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Abstract: Pulse rate variability (PRV), measured from pulsatile signals such as the photoplethys-
mogram (PPG), has been largely used in recent years as a surrogate of heart rate variability (HRV),
which is measured from electrocardiograms (ECG). However, different studies have shown that PRV
does not always replicate HRV as there are multiple factors that could affect their relationship, such
as respiration and pulse transit time. In this study, an in-vitro model was developed for the simula-
tion of the upper-circulatory system, and PPG signals were acquired from it when haemodynamic
changes were induced. PRV was obtained from these signals and time-domain, frequency-domain
and non-linear indices were extracted. Factorial analyses were performed to understand the effects
of changing blood pressure and flow on PRV indices in the absence of HRV. Results showed that
PRV indices are affected by these haemodynamic changes and that these may explain some of the
differences between HRV and PRV. Future studies should aim to replicate these results in healthy
volunteers and patients, as well as to include the HRV information in the in-vitro model for a more
profound understanding of these differences.

Keywords: pulse rate variability; photoplethysmography; haemodynamics; in-vitro cardiovascular
models; vascular tissue phantoms

1. Introduction

Pulse rate variability (PRV) describes the changes in pulse rate through time, when it is
measured from pulse wave signals such as the photoplethysmogram (PPG) [1,2]. PRV has
been used as a surrogate of heart rate variability (HRV) and applied for the diagnosis and
monitoring of several diseases [2], including the assessment of cardiovascular variables,
such as blood pressure [3]. However, previous studies have shown that, although HRV and
PRV show similar trends, they should not be considered to be the same, since the former
tends to overestimate some of these indices, especially under haemodynamic changes,
which have an effect on these differences [4—6]. It has been even suggested that PRV shows
differences according to the site of measurement, implying that different processes affect
this information in a more local way [7].

In an attempt to understand the differences between HRV and PRV, Constant et al.
evaluated how PRV changed in children with pacemakers set to a fixed heart rate [8].
They observed that PRV was present even in the absence of HRV and concluded that the
differences between PRV and HRYV arise from respiratory patterns and Pulse Transit Time
(PTT). In 2014, Pellegrino et al. aimed to understand the relationship between PRV and
HRV in rabbits during ventricular pacing to drive HRV to zero, and cardiac autonomic
blockade, using atropine (cardiovagal blockade), metoprolol (sympathetic blockade) and
both drugs (dual blockade) to understand the autonomic substrates of HRV and PRV [9].
Their results showed that: (a) PRV remained non-negligible even during ventricular pacing
when HRV was almost completely eliminated, and HRV and PRV behaviour was not
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related in this scenario; (b) time-domain indices showed strong correlations between HRV
and PRV during cardiac autonomic blockade; (c) LF and HF indices showed a relatively
good agreement between HRV and PRV during the cardiac autonomic blockade, but with
a consistent overestimation of HF and TP values, while normalised indices and LF/HF
showed very poor accuracy and precision, especially during atropine and dual blockade
and most likely because of the intrinsic PRV when HRYV is decreased; and (d) non-linear
measures, especially those based on entropy analysis, showed poor agreement and low
correlation between HRV and PRV during any of the conditions of the autonomic blockade.
Although they did not obtain PRV from human PPG signals, but from an invasive arterial
pressure sensor placed into the abdominal aorta of rabbits, their results showed that
PRV contains different information that may explain its differences from HRV, and they
hypothesised that these differences must come from changes in pre-ejection time (PET),
i.e., the time after ventricular depolarisation and before the opening of the aortic valve and
which is a function of contractility, preload and afterload, or in PTT, which changes due to
pulse pressure and arterial elasticity.

Since both HRV and PRYV relate to the changes in the duration of cardiac cycles but are
measured using signals with different origins [1], there is an intrinsic difficulty in isolating
PRV to understand how it is affected by physiological changes and explain the origin of
the differences between HRV and PRV using data obtained from in-vivo studies. In recent
years, the use of in-vitro models for the simulation of the circulatory system has gained
attention, especially since it allows for the investigation of a specific process in the absence
of many uncontrolled and confounding variables that are simultaneously occurring in the
living human body [10]. Hence, in this study, the development of an in-vitro setup for the
simulation of the upper-body circulatory system was proposed, from which PPG signals
can be acquired while blood pressure and flow are modified by changing the stroke rate
of a commercial pump that replicates the activity of the heart, but without the effects of
autonomic modulation, i.e., in the absence of HRV. Moreover, and since the respiratory
system is not modelled in this first study, the effects of respiration are also not present. This
allows for the investigation of the effects of changing only cardiovascular parameters on
PRV assessed from the obtained PPG signals. It was hypothesised that PRV indices would
be present even in the absence of HRV changes and that they are affected both by blood
pressure and blood flow changes. From the obtained results, it can be concluded that PRV
was affected by haemodynamic changes in this in-vitro setup, and, although care should be
taken with the measured indices when the pressure in the system was very low and hence
the quality of the signal was lower, most PRV indices were shown to be affected by both
target flow and stroke rate changes, and by their interaction.

2. Materials and Methods
2.1. In-Vitro Setup

An in-vitro setup was built for the simulation of the upper-body circulatory system,
which includes the heart, the arteries and the venous return, as well as the simulation of
tissue for the acquisition of optical signals from this setup, including the use of artificial
blood and the simulation of skin layers in the points of PPG measurement.

