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Introduction

Photoplethysmography (PPG) is a non-invasive optical 
technique that is often used to measure the pulsatility of 
cutaneous blood flow by detecting subtle variations in tissue 
blood volume through light absorption (1). PPG signal is 
composed of a slowly varying DC signal associated with 
non-pulsatile blood, tissue and bone, and a pulsatile AC 
waveform that is related to the increase/decrease of blood 
volume within tissue beds due to each heartbeat. The AC 

component of the waveform rises during the systolic phase 
and falls during the diastolic phase, periodically following 
the same trend as the blood volume change during systolic 
and diastolic phases of each heartbeat. 

PPG signal could be interpreted as a summation of the 
forward propagation wave generated by vessel contraction 
and the backward reflective wave generated by vessel 
relaxation from the periphery (2). The backward reflective 
wave is induced as blood travels through the vascular tree 
and being reflected by the bifurcated vessels or the elastic 
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arterial vessel walls. As pulsatile blood propagates from 
the central arteries to the periphery vessels, the increased 
resistance in peripheral vessels would induce more 
reflection waves. The alternation in the PPG waveform has 
been reported to associate with aging or disease processes 
such as hypertension, diabetes, atherosclerosis, and large 
vessel stiffening (1,3,4). Although extensive research and 
application of PPG have shown potential in evaluating 
the cardiovascular system (5-8), hitherto, the origin of the 
PPG waveform, however, remains elusive and controversial 
in terms of whether the signal is from superficial capillary 
beds, arterioles in relatively deeper dermal layers, or simply 
from background tissue compositions where the change in 
optical property may be modulated by the blood volume 
changes within tissue beds.

Opt i ca l  coherence  tomography  (OCT)  based 
angiography (OCTA) has demonstrated the capability 
to visualize cutaneous blood flow with depth-resolved 
information and in high resolution (9-15). Blood flow 
information can be isolated from the static tissue utilizing 
a motion contrast algorithm, optical microangiography 
(OMAG), based on an eigen decomposition (ED) approach 
(15-17). The high imaging resolution from OCT allows the 
technique to distinguish small blood vessels within capillary 
beds from relatively large blood vessels at deeper depth 
locations. The light source of the OCT system is operated 
at near-infrared wavelength, which is similar to the typical 
940 nm PPG light source giving a similar penetration depth 
and functionality. In particular, ED-OMAG contrasts the 
moving blood flow with a signal strength proportional 
to the blood cell flux, i.e., the volume of red blood cells 
passing through vessel cross-section per unit area (18,19). 
Volumetric flux is in proportion to the volume change and is 
suggested to be affected by similar vascular mechanisms (20). 
Therefore, it would be reasonable to compare the pulsatile 
blood flows measured by the two technologies. Moreover, 
benefiting from the depth-resolved imaging, OCTA has the 
capability to separate pulsatile information from different 
cutaneous circulatory plexuses. Thus, this capability would 
provide us with an opportunity to extract and compare the 
property of blood flow pulsations from both the papillary 
and dermal plexuses simultaneously. 

In this paper, we report a new method that uses 
the OCTA signals to provide reliable depth-resolved 
pulsatile blood waveforms within tissue beds. It was 
suggested that the PPG signal might be associated with 
arteriole blood pressure not only due to its similarity in 
waveform but also because of its proportional relationship 

between arterial blood pressure and blood volume (7,21). 
Similar to the strategy used in PPG studies (22-25),  
we have conducted a hand-rais ing experiment to 
understand better how local blood pressure and peripheral 
resistance affects the morphology of pulse waveforms in 
the different cutaneous circulatory plexuses. The force of 
gravity could significantly alter local blood pressure and 
peripheral blood flow resistance due to cutaneous vessel 
autoregulation adjustment (22). When the hand is below 
the heart level, the increased capillary pressure will induce 
vasoconstriction of the arterioles, resulting in increased 
pre-capillary flow resistance and decreased post-capillary 
flow resistance. Conversely, when the hand is elevated, 
the decreased capillary pressure would induce arteriole 
to dilate, resulting in a decrease of pre-capillary flow 
resistance and increase of post-capillary flow resistance (26).  
Such a simple experimental strategy has been utilized by 
various research groups when developing PPG, Camera-
based PPG, laser doppler flowmetry, etc. (23-27) to test 
the validity of the measurements by examining the change 
in flow resistance at different blood pressures. However, 
no technique is currently available that is able to observe 
the pulsatile waveform from circulatory plexuses at specific 
tissue depths separately under the effect of hand elevation 
because currently available technique does not provide 
depth resolved information. Thus, this study could provide 
valuable clues for understanding the mechanical property 
of how blood travels through different types of vasculature 
networks under the effect of flow resistance and elucidate 
its potential applications in disease assessments.

