor results.

Figure 3 shows the distribution of the pulse strength over the forehead within ROI; sman
depicted exemplarily for three subjects and all tests. Mainly for the red wavelength, we noticed
that high pulse strengths occur for the left and right area when comparing them to the center area.
This effect led us to investigate these regions separately by applying and assessing ROIjes and
ROLignt, as well as ROIcener for reference purposes (see also Section 2.3).

Signal pulse strength pc o) [T

blue (453 nm) green (518 nm) red (632 nm)

Fig. 3. Results for the spatio-temporal distribution of the pulse strength values (three subjects
are depicted exemplarily). The values are false color coded where dark blue represents a low
strength and dark red a high strength (see color map). The symbol "0’ represents the setting
without polarization filters, ’||” the parallel setting and *+’ the perpendicular setting. The
chosen color setting is represented by lines below the images and specified with their peak
wavelengths (blue: 453 nm, green: 518 nm, red: 632 nm).
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The results for the three ROI strips generally show larger p 4¢ values than we achieved for
the full ROI (see Fig. 4(b) - (d)). The characteristics of the center ROI, with respect to the color
and filter setting, are very similar to the ones of the full ROI. Apart from red, the polarization
filtration proves again to have a significant impact on the outcome (see Table 2, column 3). The
results of the post-hoc tests show minor irregularities. However, the lateral ROIs provide a more
contradictory outcome. Whereas for the right ROI, the polarization seems to affect signal’s pulse
strength, for the left ROI, there are barely any differences between the filter settings (see Table 2,
column 2 and 4). The applied post-hoc tests confirm this assessment. For the right ROI, the °+’
setting is consistently better than ’||” setting and, except for red, also better than the 'o’ setting.
When comparing the performance of the wavelengths (Table 3), no differences can be found
on the left and the right side. The pulse strength values for red are substantially higher in these
ROIs and reach the same level as blue and green do. Only for the center ROI, the results are
significantly different between the colors, which is mainly caused by the poor performance of
red. When comparing the three ROI locations (Table 4), a similar conclusion can be drawn.
Exclusively for red, the left as well as the right region prove to provide significantly different
results for all filter settings with respect to the center region. However, according to the tests,
the lateral regions do not differ from each other. For green and blue, the results imply that there
are no differences between the location regardless of which filter was used. Please note that
we considered the factors “filter setting’, *color setting’ and 'ROI location’ separately and that
conclusions were drawn with regards to these factors.

4. Discussion
4.1. Impact of polarization filtration

Apart from the red wavelength and the left ROI, the ’+’ filter setting proved to provide signals
with the highest pulse strengths, while the ’||” setting consistently led to the lowest values. The
outcome suggests that cbPPG signals hold higher qualities when the received light from the
skin surface is eliminated. With respect to the performance of the o’ setting, it can be similarly
concluded that effects from the surface suppress the strength of signals from deeper skin layers.
Our results deviate from the outcome of Huelsbusch [19] who found no improvements in the
signal quality when using the "+’ filter setting. Our findings also fundamentally disagree with
the ones of Sidorov et al. [20]. They reported that the application of the *+’ setting leads to no
significant increase in the signal amplitude for the green wavelength. However, in their setup, the
palm region was measured under external pressure, and only suitable ROIs (so-called hot spots)
were taken into account. The pressure might play an important role in their outcome as we will
discuss later (see Section 4.2). The influence of polarization differs across the forehead regions
and almost vanishes at the left lateral ROI (see Fig. 4(b)-(d)). Nevertheless, the similarities
between the full and the center ROI imply that the influence is still dominant in larger regions
regardless of local differences. Smaller ROIs provide signals with stronger pulse strengths.
Lempe et al. [29] already revealed this characteristic, which most likely originates from the
fact that averaging over larger regions causes a suppression of local variations in the signal’s
morphology.

4.2.  Origin of cbPPG signals

Color setting For the full and the center ROI, the blue and the green wavelengths provide the
highest signal pulse strengths whereas the red wavelength yields the lowest strengths (see Fig.
4(a) and (c)). This behavior coincides with the absorption characteristic of hemoglobin [25]
and, therefore, supports the theory that the cbPPG signal arises from blood volume changes
(blood volume effect). However, compared to other investigations [30,31], which multispectrally
analyzed the cardiac strength of photoplethysmographic signals, the blue wavelength gives a



Research Article

Vol. 8, No. 6 | 1 Jun 2017 | BIOMEDICAL OPTICS EXPRESS 2830 I

Biomedical Optics EXPRESS -~

Signal pulse strength Py (a.u.)