2.1.1. Upper-Body Circulatory Rig

Figure 1 shows the diagram of the designed rig that simulates the upper-body circula-
tory system. This consisted of a commercial pulsatile pump (PD-1100, BDC Laboratories,
Wheat Ridge, CO, USA) that replicates heart activity; silicon tubes with varying diameters
and wall thicknesses that simulate arterial segments and venous return; and a tank that
mimicked the venous blood reservoir. Table 1 summarises the characteristics of arterial and
venous segments replicated in this setup, which were selected according to average human
vessel sizes reported in the literature [11-14]. It is important to mention that, as stated by
the manufacturer, the PD-1100 pump features a closed-loop control that provided superior
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beat-to-beat repeatability during operation, making it unlike that there are changes in the
duration of the stroke from beat-to-beat.

@ Subclavian @ Brachial @ Radial @ Deep palmar

Aorta :
artery artery artery arch arteries

- B eees

Venous reservoir

Venous return

@ Pressure measurement |:I Photoplethysmography measurement

Figure 1. Diagram of the designed rig for the simulation of the upper-body circulatory system,
which consists of a commercial pump that replicates the heart activity; aorta, subclavian, brachial,
radial and deep-palmar arch arterial segments; a venous reservoir; and a single vein replicating the
venous return. Pressure sensors were placed to measure the pressure of the fluid flowing through the
system, and silicon, custom-made phantoms were used for the placement of photoplethysmography
(PPG) sensors.

Table 1. Characteristics of arterial and venous segments replicated on the in-vitro setup.

Vessel Segment Length (mm) Inside Diameter (mm)
Aorta 120 20

Subclavian artery 80 10

Brachial artery 200 4

Radial artery 220 2.3

Deep palmar arch arteries 250 1.6

Venous system 220 2.3

2.1.2. Radial and Deep Palmar Arch Phantoms

Since the aim of this study was to acquire and analyse PRV information obtained
from PPG signals from this in-vitro model, two independent tissue phantoms were used to
simulate the points of measurement of these PPG signals. The inclusion of the phantoms
allowed for a better positioning of PPG sensors and a more accurate replication of tissue
surrounding the arteries.

Figure 2 illustrates the design of the built phantoms. In both cases, the phantoms
consisted of a clear, hollow cuboid with a length of L = 60 mm, a width of 15 mm, height of
H =5 mm, and wall thickness of T = 1.5 mm. These cuboids were 3D printed using clear
resin (Formlabs, Somerville, MA, USA) and filled with clear polydimethylsiloxane (PDMS)
with 3% catalyst, which has been shown to replicate mechanical properties of skin [15],
and a single custom-made tube was passed through each of the phantoms, to replicate
the radial and deep-palmar arch arteries. In the case of the radial artery, this was located
closer to the edge of the phantom, since the radial artery is relatively superficial in the wrist.
Hence, x; < x; for the radial phantom. On the contrary, and since the deep palmar arch
phantom was replicating a finger, the vessel passing through this phantom was located
approximately in the vertical centre of the cuboid, with x; = x,. In both cases, the inner
diameters d, and d, had the values selected and shown in Table 1. The vessels used for
the simulation of these arterial segments were custom-made following the methodology
proposed by Nomoni et al. [15,16].
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Phantom 1: Radial artery

Phantom 2: Deep palmar arch
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Figure 2. Design of phantoms for replicating tissue and positioning photoplethysmographic sensors

2.1.3. Artificial Blood

In order to be able to acquire PPG signals from this in-vitro system, it was necessary
to produce a fluid that simulated some of the optical properties of blood. This was done
using deioinized water, Indian ink, phosphate-buffered saline (PBS) and a cyan die (Ep-
son 102 cyan ink, Epson, Suwa, Japan). The amount of each of these components were
determined according to the volume of Indian ink, Vj,,4, as

100V;
Vh,0 = O.ZZng’ 1)
mpps = 98.9Vh,0, )
417V o
chan = ng (3)

This recipe was based on the work presented by Akl et al. [17].

The optical spectrum of this fluid was verified using a UV/VIS/NIR spectrophotome-
ter (Lambda 1050, PerkinElmer, Waltham, MA, USA), with which the absorbance of the
fluid at different wavelengths was assessed. This artificial blood was expected to have
a green/blue colour which would increase the absorbance in red and infrared regions
of light.

2.1.4. Pressure and Photoplethysmography Measurements

As illustrated in Figure 1, several pressure measurements were obtained in the system.
Pressure sensors (PRESS-S-000, PendoTECH, Princeton, NJ, USA) were connected to the
tubing via plastic Luer connectors. The readings of these pressure sensors were acquired
using a data acquisition card (NI cDAQ-9178, National Instruments, Austin, TX, USA)
connected to a computer in which a LabVIEW™ (National Instruments, Austin, TX, USA)
Virtual Instrument (VI) was running.

Simultaneously, two modified commercial neonatal PPG probes (Solaris Medical
Technology Inc., San Francisco, CA, USA)were placed on the developed phantoms and
connected to a ZenPPG, a dual-wavelength, dual-channel research PPG acquisition and
processing system developed in the Research Centre for Biomedical Engineering at City,
University of London [18,19]. The PPG signals were also acquired using a data acquisition
card (NI USB-6162, National Instruments, Austin, TX, USA) and the same LabVIEW™ V1.
In this VI, signals were acquired, visualised and stored for offline processing, while it was
also used to set the currents going through the red and infrared LEDs in the commercial
PPG probes to a value of around 30 mA.

