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Abstract. Photoplethysmography (PPG) is an optical technique with high diagnostic potential, yet clinical appli-
cations remain underdeveloped. Standardization of signal recording and quantification of waveform are essential
prerequisites for broader clinical use. The aim of this study was to utilize a two-stage multi-Gaussian fitting tech-
nique in order to examine the parameters of conduit artery PPG waveform recorded during increasing the uni-
lateral regional vascular resistance (RVR). This study was conducted on 14 young and healthy volunteers;
various external compressions (ECs) were performed by inflating a tight cuff at 0, 40, 80, and 200 mmHg,
while registering femoral PPG (wavelength 880 nm), diameter, blood flow linear velocity (vascular ultrasound),
and the arterial pressure (Finapres) during the states of the baseline, partial, and total arterial occlusion, and
resultant reactive hyperemia. An increase of the EC elevated the arterial stiffness (AS) and the unilateral distal
RVR, and caused a shift of the fitted multi-Gaussian parameters: a decreased delay between reflected and
traverse wave components and an increased ratio of their amplitudes. It was concluded that two-stage
multi-Gaussian waveform quantification demonstrates an approach potentially extending the use of arterial
site PPG in the assessment of diagnostically useful markers e.g., the RVR and the AS. © 2015 Society of Photo-
Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JB0O.20.3.035001]
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1 Introduction

Photoplethysmography (PPG) is a well-recognized optical tech-
nique for noninvasive arterial pulsation detection. It was origi-
nated in the beginning of the 20th century and is still a
burgeoning field of biomedical engineering currently presented
in numerous R&D and application studies. However, despite its
high diagnostic potential, PPG has yielded clinical applications
only in a few specific areas such as the assessment of blood oxy-
genation known as the pulse oximetry or, in minor cases, as the
technique for vascular tone/age estimation from the pulse wave-
form. Such PPG utilization is being reported in several promi-
nent reviews."” In conventional applications, PPG is registered
from diffuse vascular beds e.g., distal phalanxes or the earlobe,
comprising small caliber arterioles, venules, and capillaries.'*
There are only a few reports describing PPG signal recording
from superficial conduit arterial sites®” that could potentially
gain more specific information of the hemodynamics e.g., the
arterial stiffness (AS).® The major reasons for the limited use
of PPG in the routine clinical assessment of the vascular state
are the waveform quantification and measurement procedure
standardization issues. Among several studies on such PPG
waveform quantification, there is a lack of reports on single
period PPG (SPPPG) waveform dynamics during hemodynamic
maneuvers, such as altering the regional vascular resistance
(RVR), increasing the blood flow shear, and others, particularly
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on the PPG signal obtained from superficial conduit artery sites.
A literature review reveals that our study is one of the few
addressing this issue. A similar procedure utilizing ultrasound
(US) to examine the pulsations of femoral artery distension
and blood flow velocity during manipulations of RVR has
been reported by Heffernan et al.’ It is generally accepted
that the rising distally performed external compression (EC)
quantitatively mimics an increase of unilateral RVR and such
provocation of hemodynamic response is utilized in physiologic
research.”!” Peripheral vascular resistance is recognized as an
important indicator of different infectious syndromes, diseases,
and general vascular age. Therefore, understanding the RVR
relationship to SPPPG waveform and its potential quantification
has a crucial role in the extension of clinical applications of
PPG!'! and brings motivation to this preliminary study.
Generally, the accepted approach in the assessment of hemo-
dynamic parameters from the single arterial pulse waveform is a
segregation of its feature points (FPs). Prominent studies have
already described the extraction of FP from SPPPG wave-
form™!? or its derivatives,'* or by fitting various types, combi-
nations, and numbers of analytic functions.'*" In cases of a
damped, monotonically decreasing diastolic part, existing
models often reveal limited operating range and inconsistent cal-
culation of FP.'® Meanwhile, the similarity of a single hemo-
dynamic wave component, i.e., the left ventricle ejection
volume profile and the Gaussian function profile, has previously
been reported and utilized'”'® and can also be visually noticed.'
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Recent studies employ a multi-Gaussian model for fitting the
peripheral pulse waveform?*2* guided by the criterion of min-
imal root-mean-square error (RMSE). An approximation of the
SPPPG waveform with four Gaussian functions has also been
demonstrated by our group highlighting its advantages over
the derivative analysis.!” However, such previous studies
were predominantly focused on fitting accuracy rather than
the relevance of actual physiological pulse waves to Gaussian
model components, while only a single case mentions their pos-
sible pertinence.'® Apparently, based only on the minimal
RMSE criterion, the multi-Gaussian model cannot be used
for such an explanation, as the variability of pulse waveform
contour causes chaotic dissipation of the fitted components.