Methods

The OCTA pulsatile signals were measured in five young, 
healthy volunteers (n=5; 3 males, 2 females). We used a hand-
held swept-source OCT (SS-OCT) system (28) to collect 
OCTA signals from fingers in human subjects to represent 
pulsatile blood waveforms within skin tissue beds. This 
system employed a 200 kHz swept light source operated at 
a central wavelength of 1,310 nm and a spectral bandwidth 
of 100 nm, providing ~8 µm axial resolution. A laboratory-
built transmission mode PPG device was also used to collect 
the PPG signals from the finger to indicate blood volume 
changes for reference. The imaging of subjects reported in 
this study using a laboratory-built investigational device was 
conducted in accordance with a protocol approved by the 
Institutional Review Board of the University of Washington, 
and informed consent was obtained from all subjects. The 
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Figure 1 Schematic of the experimental design. (A) The set-up of the collection procedure at different hand elevations. The heights of 
the hand relative to the heart were +50, 0, −50 cm, respectively. (B) The relationship between the papillary plexus (capillary bed) and the 
dermal plexus (arteriole and venous). (C) Representative 3D OCTA microvascular image color-coded by depth information, where orange 
indicates the papillary capillary vessel networks and blue, indicates the dermal plexus. The scale bar = 0.5 mm. (D) Time series of repeated 
OCT B-scans at the position shown as a dashed line in (C), from which (E) OCTA blood flow signals were extracted. The green dotted box 
is an illustration of the tissue layer that contains the papillary plexus. The red dotted box is an illustration of the tissue layer that contains the 
dermal plexus.
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study followed the tenets of the Declaration of Helsinki and 
was conducted in compliance with the Health Insurance 
Portability and Accountability Act. 

In this study, OCT datasets were acquired on the index 
finger at three different hand elevation: above (+50 cm), 
same (0 cm), and below (−50 cm) heart level (Figure 1). 
The data was collected in a sitting position, with regular 
breathing and minimal body movement. The OCT hand-
held probe was placed on an adjustable hand rest. The 
height of the chair was adjusted so that the hand could be 
leveled with the vertical mid-point of the sternum when 
placed on the probe, which was approximately the level 
of the heart. The probe could be adjusted to allow the 
hand placed below or above the heart level, or to form 
a 45-degree angle between the trunk and arm to avoid 
building unnecessary tension or stress on the arm. PPG 
signal was collected from the middle finger on the same 

hand. We avoided measurement sites that may contain 
large arteries and asked the volunteer to keep the finger still 
with minimal pressure applied to the detector to eliminate 
motion artifacts caused by tissue deformation. Before data 
collection, the volunteers were asked to rest for at least  
5 minutes to accommodate the environment. Measurements 
were captured in a quiet and controlled room temperature 
environment at the same hour each day. 

Two scanning protocols were designed in this study. 
The first protocol was designed to provide 3D OCT 
structural and OCTA blood flow images of scanned tissue 
volume, in which the scans contained 1,000×5 B-frames 
(i.e., 1,000 scan locations with each position having five 
repeated B-scans), and each B-frame was composed of 
1,000 A-scans. The field of view was 2.5×2.5 mm2. The 
resulted 3D images (Figure 1C) were used to guide the 
depth selection of the cutaneous plexus for the extraction 
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of pulse waveforms. Since the cutaneous vessels consist 
of horizontal microvascular networks with interweaved 
arteriole and venules from which the nutritive capillary 
bed arises, the two plexuses can be separated based on 
their relative depth and vessel structure from the 3D 
microvasculature image (Figure 1B,E) (29). 