2.1.5. Setup Validation

Cardiac output has a direct relationship with stroke rate (SR) and stroke volume (SV),
since it can be estimated as
CO=Q=SRxSV. 4)

SV refers to the volume of blood ejected from the ventricle with each heartbeat and de-
pends on the difference between end-diastolic (EDV) and end-systolic volumes (ESV). SV
decreases as heart rate increases due to shortening of diastolic filling time [20].
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Moreover, blood pressure (BP) can be defined as the ratio between CO and the compli-

ance (C) of the system, i.e.,
CO _ SRxSV

C c 7 ©)
hence it can be described in terms of SR and SV, and is expected to increase if CO increases.

Therefore, the behaviour of the in-vitro setup was assessed by changing the SR and
target flow (TF) of the pump, which changes SV. Modifying these two variables, changes
in Q were controlled and the pressure was modified. SR was changed from 60 beats
per minute (bpm) to 180 bpm in steps of 30 bpm, while TF was changed from 1 L/min
to 5 L/min, in steps of 0.5 L/min. The mean pressure at each measuring location was
assessed to evaluate the changes in BP as SR and TF were modified, while heart rate (HR)
was measured from both pressure and PPG signals. Finally, SV values were assessed by
extracting the maximum value of the pattern used to drive the pump. The pattern used
was the built-in pattern recommended by the pump manufacturer.

BP =

2.2. Experimental Protocol

Since the main aim of this study was to determine the relationship between PRV
and haemodynamic changes in the absence of HRV, an experiment was carried out to
evaluate the effects of changing stroke rate and target flow on PRV indices. Stroke rates
were changed from 60 to 180 bpm with 30 bpm steps, while target flow was increased from
1 to 5 L/min, in steps of 0.5 L/min. This resulted in a total of 45 combinations. Target flow
was kept stable until data with all stroke rates were acquired, and then target flow was
increased. 10-min of data was acquired from each combination of factors, and this was
repeated two times.

As was mentioned previously, a LabVIEW™ VI was employed to acquire PPG and
pressure signals. A sampling rate of 2 kHz was used for acquiring data. Pressure measure-
ments were taken from the aortic, subclavian, brachial, radial and deep palmar arch (DPA)
arterial segments, while PPG signals were obtained from the phantoms located at the radial
and DPA vessels.

Before acquiring the data, the baseline values of pressure measurements without
any pumping activity were acquired to obtain the offset of each of the pressure sensors,
which were then used to convert this data from voltage units to pressure units (mmKHg),
considering a sensitivity of 199088.64 mmHg/V for the pressure sensors.

2.3. Data Processing

The acquired signals were processed offline using MATLAB® (version 2020a). Initially,
pressure signals were converted from voltage to millimetres of mercury (mmHg), as ex-
plained above. Then, both PPG and pressure signals were resampled to 256 Hz using linear
interpolation, and filtered using a second order, low pass Butterworth filter, with a cutoff
frequency of 20 Hz.

Only red PPG signals were used for further analysis in this study. These were seg-
mented into 5 min portions, with a stride of 30 s between consecutive segments. Then,
interbeat intervals (IBIs) were identified using D2Max [21] and corrected according to
their length, as explained in [22]. The a fiducial point was used to extract PRV trends and
time-domain, frequency-domain and nonlinear indices were obtained from them. From the
time-domain, the average duration of IBIs (AVNN), their standard deviation (SDNN), the
root-mean-square value of the successive differences (RMSSD), the number of successive
differences with a duration longer than 50 ms (NN50) and the proportion of successive
differences longer than 50 ms (pNN50) were extracted.

PRV trends were interpolated using cubic spline interpolation and resampled to 4 Hz,
and a fast Fourier transform was used to obtain frequency spectra. From these, frequency-
domain indices were obtained. The absolute power of the very low frequency (frequencies
below 0.04 Hz, VLF), low frequency (frequencies between 0.04 and 0.15 Hz, LF), and high
frequency (frequencies between 0.15 and 0.4 Hz, HF) bands, as well as the total power
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of the spectra between 0.0033 and 0.4 Hz (TP), were obtained. Relative powers of the LF
and HF band (nLF and nHF, respectively) and the ratio between LF and HF (LF/HF) were
also measured. In addition, the centroids of the LF and HF bands, and from the whole
spectra were obtained, and their x- and y-coordinates were extracted (cLFy, cLFy, cHF,
cHFy, cTPx, cTPy). Finally, the spectral entropy (SpEn) was extracted from the obtained
frequency-domain representation of PRV trends.

Non-linear indices were also extracted. From the 1-lag Poincaré plot, the area of the
ellipse (S) and its major and minor axes (SD2 and SD1, respectively), the ratio between
axes (SD1/5D2) and a measurement of the compaction of the points in the ellipse (COM)
were obtained. From detrended fluctuation analysis, a1 (Al) and «a, (A2) were obtained.
Finally, entropy-related indices were also measured. These were the basic-scale entropy
(BSE), sign-series entropy (SSE), approximate entropy (ApEn), sample entropy (SampEn)
and multi-scale entropy using SampEn as base function (MSE).

2.4. Statistical Analysis

A factorial analysis was performed to assess if changing SR (factor A) and TF (factor B)
had an effect on PRV indices. A diagram of this analysis is shown in Figure A3. This was
done to evaluate if these changes had a significant impact on PRV, even in the absence of
HRV. Since data did not follow a normal distribution, as was verified by the Lilliefors test,
Box-Cox transformations were applied by finding the optimal lambda for each index. In all
cases, a level of significance of 5% was considered. Post-hoc comparisons using Tukey’s test
were applied in the cases in which either A, B or their interaction A xB showed statistically
significant differences in the factorial analyses.