Our results indirectly indicate that in designing a reliable
Gaussian-based hemodynamic model, boundary conditions
for the pulse component positioning and scaling are required.

The present study explores the potential of conduit artery
PPG in evaluating the hemodynamic events. The aim of this
study was to utilize a two-stage multi-Gaussian fitting technique
in order to examine the parameters of conduit artery SPPPG
waveform recorded during increasing the unilateral RVR. We
hypothesized that by altering the leg’s RVR and AS via the
tight EC test, femoral pulse waveform transforms, and this res-
onates in a component shift of SPPPG waveform and fitted
multi-Gaussian model.

2 Methods

This study was approved by the Ethics Committee of the
University of Latvia, Institute of Experimental and Clinical
Medicine, and, with their informed consent, it was performed
by enrolling 14 subjects (6 male, 8 female, 25 + 5 years old).
To ensure adequate vascular response, the subjects were asked to
refrain from caffeine drinks and active workload for at least 8 h
prior to the experiment. In order to improve PPG signal quality,
isolate uncontrolled conditions and simplify the palpation of the
arterial site for correct PPG/US probe location, enrolled subjects
were ectomorph body type (body mass index <20) nonsmoking
and normotensive. During the procedure, subjects were held in
supine position in a quiet, warm (23°C to 25°C) and comfort-
able room.

The study protocol included data acquisition of different
modalities at the rest, during and after the provocation test; sig-
nal processing and hemodynamic parameter calculation, and
statistical analysis, Fig. 1.

To provoke regional hemodynamic responses in the femoral
artery and distal arterial bed, the study protocol comprised five
consecutive measurement states (MS) induced by various tight
ECs with CC17 Contoured Thigh Cuff, E20 Inflator and AG101
air supply (D. E. Hokanson, Inc., USA): the baseline MS1 at the
rest conditions with 0 mmHg external cuff pressure, the states
of partial arterial occlusion MS2 and MS3 (40 and 80 mmHg
cuff pressure, each for 15 s), total arterial occlusion MS4
(200 mmHg cuff pressure for 300 s), and the resultant reactive
hyperemia (RH) MS5 monitored for the first 30 s, similar to that
described by Heffernan et al.’

During the aforementioned MS, three different signal modal-
ities were simultaneously recorded: PPG (4 = 880 nm) from
the femoral artery site close to the inguinal ligament utilizing
the optimal sensor contact force approach;”® simultaneous
Doppler and B mode US 12L-RS, LOGIQe (GE Medical
Systems, USA), positioned approximately 1 cm distally to
the PPG probe, recording both the longitudinal section of the
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Parameters for boundary
conditions (only MS4)
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Gaussian parameters
pand H

Statistical analysis
Comparison of data (ANOVA) and correlation analysis

Fig. 1 Flowchart of the performed protocol. g and b/a — local arterial
stiffness indices; RVR — regional vascular resistance; SDPPG — sec-
ond derivative of PPG waveform; MS4 — measurement state of total
arterial occlusion; H — Gaussian peak amplitude, 4 — Gaussian peak
time delay in the waveform.

artery (diameter d) and the profile of blood flow time averaged
mean (TAM) velocity v, Fig. 2; and systolic, diastolic and mean
blood pressure values acquired from Finometer Model2 in a
beat-per-beat manner and calibrated to brachial arterial pressure
(Finapres Medical Systems, The Netherlands).