The second protocol was designed to extract pulsatile 
waveforms from OCTA signals, in which 4,000 repeated 
B-scans were continuously collected at one same position 
over a period of ~10 s (Figure 1D). The B-scan consisted 
of 300 A-scans (covering 1.0 mm), which led to an imaging 
rate at 400 frames per second, providing sufficient temporal 
resolution to observe pulsatile blood flow signals. 

All signals were processed and analyzed retrospectively 
in MATLAB (The MathWorks, Inc., USA). 3D OCTA 
blood flow image was generated by the OMAG algorithm 
using an eigen decomposition (ED) approach (Figure 1C). 
OMAG contrasts the movement of blood flow from the 
static tissues by comparing 5 repeated B-frames. The well-
known projection artifacts within OCTA blood flow images 
were removed using an algorithm previously published 
in (30,31). From the 3D OCTA images, we identified 
approximate depths for proper segmentation of papillary 
capillary plexus (~100 to 300 µm from the skin surface) and 
dermal plexus (~300 to 1,500 µm from the skin surface) for 
the time series of B-scans to evaluate the pulse waveforms 
(Figure 1E). 

Time series of OCTA blood flow images were generated 
by the complex OMAG algorithm (15) using the repeated 
B-scans (Figure 1D). Five consecutive B-scans was used to 
obtain one OCTA B-scan blood flow image. We assumed 
the pulse signal from the papillary dermis layer was from the 
capillary bed, and the pulse signals from the dermal plexus 
were primarily from the arterioles where the pulsation in 
the venules could be omitted (32). The pulse signal from 
each microvascular plexus was obtained by integrating the 

intensity signals, I(t), within the region of interest from the 
temporal OCTA blood flow images, OCTA(x,y,t), and was 
plotted in a temporal relationship. 

( ) ( , , )I t OCTA x y t dxdy= ∫∫ 	 [1]

Where x and y indicate the pixel indices in the OCTA 
image. The pulse signal was also measured by integrating 
the OCTA signals from both plexuses (papillary plexus 
and dermal plexus). The obtained time-varying signal was 
then passed through a designed bandpass finite-duration 
impulse response (FIR) Equiripple filter (0.7–10 Hz) with 
40 dB attenuation in the stopbands, to obtain the final pulse 
waveform. 

The repeatability of the measured pulse waveforms was 
assessed by calculating their coefficients of variance. In this 
test, we conducted five imaging sessions at the same skin 
position to each collect 10-second temporal OCTA scans 
where each imaging session was resumed by re-positioning 
the finger under the OCT probe after the prior session. The 
resulted pulse waveforms were analyzed for their amplitude 
and peak to peak interval to demonstrate the repeatability 
of the technique. 

To characterize the OCTA pulsatile waveforms, we 
followed the convention that is often used in the field 
of PPG (Figure 2). The systolic peaks of each pulsatile 
waveform were found by an adaptive peak finder algorithm 
implemented in MATLAB (Findpeaks). The systolic foot 
and diastolic peaks were obtained by the local maximum of 
the second derivatives. Three parameters (AC amplitude, 
crest time, and delta T) were measured from the OCTA 
pulsatile waveform for the assessment of its morphology 
(Figure 2). The AC amplitude was measured by the 
difference in amplitude between the systolic peak and foot 
of the waveform. Crest time was measured by the time 
interval between the foot and systolic peak. This parameter 
indicates the flow resistance in the forward wave. Delta T 
was measured by the time interval between the systolic and 
diastolic peaks. It is associated with relationship between 
the forward and reflected waves, which often indicates the 
peripheral flow resistance. For ease comparison, the AC 
amplitude from all plexus was normalized to the geometric 
mean of the AC amplitudes from all plexus pulsatile 
measured at heart level. The AC amplitude from papillary 
and dermal plexus was normalized to the geometric mean 
of the AC amplitudes from the dermal plexus at the heart 
level. The time differences in the morphological values 
were normalized to the pulse interval of each heartbeat 
accordingly to eliminate individual differences. 
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Figure 3 Illustration of intensity signal and power spectrum from the OCT structure and OCTA blood flow signals. The temporal intensity 
signals obtained from (A) OCTA blood flow image, and (C) the OCT structural image, respectively. The spectra in (B) and (D) show the 
frequency power of (A) and (C) correspondingly (FFT). (E) temporal image extracted from 10-sec repeated B-scans, showing the consistent 
changes in blood volume of all vessel plexus corresponding to each heartbeat. The image shown is the maximum projection image that 
was projected from both the papillary and dermal plexus (see in Figure 1E). The scale bar in the left =500 µm, and that in the bottom left = 
1 second. 
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To compare the change in morphologies related to the 
hand positions, the geometric mean of the morphological 
variables, and the 95% confidence interval (±95% CI) was 
calculated. A one-way ANOVA was used to test for the 
significance of the difference in mean of the morphological 
values measured from all plexus. Two-way ANOVA was 
used to test for the significance of the difference in the 
mean of the morphological values measured from the 
papillary plexus and dermal plexus. 