3. Results
3.1. In-Vitro Setup Validation

Figure 3 shows the constructed rig to simulate part of the upper-body circulatory
system. As explained, this system included a commercial pulsatile pump that replicates the
heart activity. This pump can follow different patterns for generating each cardiac cycle. In
this study, the built-in pattern was used, which changes the stroke volume according to the
SR and TF. Greater stroke volumes could be obtained by decreasing SR and increasing TF.

I ZenPPG I

Radial

M Deep palmar arch

Pressure sensors
Venous return

Phantoms and PPG
sensors

Artificial blood

Figure 3. Constructed rig for the in-vitro experiment. This consisted of a commercial pump that
replicates heart activity, tubing that mimics arteries and veins from the upper-body circulatory system,
and a fluid that has similar optical properties as blood. Pressure sensors and photoplethysmographic
(PPG) probes were used to measure the pressure in the tubes and the optical pulsatile signals from
two developed tissue phantoms, that model the skin. PPG signals were acquired and processed
using a custom-made system (ZenPPG) while pressure information was acquired directly from a data
acquisition card.
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In order to acquire optical signals such as the PPG, it was necessary to develop a
fluid that replicates the optical behaviour of blood, which is referred to as artificial blood
in Figure 3. Figure A1 in the Appendix A shows the absorbance spectra obtained when
the developed fluid was tested using the spectrophotometer. It can be observed that the
artificial blood had a peak absorbance at around 610 nm, replicating part of the optical
behaviour of real blood. Since the maximum absorbance was observed at this wavelength,
the subsequent analysis with PPG signals and PRV information was performed using only
this wavelength.

A validation of this setup was performed to assess if the measured pressure was
affected by changes in SR and TF, and if the correct SR was measured from the acquired
optical signals. Figure A2 in theAppendix A exemplifies the signals acquired from the rig
using an SR of 60 bpm and a TF of 3 L/min, while Figures 4 and 5 show the behaviour
of pressure measurements and pulse rate measurement, respectively, as SR and TF were
modified. As can be observed, the measured pressure signals feature good quality and
follow the expected behaviour, i.e., the pressure increased as the target flow increased at
the same stroke rate, while it decreased when the stroke rate was increased. Also, it can
be observed that the pressure measured in the aorta was greater than in the rest of the
locations and became lower in the subclavian segment. Then, it started increasing slightly
due to the smaller area and increased resistance in the subsequent arterial segments. From
the PPG signals, it can be observed that the pulse rate can be reliably extracted from the
signals, although the measurement became less reliable with lower stroke volumes, i.e.
higher stroke rates and lower target flows.

200 -
g ® Aorta

= 150 ! . g s @  Subclavian

= 8 g g @  Brachial

E g g g ® Rodial

£ 00 g @ DPA

2 8 ¢

g

&J

o

Target flow (L/min) 1 50 Stroke rate (bpm)

Figure 4. Behaviour of mean pressure measured from the aorta, subclavian, brachial, radial and deep
palmar arch (DPA) locations while changing stroke rate and target flow.

Radial Deep palmar arch

Pulse rate (bpm)
Pulse rate (bpm)

100
Target flow (L/min) 1 50 Stroke rate (bpm) Target flow (L/min) 1 50 Stroke rate (bpm)

100

Figure 5. Behaviour of pulse rate measured from the radial (left) and deep palmar arch (right)
phantoms using photoplethysmographic sensors while changing stroke rate and target flow.
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3.2. Photoplethysmography and Pulse Rate Variability Measurements

Figure 6 exemplifies the PPG signals measured under different stroke rates and target
flows. It can be observed that the quality of the PPG signals decreases as the stroke volume
decreases. Figures A4—-A19 in the Appendix C show the mean and standard deviation of
PRV indices extracted from each of the PPG signals with each combination of SR and TF.

Radial PPG Deep palmar arch PPG
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Figure 6. Example of photoplethysmographic (PPG) signals acquired from the constructed rig under
different stroke rates and target flows.

3.3. Relationship between PRV and Haemodynamic Changes

Factorial analyses were performed to understand the relationship between each of the
extracted indices and SR and TF changes. Figures 7 and 8 summarise the effect estimates and
significance for each of the factors and their combination when PRV indices were extracted
from the radial and DPA phantoms, respectively. All interactions showed statistically
significant differences, meaning that changing SR and TF had a statistically significant
effect on all PRV indices.

When measured from the radial phantom, some of the indices were clearly more af-
fected by SR, such as AVNN, NN50 and SD2, in which the estimate for the effect of SR was
clearly larger than the estimate for the effect of TF and the interaction. Similarly, some in-
dices had larger estimates for TF, such as SDNN, RMSSD, COM, absolute frequency domain
indices, and y-coordinate centroid-related indices. A1 is the only index measured from this
location that had a larger effect estimate for the interaction between the two factors.

In the case of indices extracted from the DPA phantom, this behaviour changes. SD2,
AVNN and NN50 continued to have a remarkable larger effect estimate with changes in
SR, while the interactions became stronger in this case, with most indices showing larger
effects for these than for the independent factors.
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Figure 7. Effect estimates for stroke rate (SR), target flow (TF) and their interaction on each of the
indices extracted from pulse rate variability (PRV) measured from the radial phantom. Red stars on
top of the bars indicate statistically significant effects.
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Figure 8. Effect estimates for stroke rate (SR), target flow (TF) and their interaction on each of the
indices extracted from pulse rate variability (PRV) measured from the deep palmar arch phantom.
Red stars on top of the bars indicate statistically significant effects.