Data analysis was performed offline in three major steps.
First, artifacts of US data were excluded and both the blood
flow and diameter traces were determined from the US videos
by a custom made MATLAB® US image recognition software.”*
Then, PPG processing was performed by stating the valid range
of SPPPG waveform length equal to the median absolute
deviation Tmadg,,. in each of the MS from the corresponding
dataset; hence, valid and ectopic waveforms were determined
and separated by the criterion:

|Tslate - Tins| < Tmadstatw (1)

where T, is the median pulse duration within each MS and
T;ns 1s the duration of the inspected pulse within the same
MS. Then, the returned, i.e., valid SPPPG waveforms were
resampled at 1 kHz to 1 s length with a spline interpolation tech-
nique and normalized to 1 a. u.

A comparison of amplitudes of valid waveforms from all MS
was performed in every sample j||°?. Inspected SPPPG wave-
form amplitude a; was compared to the mean amplitude within
each MS A; and the waveform was excluded if the squared dif-
ference exceeded the RMSE at any of the waveform samples:

where ARMSE; is an RMSE of the same inspected SPPPG
waveform at the sample j, thereby picking SPPPG waveforms
that characterize each state of the performed measurement.
Subsequently, one representative SPPPG waveform per MS
was calculated as the median contour of each MS dataset. In
the second step, all processed data were merged in a single
data array in beat-per-beat manner (synchronized time series).
Third, the parameters describing the induced hemodynamic
response were calculated and stored in a .mat file for statistical
analysis. During each MS, the RVR was graded as
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Fig. 2 Typical example of femoral artery pulsation waveforms during
the rest conditions (MS1): (a) diameter d, (b) blood flow linear TAM
velocity v, (c) both acquired simultaneously with US; (d) single period
arterial PPG and its second derivative SDPPG. SDPPG inflection
points a and b are used for the assessment of the local arterial
stiffness.

RVRemoral = MAP/ o, (3)

where Q is the total femoral blood flow and MAP is the mean
arterial pressure,?® while the changes of local AS were estimated
with the referent index f:2

In(p,/pa)
(ds - dd)/dd '

where p;, p, and d;, d; are the values of blood pressure and
lumen diameter at systole and diastole, respectively. The
pulse wave reflection index® was calculated as the ratio of retro-
grade to anterograde TAM velocity v, /v, derived from the
US signal, while an already approved indicator of local AS -
SPPPG second derivative (SDPPG) index b/ a"? was calculated
from the PPG signal in all MS.

Meanwhile, in order to manage SPPPG decomposition and
waveform parameterization, preprocessed representative wave-
forms of each subject (one per every MS) were approximated
with multiple (2 or 4) one-dimensional Gaussian functions in
two fitting stages. In the first stage, the MS4 waveform was fit-
ted with 2 Gaussians: g, (z, H, u,c) where n = 2 is the number

p= “)
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of Gaussian functions fitted in the SPPPG wave, H is the
Gaussian peak amplitude, u is the peak time delay in the wave-
form, and o is the wave width, by solving the system of equa-
tions for the multi-Gaussian model f;(¢), Fig. 3:

folt) =S Hye . 5)

Model parameters were estimated by the weighted least-
squares method, minimizing the weighted sum of squared
residuals:?’

1000
Z (SPPPG; — fg;)* — 0. (6)
j=1

During the fitting the accuracy was estimated and demon-
strated as residual graphs, Fig. 3.

The values of Gaussian parameters H, u, and o at this stage
were set to boundary condition variables, and the second fitting
stage was performed on all but MS4 waveforms by repeating the
same approach (5-6) with n = 4 in compliance with the boun-
dary conditions to determine Gaussian localization in the
SPPPG signal in order to associate them to physiologic pulse
wave components. Based on the assumptions of femoral site
pulse wave component morphology, mentioned in Sec. 4, to
the best of our knowledge, we hereby stated such boundary con-
ditions for the first time. The time difference between both
Gaussians gl and g3 u3 — p; was defined constant in all MS.
Meanwhile, during all but MS4, the time difference between
Gaussian pairs gl ~¢g2 and g3 ~ g4 was equal within the
same MS: y, — puy = py — u3. During MS4, it was assumed p, —
11 = pq — i3 = O1i.e., the SPPPG waveform during total arterial
occlusion was fitted with two Gaussians. During the second fit-
ting stage, four Gaussians were locked in a pair of double-
Gaussians gl + g3 and g2 + g4 allowing for varying only the
time delay u, —p; and the Gaussian amplitudes that were
allowed varying as H; > H, > H,and H; > H; > H, within
the same MS.