Results

Figure 3 shows the representative time series of OCTA 
blood flow and OCT structural signals from the index 
finger at the heart level (h =0 cm). In this example, the 
OCTA blood flow intensity signals (Figure 3A,B) showed 

cycling periods at 1.4 Hz that matched well with that 
measured by a heart rate monitor. Strong spectral power 
was observed at the harmonic frequencies produced by 
Fourier transformation, which usually contains the most 
biological signals (Figure 3B). Much weaker periodical 
signal was found in the OCT structural signal, which 
included signals from the blood flow and static tissues 
(Figure 3C,D). The change in temporal intensity signals 
from the OCTA image (Figure 3E) indicates that blood flow 
in all the vessels spikes with each heartbeat and gradually 
decays. The repeatability study showed that the coefficients 
of variance of the amplitude and pulse interval were around 
5%, demonstrating that the OCTA measurement of blood 
pulse signals is repeatable (Table 1). 

Figure 4 illustrates the morphological difference of the 
representative OCTA pulsatile signals from all plexus (i.e., 
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the integration of all blood flow signals) comparing to PPG 
pulsatile signals at three hand elevations. It is observed 
that the diastolic peak was more noticeable when the hand 
was below the heart level and was less distinguishable from 
the systolic peak when the hand was above the heart level, 
consistent with the previous observations described by the 
PPG measurement (24). 

The normalized mean AC amplitude of the pulsatile 
waveform in all plexus changed in conformity with the 
position of the hand relative to the heart (Figure 4C). 

Mean AC pulsation was the lowest when the hand was 
below the heart (h = −50 cm) and showed a trend of 
increase as the hand elevated. Normalized mean crest time 
and delta T were found significantly different at different 
hand positions relative to the heart (Figure 4D). Crest 
time showed an increasing trend, and delta T showed a 
decreasing trend when the hand was raised from below 
heart level (h = −50 cm) to above heart level (h = +50 cm).  
These observations are consistent with the results 
observed in the PPG study (24).

Figure 5 demonstrates the differences in morphology 
of the pulsatile waveforms from the papillary plexus 
(Figure 5A) and dermal plexus (Figure 5B) at different 
hand elevations. Similar to the results observed from all 
plexus (Figure 4), AC pulsation in dermal plexus showed 
an increasing trend when the hand was changed to an 
elevated position (Figure 5C). AC pulsation was the 
greatest in the papillary plexus when the hand was at the 
heart level, whereas it was decreased when the hand was 

Table 1 Coefficient of variation (CV) of the pulse transit time and 
heart rate calculated from the processed waveform

Pulsatile amplitude  
(CV), %

Peak to peak interval  
(CV), %

Papillary 3.22 4.71

Dermal 1.34 5.00

All plexus 1.47 5.09

All plexus PPG

0	 1	 2	 3	 4	 5

0	 1	 2	 3	 4	 5
Time (s)

0	 1	 2	 3	 4	 5

0	 1	 2	 3	 4	 5

0	 1	 2	 3	 4	 5

0	 1	 2	 3	 4	 5
Time (s)

A
m

p 
(n

or
m

.)

Below 
(-50 cm)

heart level 
(0 cm)

Above 
(+50 cm)

A
m

p 
(n

or
m

.)
A

m
p 

(n
or

m
.)