Signal pulse strength Py (a.u.)

(a) (©
i *k k% n.s 1 20r1 n.s k% n.a. ]
s R n.s. Ak n.s. —= soop K n.s. —% n.a. 2
L M/ 4 18 |- — 4
+
|- 4 ]6 |- T 4
| -
L 1 14t | + | ]
| |
+ | |
I T 1 127 [ o 1
| - T | |
| +
- o | op! i ]
| | | T
LT 4+ | T 1 gt - J
' I [
| | |
L _ 4 6 F | 4
i E | |
| |
L | 4+ 1 | _ - T
B | : oL T e F L 7 L i L1 % E
L_J;___J.___ﬂ'____L___J: ______ $_$_E- ) 1 T NaE T ]
1 + 1 1
o I + o I + o I+ o I + o I + o I+
blue (453 nm) green (518 nm) red (632 nm) blue (453 nm) green (518 nm) red (632 nm)
(b) (d)
i n.s n.a. n.a. 1 207 ok ek ns. ]
| _ns.—=* n.a. 2 n.a. 2 | gl s ok F n.s. —% n.s. % |
+
L 116t + L
+ + + +
+
L + + + 1 14t - 7 _ ]
T + _ + -‘I- : | : T
L + | [ 4 12F I | (.
T | I T T : [
Lo I - | T [
I A S R wor_ oy [ 1
| | | | | | | |
|
L D | 4 ]+ 4
| | |
r I 1 6r H | | 1
L S T l L o '
L + 4 L 4
1 1 1
L= . B R SR S e St i
C + L 1 LfT ]
o I + o I+ o I+ o I+ o I + o I+
blue (453 nm) green (518 nm) red (632 nm) blue (453 nm) green (518 nm) red (632 nm)

Fig. 4. Boxplot for the distribution of the pulse strength values: (a) Full forehead ROI,
(b) Left ROI, (c) Center ROI, (d) Right ROI. The results of post-hoc tests (filtration) are
also given (n.s. p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001). If the post-hoc test
was not applied, 'n.a.” is used. The symbol *0’ represents the setting without polarization
filters, ’||” the parallel setting and "+’ the perpendicular setting. The chosen color setting is
represented by boxes’ coloration and specified with their peak wavelengths (blue: 453 nm,
green: 518 nm, red: 632 nm). The magenta lines depict the noise level n 4 (see Section 2.3
for calculation).
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Table 2. Results of the Friedman test to analyze the differences between groups of the same
color but various filter settings (tests are performed across the filter settings). The values are
given for all tested ROIs separately (full forehead, left, center and right region).

ROI
Full Left Center Right
Blue sksksk sk sksksk sksksk
Green sksksk n.s. sksksk skeksk
Red * n.s. n.s. *

n.s. p > 0.05, * p <0.05, ** p <0.01, *** p <0.001

Table 3. Results of the i) Friedman tests to analyze the differences between groups of the
same filter setting but various colors (column 1), and ii) Post-hoc tests for the comparison of
the three different colors for each ROI location (column 2-4). The symbol ’o’ represents the
setting without polarization filters, ’||” the parallel setting and ’+’ the perpendicular setting.

Color
All Blue - Green Blue - Red Green - Red
0 skkok £ skksk skksk
+ skkok * ek ek
) n.s. n.a. n.a. n.a.
Left | * n.s. n.s. n.s.
+ n.s. n.a. n.a. n.a.
0 skkok n.s. skkok skksk
Center ” skkok Kk skksk skksk
+ skkok k skksk skksk
) n.s. n.a. n.a. n.a.
Right I n.s. n.a. n.a. n.a.
+ n.s. n.a. n.a. n.a.

n.a. post-hoc test not applied, n.s. p > 0.05, * p <0.05, ** p <0.01, *** p <0.001

Table 4. Results of the i) Friedman test to analyze the differences between groups of the same
color setting but various ROI locations (column 1), and ii) Post-hoc tests for the comparison
of the three ROI locations (column 2-4). The symbol ’0’ represents the setting without
polarization filters, ’||” the parallel setting and ’+’ the perpendicular setting.