Following this procedure, the variables derived from the
SDPPG and the multi-Gaussian model were used to estimate
the effect of EC on the SPPPG pulse contour and also to assess
and validate the changes of leg local and regional AS. First, the
values of both local AS indices - /a and f§ were compared in all
MS. Meanwhile during all but MS4 the regional AS of leg’s
arterial bed was indicated with the pulse transit time (PTT) p, —
u; of the traverse pulse wave components i.e., gl and g3 reach-
ing the endpoint of leg arterial tree and traveling backwards to
the PPG probe as g2 and g4 respectively. Leg peripheral wave
reflection properties were described as a ratio of the reflected
wave component to its systolic traverse origin, i.e., H,/H,
and intended to compare to the v/ Vay-

The statistical analysis of the aforementioned parameters was
performed on SigmaPlot by comparing the sets of data series by
one way ANOVA. The relation of parameters was determined by
Pearson correlation.

3 Results

Data from the US indicated the effect of EC on the RVR,
expressed as mmHg/ml/ min. RVR obtained at the femoral site
varied within the subject group from 0.57 & 0.11; 0.97 £ 0.18,
and 1.11 4 0.20 at the MS1, MS2, and MS3, respectively, and
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Fig. 3 Representative example (one subject data) of femoral SPPPG
waveforms and the fitted Gaussians (upper plots) and the squared resid-
uals (bottom plots) at the measurement states MS1 to MS5, influenced
by the distal tight compression: (a) the baseline, (b) and (c) partial arterial
occlusions 40 and 80 mmHg of cuff pressure, (d) total arterial occlusion
at 200 mmHg, and (e) hyperemia; Gaussian components g1 to g4, and
their respective peak amplitude H and time delay p tabulated beside.
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reached 3.36 & 0.34 during MS4. In MSS5, the release of the cuff
caused RH and RVR to drop to 0.10 £ 0.02. Here and hereafter
values are expressed as mean =+ standard error of the mean
(SEM.) Such RVR alterations were accompanied by significant
changes of the v,/ v, consequently it increased from 0.392 +
0.051 during MS1, to 0.747 + 0.032 at MS2, and 0.820 £ 0.056
at MS3. The v,e(/ vay during MS4 was 0.606 £ 0.056, however,
due to the artificial pulse wave reflection conditions and the
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Fig. 4 Femoral artery regional hemodynamic parameters within the
subject group at different external cuff pressures, data points, and
error bars represent the mean =+ standard error of the mean (SEM):
(a) regional vascular resistance RVR; (b) pulse wave reflection
index Vvg/Vant; (C) local arterial stiffness indices g, and (d) b/a
obtained by US and PPG techniques, respectively.
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Fig. 5 The time delay between the traverse g1 and reflected g2 waves: (a) components u, — 4
decreases while their amplitude ratio, (b) H,/H; increases during all but MS4 measurement state, indi-
cating an augmentation of distal vascular tone and resistance during raising external compression, data

points, and error bars represent the mean + SEM.

diminished blood flow velocity, it should be cautiously inter-
preted. During the RH in MSS5 there is an absence of the retro-
grade blood flow component, thus the v, /v, Was 0.

Meanwhile, a high correlation between the b/a and f at all
the performed MS (r = 0.97, p < 0.001) was observed, proving
the conformity of both local AS measures derived from PPG and
US techniques, Fig. 4.