Figures 9-12 show the post hoc analyses for each of the independent factors. Target
flow changes induced statistically significant differences, especially on the time domain,
Poincaré plot, DFA and entropy-related indices, both for radial and DPA measured PRV,
while relative and centroid-related frequency-domain indices were more affected by TF
changes when extracted from signals obtained from the radial phantom. The effects of
changing SR showed a very similar behaviour regardless of the point of measurement, with
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significant differences observed among most levels, especially again on time-domain and
non-linear indices.
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Figure 9. Post-hoc comparisons for target flow (TF) levels when pulse rate variability indices are

measured from the radial phantom. The appearance of a circle indicates a significant difference

between the corresponding levels for each of the indices.
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Figure 11. Post-hoc comparisons for stroke rate (SR) levels when pulse rate variability indices are

measured from the radial phantom. The appearance of a circle indicates a significant difference

between the corresponding levels for each of the indices.
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Figure 12. Post-hoc comparisons for stroke rate (SR) levels when pulse rate variability indices are

measured from the deep palmar arch phantom. The appearance of a circle indicates a significant

difference between the corresponding levels for each of the indices.

Figures 13 and 14 show the results for the post-hoc analyses of the interactions. Both
for radial and DPA PRV indices the results followed the same trend. Time-domain, centroid-
related frequency-domain and non-linear indices were largely affected by the changes in
target flow and stroke rate, while absolute and relative frequency-domain indices showed
less significant differences among possible combinations. There were more significant
differences as SR and TF increased.



Appl. Sci. 2022,12, 7238

12 of 26

Time domain
® AVNN © RMSSD @ pNNSO

® SDNN ® NN50

8
'
@ 4.0-180 40-180 L) 4
£ 25:180 25180 °g g 2
= 10-180 10-180 8 8y s 1
© 40-150 40-150 8y, °8, 4
S 2.5-150 2.5-150 8, oo 2
£ 70-150 10 -150 ag e g 1
@ 40-120 40-120 o 28g 02, 4
25120 25.120 o, %8g 88 2
= 10-120 10-120 P LN !g s 1
S 40-% 40-% L %oéﬁg
5 7888 73-93 ofge o84
S 40°80 4080 8g TR DA
© 25-60 25-60 cBUEgE °5
= 10-60 10-60 °g °ogy ©
%
5 50
1.0 60 90 10 50
Frequency domain: Centroid indices Poincaré plot
® clFx ©  cTPx ® cHFy e S SD2 ° com
®  cHFx ®  cLFy ® TPy ® SD1 ®  SD1/sD2
@ 40-180 40-180 40-
® 25-180 2.5-180 25-
2 70-180 10-180 10-
© 40-150 410 -150 40
S 2.5-150 25-150 25
£ 10-150 10-150 10
? 49-120 49-120 40
25212 2521203 25
2 1T0-120 10 -120 10
3 40-90 20-90 1.
< 25-9 23-99 2.
B 10- 10-90 K
o 40-60 40-60 4
& 2.5-60 2.5-60 2.
= 10-60 10-60 K
51 5.
180 180
150
20 120
10 90
Target flow (L/min) Target flow (L/min) 60

Stroke rate (beats per min)

Frequency domain: Absolute power indices
L VLF ° LF ° HF ® T

Stroke rate (beats per min)

ZNB=NBSoomoo!mo

omoowmo; ;

omoo!oT 1 1

Target flow (L/min)

DNDOOONNNNANDOD
SOSO000000000060

o

"0

DRNDOOONNNANNNDRD
SOO000000000060

o

nLF

°

90

60
DFA and Entropy

°
°

©  ApEn
©  SampEn

60

Frequency domain: Relative power indices
nHF

SpEn

Stroke rate (beats per min)

Figure 13. Post-hoc comparisons for the interaction between stroke rate (SR) and target flow (TF)
when pulse rate variability indices are measured from the radial phantom. The appearance of a circle
indicates a significant difference between the corresponding levels for each of the indices.
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Figure 14. Post-hoc comparisons for the interaction between stroke rate (SR) and target flow (TF)
when pulse rate variability indices are measured from the deep palmar arch phantom. The appearance
of a circle indicates a significant difference between the corresponding levels for each of the indices.

4. Discussion

As has been seen in previous studies, PRV has been shown to be different to HRV [2-5],
even in circumstances in which HRV is reduced or absent [8,9]. However, the origin of
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these differences is not entirely clear and could be related to respiratory modulation or
cardiovascular changes, such as changes in PTT [8,9].

Understanding how much cardiovascular changes, specifically changes in haemody-
namics, explain the differences between HRV and PRV is difficult in in-vivo studies. Hence,
in this study, the use of an in-vitro setup was proposed to evaluate if, in the absence of HRV
in this simplified model, changes in cardiac output generated by changes in stroke rate and
stroke volume could affect PRV indices.