ROI
All Left - Right Left - Center  Right - Center
0 n.s. n.a. n.a. n.a.
Blue I n.s. n.a. n.a. n.a.
+ n.s. n.a. n.a. n.a.
0 n.s. n.a. n.a. n.a.
Green || n.s. n.a. n.a. n.a.
+ n.s. n.a. n.a. n.a.
0 sk n.s. skokesk skokesk
Red ” sk n.s. skokesk skokesk
+ ko n.s. skl skokek

n.a. post-hoc test not applied, n.s. p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001
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surprisingly high response. In general, many factors can play a role for the varying performance
of certain wavelengths. The application of external pressure on the examined skin tissue, for
example, might cause such variations. Previous cbPPG works show that the compression of
superficial tissue leads to a significant change in the morphology and amplitude of the received
signal [12, 15]. Moco et al. [15] argued that in this case, the cbPPG signal mostly arises from a
deeper plexus due to the occlusion of superficial vessels. This theory could explain our outcome
for the blue wavelengths. While contact sensors always apply pressure on the skin, setups for
cbPPG usually do not. Therefore, superficial vessels still have an impact on the signal, especially
for blue where the penetration depth is low and the absorption by hemoglobin high. However,
Corral et al. [31] also used a contactless setup and did not report particular good qualities for
the blue wavelength range. When applying the classic PPG theory to such results, the limited
performance for blue can be attributed to its penetration depth where the light interacts less with
pulsating vessels as longer wavelengths do [22,23]. Since our results show better qualities for
blue, the theory by Kamshilin et al. [12] might apply since capillaries in the papillary dermis are
close enough to the surface to impact blue and green light with a similar strength [22,23].

ROI location  Based on the deviating results that we obtained for the lateral ROIs
(see Table 4), we believe the cardiac signals in these regions to (partly) arise from sources
other than those in the center ROI. The force of blood movement in the heart, the aorta and the
great arteries causes a cyclic body movement [26] which is detectable on various body sites
(BCG effects). Moco et al. [16] studied the presence of head-related BCG effects for facial
areas and found that they are most prominent in case of inhomogeneous and non-orthogonal
illumination. We expect to mostly receive such effects at the left and right ROI since the areas
are not orthogonally aligned towards our light source. The dependency of the signal strength
on the wavelength is, in comparison to the blood volume effects, minor for BCG effects. This
characteristic explains the increase in the pulse strength of red up to the level of blue and green.
Moco et al. [16] furthermore discovered that remnants of BCG effects were still present in the
blue channel despite applying homogeneous illumination. Although this finding also could
clarify the high response of the blue wavelengths for the center and full ROI, we are uncertain
about why BCG effects would not have a similar influence on all three colors. Therefore, we
favor the theory by Kamshilin et al. [12] as a possible explanation for the high response (see
"Color setting’).

Although the left and right ROI provide qualitatively comparable results, differences in the
filter setting between the regions are noteworthy. We believe this outcome also to be related to
BCG effects. In contrast to BCG effects, blood volume effects require the light’s interaction with
the vascular structure. Therefore, we would not predict that polarization has the same impact on
the BCG signal as it has on the blood volume signal. We assume the blood volume effect to be
most present in the center and full ROI. Hence, regarding the outcome for the filter settings, the
BCQG effect must be dominant in the left ROI (filtration differences marginal) whereas, in the right
ROI (filtration differences notable), both types of effects contribute more equally to the measured
cbPPG signal. The disparity between the left and right ROI most likely originates from a
systematic dislocation in our system setup. Our initial arrangement of the light source might have
led minimally to a non-symmetrical illumination of the face. Consequently, the right forehead
area was illuminated more orthogonally what caused a suppression of BCG effects. How-
ever, the results’ tendency in both regions is still very similar when comparing it to the center ROIL.