A
m

p 
(V

)
A

m
p 

(V
)

A
m

p 
(V

)1
0

−1

1.0 

0.85

1.0 

0.85

1.0 

0.85

1
0

−1

1
0

−1

below 
(−50 cm)

below 
(−50 cm)

below 
(−50 cm)

Above 
(50 cm)

Above 
(50 cm)

Above 
(50 cm)

same 
(0 cm)

same 
(0 cm)

same 
(0 cm)

****

****

**

AC amplitude Crest T Delta T

N
or

m
al

iz
ed

 v
al

ue

N
or

m
al

iz
ed

 v
al

ue

N
or

m
al

iz
ed

 v
al

ue

1.5 

1.0 

0.5 

0.0

0.25 

0.20 

0.15

0.35 

0.30 

0.25

BA

C D E

Figure 4 Five-second demonstration of the pulsatile waveform from all plexus collected by (A) OCTA and (B) PPG when the hand is 
below heart level (−50 cm), at heart level (0 cm), and above heart level (+50 cm). (C,D,E) Geometric mean (±95% CI) of the morphological 
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913Quantitative Imaging in Medicine and Surgery, Vol 11, No 3 March 2021

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2021;11(3):907-917 | http://dx.doi.org/10.21037/qims-20-778

above or below the heart level. A significant difference 
in AC pulsation was found between the dermal and 
papillary pulsatile when the hand was above the heart level  
(h = +50 cm), whereas no difference was found in the 
AC pulsation between the papillary plexus and dermal 
plexus when the hand was at heart level and below heart 
level (Figure 5C). Approximately, a two-fold difference 
was found in the AC pulsation from the dermal plexus 
compared to that of papillary plexus. A longer crest time 
was observed in both papillary and dermal pulsatile when 
the hand was elevated (Figure 5D), similar to that of all 
plexus. Dermal pulsatility showed a decreased trend in 
delta T as the hand was raised to above the heart level 
(Figure 5E). No difference in delta T was observed in the 
papillary pulsatility at different hand elevations. 

Discussion 

In this study, pulsatile signals in the cutaneous circulatory 
system were successfully extracted with the support of 
OCTA through an eigen-decomposition based OMAG 
approach. The results demonstrated the potential of how 
OCTA could become a reliable, non-invasive imaging tool 
measuring the pulsatile waveforms. Although PPG detects 
the changes based on the light absorption by blood volume, 
and OCTA detect the changes of the backscattering light 
due to the difference in the blood volume. We found that 
OCTA pulsatile waveform has similar morphological 
changes to the PPG signals at different hand elevations (24) 
since they are both describing the property of blood volume 
change between each heartbeat. The PPG AC signal relies 
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on the volumetric change in the cutaneous vessels. In 
contrast, OCTA gave a measurement that is proportional 
to the volumetric flux that is associated with the number of 
red blood cells passed through vessels. The volumetric flux 
change is driven by the same fluid dynamic mechanism of 
the source of the AC PPG signal. 

Similar to the PPG results reported by Hickey et al. (24) 
we observed a consistent increase of the AC pulsation derived 
by integrating all OCTA signals across all plexuses when the 
hand was raised from below heart level to above heart level. 
The change of AC pulsation is associated with a change 
in pulsating blood volume in the cutaneous vessels due to 
the venoarterial reflex (VAR) (22,23,33). Autoregulation in 
the arterioles adjusts the blood vessel diameter in response 
to the disruption in blood flow and perfusion pressure in 
the venues. When the hand is above the heart level, the 
hydrostatic effect would cause the venous wall to collapse 
due to a drop in venous pressure. This effect may cause 
vasodilation in the arterioles, so that blood volume in the 
arteriole would increase. When the hand is below the heart 
level, venous vessels would distend, causing vasoconstriction 
in the arteriole.

AC pulsation from the papillary plexus and dermal plexus 
is regulated by the VAR at different hand elevations (22).  
But the AC pulsation across the plexus may have a distinct 
trend due to the difference in the vessel function and 
mechanical properties. However, due to the nature of its 
working principle, PPG is not able to track the change in 
the dermal plexus and papillary plexus separately (34).