4.1. In-Vitro Setup

An in-vitro model was built following anatomical characteristics of the upper-limb
circulatory system. This section of the body was chosen since PRV is usually measured
from the finger or the wrist, and because blood pressure is usually assessed on the arm,
both invasively and non-invasively. Although it is not possible to completely mimic the
anatomy and physiology of the circulatory system in an in-vitro model, the length of the
arterial segments, the diameter of the vessels and the behaviour of the pulsatile pump were
designed and selected to be as similar as possible to the average human being. Also, the
artificial blood used was shown to have an optical response partly similar to the optical
spectrum of blood. Hence, optical signals can be acquired using the proposed artificial
blood recipe, with better performance for red wavelengths, where the absorbance peak is
at its maximum.

The behaviour of the system was validated by measuring pressure signals at each
arterial segment, PPG signals at the radial and deep palmar arch segments, and by altering
stroke rate, target flow, and hence stroke volume. It was observed that the system behaved
as expected. From the PPG signals, it was possible to determine stroke rate reliably,
although the signals became noisier as the stroke volume was decreased, lowering the
signal-to-noise ratio in these signals and making it harder to properly determine stroke
rate. From the pressure signals, the expected performance was observed: As stroke volume
increased, pressure increased in all measurement sites. Also, there were differences in the
magnitudes of the pressure signals that were expected given the differences in resistance to
flow due to the different vessel diameters.

As explained by Nomoni et al. [15] and May et al. [10], using this kind of setup has
become increasingly useful in the study of PPG signals and light-tissue interaction, since it
allows for a dynamic simulation of the circulatory system as well as the investigation of
several processes that are difficult to investigate in in-vivo studies due to the large number
of uncontrolled variables. Moreover, using these in-vitro setups allows for the investigation
of extreme conditions that can be difficult or unethical to simulate in in-vivo circumstances,
such as the complete absence of autonomic regulation. To the best of our knowledge, this is
the first study that aims to investigate PRV in an in-vitro model in the absence of HRV or
any other physiological processes, such as respiration.

4.2. Behaviour of PRV Indices with Haemodynamic Changes

The behaviour of PRV indices extracted from PPG signals acquired from both phan-
toms is worth analysing. In general, it can be seen that indices extracted from the DPA
phantom tended to have larger variabilities, probably due to the lower quality of the signal
obtained from this location, which made it harder to accurately determine cardiac cycles.

Specifically from time-domain indices, it can be observed that the measurement of
AVNN is generally stable except for the cases in which the amplitude of the signal is too
small, such as when SR is 150 and 180 bpm and TF is lower than 2 L/min. SDNN and
RMSSD had very similar behaviour, with relatively lower values as TF increases. A similar
although not as clear behaviour can be observed from NN50 and pNN50.

In absolute-power frequency-domain indices, the results obtained when SR was 150
and 180 bpm had an important outlier when TF was 1 L/min. Again, this is likely due to
the lower quality of the signals at these stroke volumes and care should be taken when
analysing the obtained results at these levels. LF, HF, and TP showed similar behaviour,
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with increased values as TF increased to 3 L/min and then decreased values as TF increased
to 5 L/min. Interestingly, it can be observed that there is an important difference in
magnitude between VLF, LF and HE, with larger magnitudes in the HF band. This is in line
with the results reported by Constant et al. [8], who concluded that this frequency band
was more affected by cardiovascular factors such as PTT, even when HRV was dramatically
reduced. This can also be observed from nLF and nHF, with most nHF values close to 0.9.
However, the trend of increasing and decreasing values as TF increases is not visible in
these two indices. Also, as SR increased, LF/HF and nLF tended to decrease with increases
in TF, while nHF showed the opposite behaviour. SpEn did not show a clear trend with
changes in TF but did show a continuous increase as SR surged.

Centroid-related indices showed similar results when y-coordinates were analysed.
Again, there is an important outlier as stroke rate increased and target flow was kept low,
but the inverted parabolic behaviour observed when SR is lower is also present in these
indices. However, x-coordinates were less affected by changes, meaning that the power
of the band tends to be around the same frequencies regardless of stroke volume changes,
while the amplitude of the band does vary with haemodynamic changes.

For Poincaré plot indices, and as has been explained in the literature [23], SD1 is
expected to behave as RMSSD. This can be seen in the results obtained from Poincaré plot
indices, where the behaviour was exactly the same. S, SD1/5D2 and COM also have the
same trend with varying magnitudes. And SD2 has a similar behaviour as AVNN, which is
also expected [23].

Finally, from the remaining non-linear indices, it can be seen that magnitudes tended
to remain relatively stable regardless of changes in stroke rate. A trend is hard to determine
from DFA-related indices, while from entropy-related indices, the most visible trend can be
observed from SSE, where it increased with rising TF. BSE, ApEn, SampEn and MSE did
not show such clear patterns of behaviour.

4.3. Relationship between PRV and Cardiac Output Changes

The main aim of this study was to assess if PRV indices were affected by stroke rate and
target flow changes, in the absence of HRV and autonomic regulation. From the factorial
analyses, it was observed that all indices measured from both phantoms had statistically
significant effects due to the interaction of factors and the factors individually.

From the radial phantom, and similarly to what was observed from the behaviour
of PRV indices, AVNN and SD2 had an important effect due to SR. MSE showed also
larger estimates due to the effect of SR on its magnitude. In addition to these indices,
NNG50, S, SD1/5D2, A2 and BSE also showed larger estimates due to the effect of SR than
TF or the interaction when measured from the DPA phantom. This might be due to the
increased number of outliers and the lower quality of the signal. Also, in concordance
with the qualitative observations of the behaviour of the indices, SDNN, RMSSD, pNN50,
absolute-power and y-coordinates of centroid-related frequency domain indices, S, SD1,
SD1/SD2 and COM showed that TF had the larger effect estimate when measured from
the radial phantom. When obtained from the DPA phantom, and again most likely due
to the quality of the signal, the greater effect estimates were found on the interaction of
both factors.