Filter setting  Polarization filtration provides additional value to the investigation of
establishing the signal’s origin. The generally good performance of the ’+’ setting in the full and
center ROI (for blue and green) supports the theory that cbPPG signals are mainly modulated by
variations in the vasculature (i.e. beneath the surface) for these regions. Nevertheless, the cardiac
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signal component in the °||” setting is still existent as corresponding p 4¢ values lie considerably
above the noise level (see Fig. 4). The outcome would imply that cbPPG signals also arise from
the skin surface. The following listing discusses this hypothesis by proving and disproving it:

a) BCG effect If remnants of BCG effects are present in homogeneously illuminated areas,
these effects will superimpose with blood volume effects. In this case, cardiac surface
signals would be detectable and exclusively caused by BCG effects. However, Moco et
al. [16] only found remnants in the blue range which would not explain our results for the
green setting.

b) Depolarization Although incident light gets depolarized in its direction when penetrating
the skin, backscattered light can still contain a fraction of this direction when exiting the
skin [6]. The fraction can be captured by the camera in the ’||” setting and holds informa-
tion from skin layers other than the surface. It would also be affected by hemoglobin’s
absorption, and we would predict a lower pulse strength for red.

c) Filter’s extinction ratio  The extinction ratio of the polarization filters (see Table 1) shows
that light can not be polarized perfectly. Therefore, non-polarized and polarized fractions
from beneath the skin surface might enter the camera sensor in the ’||” setting (similar to
b)). However, due to the high extinction ratios, we assume this effect to be negligible.

In conclusion, we believe that the performance of the ’||” setting is mostly explainable by point
b).

Morphology analysis  The contour analysis of the pulse waveform is an additional
approach to draw conclusions about the cbPPG signal’s origin [15]. In particular, the assessment
of morphology changes between ROI locations, color and filter settings might provide a benefit
in our study. However, the quantification of such changes across all subjects is complicated
as certain shape characteristics vary strongly among individuals. Therefore, we exemplarily
considered one participant where we believe the results to be a rough representation of
peculiarities that we also found in other subjects. The mean beats of the chosen subject are
visualized in Fig. 5, depicted for the various filter and color settings of the three ROI strips. For
blue and green, the shape of the waveforms in the center ROI (second row) resemble the classic
PPG waveform [3] which backs our claim that respective signals are modulated by blood volume
changes. The filter setting has more impact on the beats’ height rather than affecting the shape.
For red, the contour is hard to characterize due to the low pulsation strength. In the left ROI,
the waveforms are substantially different from those in the center ROI which mainly reflects in
changes of phase and frequency (Fig. 5, first row). The outcome indicates BCG effects to be
present, although the waveform of BCG signals is difficult to classify as it highly depends on the
ROI location and the orientation of the light source [16, 17]. The slight shape variation between
the filter and color settings further supports this theory as we similarly concluded earlier for p4¢.
Based on the results for the pulse strength in the right ROI (see Fig. 4(d)), we stated that BCG
and blood volume effects contribute more equally there. The waveforms of this subject (Fig.
5, third row) are in accordance with this assumption since they appear to be a mixture of the
waveforms from the center and left ROIs. For red, the BCG effect seems to be dominant which
not only reflects in the shape but also in the pulse strength (see center ROI for comparison).
For blue and green, polarization filtration still causes an attenuation and augmentation of the
waveforms.

5. Conclusion

We could show that in case of orthogonal illumination of the forehead, perpendicular polarization
provides a significant benefit for the blue and green wavelengths in cbPPG. Furthermore, results



Research Article Vol. 8, No. 6 | 1 Jun 2017 | BIOMEDICAL OPTICS EXPRESS 2834 I

Biomedical Optics EXPRESS .

support the theory that signals most likely arise from blood volume changes. In case of non-
orthogonal illumination, polarization has a smaller impact on the quality of cbPPG signals. This
outcome can be associated with occurring BCG effects which are most prominent in the lateral
regions. The effects also cause the signal’s pulse strength to increase for the red wavelengths.
CbPPG’s response to polarization combined with its performance in various wavelengths is
potentially a useful marker to distinguish between BCG affected signals and blood volume signals.
For certain applications, BCG effects are not desirable (e.g. estimation of oxygen saturation) and
have to be correctly identified. We want to note that some conclusions of our analysis can only
be drawn for facial areas in case of being in an upright position. Therefore, prospective studies
should consider different postures and investigate other anatomical regions.
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Fig. 5. Calculated mean beats of one subject for different ROISs, filter and color settings. The
first row shows the results of the left ROI, the second row for the center ROI and the third
row for the right ROI. The symbol 0’ represents the setting without polarization filters, ’||’
the parallel setting and *+’ the perpendicular setting. The chosen color setting is represented
by boxes’ coloration and specified with their peak wavelengths (blue: 453 nm, green: 518
nm, red: 632 nm).
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