Consistently, we observed the similar trend in the OCTA 
pulsatile directly measured from dermal plexus at changing 
hand elevations. In contrast, a distinct pattern was detected 
from papillary AC amplitude, which may be induced by 
the change in pre-capillary blood pressure. When the hand 
is at heart level and below heart level, the same volume 
of pulsating blood might be delivered across the plexuses 
indicated by the same AC amplitude observed from both 
plexuses. When the hand is above the heart level, reduced 
pre-capillary blood pressure may lead to a reduction of 
blood flow in the capillary vessels so that a decrease in AC 
pulsation is detected (22). 

Crest time, which is the time difference between the 
foot of the pulsatile signal and the systolic peak, measures 
the time used for the rapid injection of blood during the 
systolic phase. Based on previous studies, an increase 
in crest time is associated with increased blood flow 
resistance, aging, or disease relative vascular changes 

(35-37). Increased blood flow resistance would delay the 
systolic phase. The trend of increasing crest time from 
all plexus detected by both PPG and OCTA may indicate 
that there could be an increase in blood flow resistance as 
the hand changed from below heart level to above heart 
level. The same trend was observed in the OCTA pulsatile 
signal detected from both the papillary and dermal plexus, 
indicating that flow resistance has the same influence 
on both plexuses. When the hand is changed into an 
elevated position, vasoconstrictions in the arteriole may 
cause increased resistance resulted in an increasing trend 
in Crest time and vice versa (38). Capillary blood flow 
resistance is proportional to systemic hematocrit as red 
blood cells being pushed into the bifurcated small capillary 
vessels. Hand elevation may induce a drop in local blood 
pressure that induces flow resistance indicated by a 
decreased crest time. 

When the incident pulse wave moves from the heart to 
the peripheral vessels, it would come across an impedance 
mismatch at vessel junctions and in small vessels that have 
high resistance (2). The impedance would influence the 
incoming blood flow generating a reflected pressure wave, 
which is observed as the diastolic peak. Delta T, which is 
the time interval between the systolic peak and diastolic 
peak, measures the time taken for the reflective wave from 
heart and back. The trend of decrease in Delta T may be 
associated with the increased vascular tone, and high pulse 
wave velocity occurred in the arteriole (24). Both PPG and 
OCTA pulsatile waveforms showed a decreasing trend in 
delta T as the hand was elevated above the heart. However, 
the same pattern was detected in the dermal pulsatile 
but was not observed from that of the papillary plexus, 
indicating that the vascular tone and wave velocity did not 
change in the capillary beds. 

However, some morphology values were not significant 
when comparing under the condition of different hand 
elevations. Two factors may induce high variation or 
noise. First, the number of subjects tested in this study was 
limited. Even though geometric mean was used to indicate 
the central tendency of the set of values, an insufficient 
sample size would limit the potential to detect significant 
differences. A large cohort of subject study is warranted 
to increase the statistical power for the current study. 
Second, the intensity signal measured at different sites 
could be profoundly affected by local factors, including 
microvasculature density, local blood flow activity, skin 
melanin, epidermal thickness, and so on (39). 



915Quantitative Imaging in Medicine and Surgery, Vol 11, No 3 March 2021

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2021;11(3):907-917 | http://dx.doi.org/10.21037/qims-20-778

Conclusions

In conclusion, we have demonstrated that OCTA is capable 
of generating pulse waveforms of the blood volume change 
within the superficial skin tissue beds up to 1.5 mm in depth. 
OCTA pulsatile waveforms showed similar morphological 
trend to that of the PPG studies at three different hand 
elevations. Benefiting from the depth-resolved information, 
we have found that the trend of change in AC amplitude 
and delta T behaves differently in the papillary and 
dermal pulsatility. The pattern of pulsatile morphology 
change follows the physical properties of the VAR effect, 
which are due to vessel autoregulation adjustments, pre-
capillary blood flow resistance and pressure, and peripheral 
blood vessel reflectance. This technique may open doors 
for understanding the mechanisms of how blood flow 
in different cutaneous plexuses responds to the VAR 
effect based on the changes in volumetric flux in blood 
vessels associated with the number of red blood cells. We 
expect that it could also be developed for blood pressure 
measurement, disease assessment, and risk stratification, 
or health condition of the individual’s blood vessel or heart 
chamber indication. 
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