Regardless of the differences between phantoms and signal qualities obtained, it is
remarkable that all indices showed a statistically significant effect due to these heamo-
dynamic changes, meaning that even in the absence of HRV and autonomic regulation,
changing stroke rate and target flow affect PRV indices. Given the greater susceptibility of
DPA-related indices to noise, the remaining discussion is focused solely on data obtained
from the radial phantom.

Post hoc analyses were performed to evaluate the origin of these differences. Only
focusing on target flow changes, most differences occurred when comparing lower flows
to TF values greater than 2.5 L/min and for time-domain, centroid-related frequency-
domain, and non-linear indices. For absolute and relative power indices, the majority of
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the differences were observed when comparing TF = 1 L/min to the rest of the conditions,
but this behaviour might be related to the lower quality of the signal at this level and the
presence of outliers on these indices (see Figures A3-A10). Changes in stroke rate had
a significant effect on most indices, especially when SR was increased to 180 bpm. The
indices that showed the lower amount of significant comparisons among levels were VLF,
LF and COM. Moreover, the interactions showed significant differences in most possible
combinations of factors, showing that both SR and TF play an important role in PRV and
its regulation even in the absence of HRV.

These results corroborate those reported by Constant et al. [8] and Pellegrino et al. [9],
who concluded that PRV is modulated by other aspects different to HRV. Although from
these results it is evident that in this in-vitro setup PRV was present and affected by stroke
volume changes, further studies should be performed to better understand the origins of
the changes in PRV and to try to replicate these results in an in-vivo model. Moreover, these
results alongside the development of the in-vitro model could allow for a better under-
standing of PRV in a controlled manner and its relationship with cardiovascular diseases.

4.4. Limitations of the Study

The main limitation of this study is the restrictions imposed by the in-vitro model. As
has been already mentioned, it is not possible to completely simulate the behaviour of the
cardiovascular system and the autonomic nervous system in an in-vitro model, limiting
the physiological phenomena and anatomical features to be studied [10]. However, having
this controlled scenario allowed for understanding how PRV alone would react to haemo-
dynamic changes, and was considered a good first step towards a better understanding
of the interaction of PRV and cardiovascular changes. Also, lower quality of signals with
decreased stroke volumes may have affected the results obtained, especially when PPG
signals were measured from the DPA phantom. However, robust algorithms suggested
in the literature [22] were used in an attempt to make the results more precise and it was
observed that only very extreme conditions were difficult to analyse.

5. Conclusions

PRV has been shown to be affected by additional aspects different to HRV but it is
difficult to isolate PRV from these other variables to understand how it could be affected by
changes such as increases or decreases in blood flow and blood pressure. An in-vitro model
was designed and implemented in this study, in which the upper-circulatory system was
simulated and from which pressure and PPG signals could be measured. In the absence of
HRYV and autonomic regulation, PRV indices were extracted from PPG signals measured
from this in-vitro system. It was observed that PRV was affected due to changes in stroke
rate and target flow. Future studies should aim to better understand the origin of these
differences, validate these results in an in-vivo model, and implement autonomic regulation
in the in-vitro setup.
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Abbreviations

The following abbreviations are used in this manuscript:

PRV Pulse rate variability
PPG  Photoplethysmography
HRV  Heart rate variability
ECG  Electrocardiography
SR Stroke rate

TF Target flow

Appendix A. In-Vitro Setup

Figure A1 shows the absorbance spectra obtained when the developed fluid was tested
using the spectrophotometer.
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Figure A1. Spectrum obtained from the spectrophotometer and the artificial blood. The maximum
absorbance was obtained with a wavelength of 610 nm.

Figure A2 exemplifies the pressure and photoplethysmographic signals obtained from
the constructed rig.
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Figure A2. Pressure and photoplethysmographic (PPG) signals acquired from the constructed rig
when stroke rate was set to 60 beats per minute and target flow was set to 3 L/min. DPA: Deep
palmar arch.



Appl. Sci. 2022,12, 7238 17 of 26

Appendix B. Factorial Analysis

Figure A3 illustrates the factorial analysis performed in which two factors, stroke rate
(SR, orange lines and boxes) and target flow (TF, green lines and boxes), were considered.
SR had 5 levels, while TF had 9 levels. The interactions among all levels of both factors
were analysed (discontinuous lines).
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Figure A3. Diagram of the factorial analysis performed, where 2 factors, stroke rate (SR) and target
flow (TF), were considered, as well as their interactions (discontinuous lines).

Appendix C. Behaviour of Pulse Rate Variability Indices

Figures A4—A19 show the behaviour of pulse rate variability indices extracted from
photoplethysmographic signals obtained with different stroke rates and target flows. Target
flow has been separated as below and above 2.5 L/min to facilitate visualisation due to the
impact of outliers in the lower TF values.
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Figure A4. Mean and standard deviation of time-domain indices extracted from pulse rate variability
under different stroke rates (SR) and target flows (TF, TF below 2.5 L/min) conditions, and measured
from the radial (blue) and deep palmar arch (orange) phantoms.
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Figure A5. Mean and standard deviation of time-domain indices extracted from pulse rate variability
under different stroke rates (SR) and target flows (TF, TF above 2.5 L/min) conditions, and measured
from the radial (blue) and deep palmar arch (orange) phantoms.
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Figure A6. Mean and standard deviation of absolute frequency-domain indices extracted from pulse
rate variability under different stroke rates (SR) and target flows (TF, TF below 2.5 L/min) conditions,
and measured from the radial (blue) and deep palmar arch (orange) phantoms.
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Figure A7. Mean and standard deviation of absolute frequency-domain indices extracted from pulse
rate variability under different stroke rates (SR) and target flows (TE, TF above 2.5 L/min) conditions,
and measured from the radial (blue) and deep palmar arch (orange) phantoms.