Four-Gaussian model parameters exhibited the changes of
the SPPPG waveform, depending upon the EC: 1, — p; declined
from 0.236 £ 0.011 during the MS1 to 0.220 £0.013 and
0.204 £ 0.012 during partial arterial occlusions MS2 and MS3;
while, on the contrary, H,/H increased from 0.442 £ 0.030 to
0.490 £ 0.033 and 0.51 4 0.037 during the same MS of rising
EC. Then, both parameters demonstrated a mutually inverse
response to the RH: y, — p; increased to 0.299 4 0.022 while
H,/H, dropped to 0.335 £ 0.056, Fig. 5.

4 Discussion

Our computed hemodynamic parameters during the performed
maneuvers showed a similar systemic response to the EC as
reported by Heffernan et al.” In addition to their performance,
we calculated the numeric value of the leg’s RVR in each MS
and noticed only minor RVR changes between the baseline
(MS1) and partial occlusions (MS2 and MS3). In those same
MS with raising EC, both local AS indices b/a and f obtained
by PPG and US showed an augmentation as expected. However,
RVR demonstrated significant alterations during the arterial
occlusion (MS4) and RH (MS5). The obtained values of local
AS indices b/a and f showed good conformity with the pre-
vious results.”*

Regarding the wave reflective properties of leg vasculature,
rising RVR causes an augmentation of the reflected wave com-
ponent expressed through the H,/H,. We refer it to as the
Vret/ Vant» While Heffernan et al describe this effect through the
negative area of a pulse pressure wave. We share the view of
the risen EC effect on the wave reflection through the dimin-
ished capacitance, i.e., reservoir function, thus constricting
blood flow discharge into the periphery.’

As to the PPG waveform parametrization, the novelty of this
study mostly relies on the MS4 conditions providing the neces-
sary PPG waveform for the initial stage of fitting the Gaussians.
We thereby assume that the femoral SPPPG pulse wave during
MS of the total distal arterial occlusion in a sense represents an
aortic pulse, as the peripheral vascular compliance is uncoupled
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by the inflated pressure cuff and serves as an artificial high vas-
cular resistance reflection site. Such femoral pulse wave consists
of two traverse waves: an ejection wave in the systole g1 and its
re-reflection g3 in the diastole emerging between the bifurcation
and aortic valve, Fig. 3(d). The pulse wave in this MS condition
is not damped by the peripheral blood flow discharge and rep-
resents the combination of properties of heart function (pulse
duration) and aortic elasticity (aortic PTT). We considered
the w3 — p; to correspond to the double bifurcation-to-aortic
valve PTT of relevant subjects, which corresponds to the pub-
lished data.?” During the MS4, the PTT in the path probe-cuff-
probe is close to zero due to their close proximity, while the
pulse waves from all other MS contain reflected components
g2 and g4 traveling from the endpoint of the leg periphery
with a noticeably longer PTT. Indeed, a half of u, — p; as well
as py — p3 during all but MS4 waveforms is also close to the
PTT values of the pulse wave traveling from femoral to tibial
sites at rest conditions. > If u, —u, is associated with the
regional leg AS, it follows that the arterial tone augments during
partial ischemia. Such an increase of AS in the distal vascular
bed during EC trials has previously been reported.®' p, —
thereby consists of PTT components from the sites both distal
and proximal to the cuff, and describes the total response of leg
vasculature to the EC. Based on these assumptions, each fitted
Gaussian is associated to the corresponding pulse wave compo-
nent, and, by locking them in a pair of double-Gaussians —
traverse double-wave gl + g3 and reflected double-wave
g2 + g4, the morphology of femoral artery pulsation waveform
is described. Because of the locking, the fitting accuracy is
sometimes sacrificed while the fitting accuracy obtained by a
single double-Gaussian during MS4 meets previously obtained
residual values."”

5 Conclusion

The femoral PPG waveform parameters derived from two-stage
multi-Gaussian fitting quantitatively characterize their altera-
tions upon the rising distal external compression causing a
wide range hemodynamic events. The attempt of associating
the Gaussians with pulse wave components demonstrates a
new approach potentially extending the use of the arterial site
PPG technique in the assessment of diagnostically useful clini-
cal markers such as the peripheral vascular resistance and the
arterial stiffness.
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