LFIHF nLF nHF SpEn
Lo 0.1 i T 228 "
: o I ] 226 1
2008 ﬂ 0.08 { 0.03 { Y
T 0.92 a T
% 0.06 } I 0.06 - I E I 224 }
8 091 |
" o04 0.04 09 222 -
115 2 25 115 2 25 115 2 25 115 2 25
012 0.12 ~ 255
£ -
5 o4 0.1 0.94 r T F 25
=
%008 I 0.08 I } 092 1 25 P
g |
3 006 3 g 0.06 f ﬁ 09 ] 2 Ei { L
= 0.04 088 235
1 15 2 25 1 15 2 25 1 15 2 25 1 1.5 2 25
g 08 02 § i1 2 =
So025 0.9 {
° 0.15 , 265
< o2 0.85

Index at 1

WEFE: | HF b1 o

. 0.7 25
2 25 1 15 2 25 1 15 2 25 1 15 2 25

o[ T
°
&

06 T 1 275
£ 03 7
09 1
§ 04 F 025 Kl f{ H 27 I
bot 0.2 ¥ - 08 E
s :
502 g H 0.15 07 E 26.5 I
I of 3 # osf 1} wo L 1 #
115 2 25 115 2 25 115 2 25 115 2 25
Target flow (L/min)
06 T 035 28
£ 0.8 {
205 0.3 . 27 % q
8 04 I I I 07 { ?
To I 025 I } ] I 26
303 02 06 } - ﬂ 25
E
02 015 05 24
115 2 25 115 2 25 1015 2 25 115 2 25

Target flow (L/min)

Target flow (L/min)

Target flow (L/min)

Target flow (L/min)

Figure A8. Mean and standard deviation of relative frequency-domain indices extracted from pulse
rate variability under different stroke rates (SR) and target flows (TF, TF below 2.5 L/min) conditions,
and measured from the radial (blue) and deep palmar arch (orange) phantoms.
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Figure A9. Mean and standard deviation of relative frequency-domain indices extracted from pulse
rate variability under different stroke rates (SR) and target flows (TF, TF above 2.5 L/min) conditions,
and measured from the radial (blue) and deep palmar arch (orange) phantoms.
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Figure A10. Mean and standard deviation of the x-coordinates of the centroid-related indices
extracted from pulse rate variability under different stroke rates (SR) and target flows (TF, TF below
2.5 L/min) conditions, and measured from the radial (blue) and deep palmar arch (orange) phantoms.
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Figure A1l. Mean and standard deviation of the x-coordinates of the centroid-related indices
extracted from pulse rate variability under different stroke rates (SR) and target flows (TF, TF above
2.5 L/min) conditions, and measured from the radial (blue) and deep palmar arch (orange) phantoms.
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Figure A12. Mean and standard deviation of the y-coordinates of the centroid-related indices ex-
tracted from pulse rate variability under different stroke rates (SR) and target flows (TF, TF below
2.5 L/min) conditions, and measured from the radial (blue) and deep palmar arch (orange) phantoms.
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Figure A13. Mean and standard deviation of the y-coordinates of the centroid-related indices ex-

tracted from pulse rate variability under different stroke rates (SR) and target flows (TF, TF above

2.5 L/min) conditions, and measured from the radial (blue) and deep palmar arch (orange) phantoms.
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Figure A14. Mean and standard deviation of Poincaré plot indices extracted from pulse rate variability

under different stroke rates (SR) and target flows (TF, TF below 2.5 L/min) conditions, and measured

from the radial (blue) and deep palmar arch (orange) phantoms.
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Figure A15. Mean and standard deviation of Poincaré plot indices extracted from pulse rate variability
under different stroke rates (SR) and target flows (TF, TF above 2.5 L/min) conditions, and measured
from the radial (blue) and deep palmar arch (orange) phantoms.
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Figure A16. Mean and standard deviation of detrended fluctuation analysis indices extracted from
pulse rate variability under different stroke rates (SR) and target flows (TE, TF below 2.5 L/min)
conditions, and measured from the radial (blue) and deep palmar arch (orange) phantoms.
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Figure A17. Mean and standard deviation of detrended fluctuation analysis indices extracted from
pulse rate variability under different stroke rates (SR) and target flows (TF, TF above 2.5 L/min)
conditions, and measured from the radial (blue) and deep palmar arch (orange) phantoms.
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Figure A18. Mean and standard deviation of entropy-related indices extracted from pulse rate
variability under different stroke rates (SR) and target flows (TF, TF below 2.5 L/min) conditions, and
measured from the radial (blue) and deep palmar arch (orange) phantoms.
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Figure A19. Mean and standard deviation of entropy-related indices extracted from pulse rate
variability under different stroke rates (SR) and target flows (TF, TF above 2.5 L/min) conditions, and
measured from the radial (blue) and deep palmar arch (orange) phantoms.
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