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Abstract
Introduction: Current microvascular assessments may
not be practical or accessible requiring experienced
personnel and/or ongoing equipment costs. Piezoelec-
tric transducers can reliably obtain finger blood pressure
waves, similar to peripheral arterial tonometry devices;
thus, they could be used to estimate microvascular
function. We aimed to validate piezoelectric transducers
as an alternative measure of microvascular function
compared to EndoPAT. Methods: Twenty-five adults
(aged 20–64 years) completed reactive hyperemia (5 min
forearm circulatory occlusion and 3 min recovery) with
piezoelectric transducers on the middle fingers and
EndoPAT probes on the index fingers. Average area
under the curve (AUC) of the pulse wave signal for the
occluded and control arms was determined at baseline,
every 30 s post-occlusion, and 10 s around the peak
response. Microvascular function index (MFI) was cal-
culated as the ratio of AUC post-occlusion to AUC
baseline in the test arm, then normalized to the same
ratio in the control arm. MFI at each time point was

correlated with the reactive hyperemia index (RHI) from
the EndoPAT. Results: The greatest significance was
found between RHI and MFI at 10 s around the peak
response (Spearman’s r = 0.67, p = 0.0002; Pearson’s r =
0.76, p = 0.00001). Conclusion: MFI is a reusable and
user-friendly microvascular function assessment that
could provide better access to vascular health screening.

© 2024 S. Karger AG, Basel

Introduction

The vascular endothelium has several crucial roles in
maintaining vascular function, including regulating
blood vessel tone [1]. For example, shear stress acts on the
endothelium, causing vasodilation via nitric oxide release
[2–4]. In chronic conditions such as diabetes and obesity,
overexpression of pro-inflammatory mediators, increased
oxidative stress, and disturbed arterial flow patterns can
all cause endothelial dysfunction [5]. Thus, a reduction in
endothelial function can be used as a screening tool for
estimating cardiovascular risk.

Indeed, endothelial dysfunction has been recognized
as a potential predictive and prognostic marker for
cardiovascular morbidity and mortality [6–8]. Various
assessments have been developed to evaluate endo-
thelial function and the quality of an individual’s
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vascular health. The gold standard method for as-
sessing coronary endothelial function is an invasive test
involving the infusion of adenosine and/or acetyl-
choline into the coronary artery to induce vasodilation
[9, 10]. Comparatively, flow-mediated dilation (FMD)
is a non-invasive ultrasound technique that involves
imaging the brachial artery to capture the post-
occlusion increase in diameter in response to reactive
hyperemia [11]. FMD has been shown to correlate with
coronary arterial function [12]. Further, an operator-
independent technique called peripheral arterial to-
nometry using the EndoPAT device (Itamar Medical,
Israel) measures the reactive hyperemia index (RHI),
where arterial pulse waves are recorded in both hands
during and after reactive hyperemia. The RHI is the
ratio of the pulse wave signal comparing the maximal
hyperemic response to baseline while normalizing to
the non-occluded hand. Several studies have estab-
lished this method as a reliable measure of endothelial
function [13–17], and it has been shown to correlate
with FMD measurements [13]. While EndoPAT is a
convenient alternative to FMD, the device still requires
skilled personnel and increased equipment costs due to
single use operational supplies.

In the current study, we propose using readily available
reusable piezoelectric pulse transducers during reactive
hyperemia as a more affordable, user-friendly method for
evaluating endothelial function. The pulse transducers
detect changes in force against the piezoelectric crystals,
which are translated into a pulse wave signal. Foo et al.
[18] found that these pulse transducers could reliably
obtain pulse transit time and heart rate when placed on
the radial artery at the wrist compared to commercial
ECG and pulse oximetry devices. Further, Edgell et al.
[19] previously used pulse transducers to determine pulse
wave velocity in conjunction with the pulse wave from a
Finometer Midi (Finapres Medical Systems, Netherlands)
and Qananwah et al. [20] determined that there was a
strong relationship and morphological similarities be-
tween piezoelectric plethysmograms and volumetric
variations of blood circulation at the finger, suggesting
that the pulse waves obtained from the piezoelectric pulse
transducers are morphologically comparable to the
waveforms recorded using the EndoPAT. Therefore,
since the signal from the piezoelectric pulse transducer
can be used to determine peripheral arterial stiffness and
is structurally similar to the arterial tonometry signal
from the EndoPAT device, we hypothesized that our new
protocol, the microvascular function index (MFI), can be
used in lieu of the EndoPAT to determine microvascular
function.

Methods

Twenty-five adults (females, n = 15; Table 1) were recruited.
Inclusion criteria were adults between 18 and 75 years of age, the
physical capability to transport to the testing location, and the
ability to understand and give informed consent. Self-identified
ethnicity was recorded: 17 Caucasian, 5 Asian/South Asian, and
3 Arab/Middle-Eastern individuals. Participants were asked to
refrain from consuming caffeine, alcohol, and fatty foods at least
12 h prior to testing. Participants were not required to fast as
Nardone et al. [21] observed that fasting did not impact EndoPAT
score in covariate analysis. Participants were also asked to refrain
from smoking and strenuously exercising for at least 12 h prior to
testing.

Reactive Hyperemia
EndoPAT tonometry finger cuffs were placed on the left and

right index fingers. As outlined in EndoPAT user manuals, par-
ticipants were seated with hands and fingers in a relaxed position
over the seat’s armrests and palms facing down while feet were
firmly planted on the ground. Piezoelectric pulse transducers
(ADInstruments, Colorado Springs, USA) were wrapped around
both the left and right middle fingertips such that the transducer
surface was placed against the pad of the finger. Participants were
asked to refrain from moving for the duration of the test to
eliminate movement artifacts. A reactive hyperemia test was
conducted, which consisted of 5 min of baseline, 5 min of su-
prasystolic circulatory occlusion to the left arm (i.e., +50 mm Hg),
and 5 min of recovery following the release of occlusion. Piezo-
electric signals were acquired through a PowerLab device
(ADInstruments, Colorado Springs, USA) and recorded using
LabChart software (ADInstruments, Colorado Springs, USA) for
the duration of the reactive hyperemia test to determine the MFI.
An example of the compressed waveforms of both the EndoPAT
signal and the MFI signal at the time of reactive hyperemia is
included as Figure 1.

Data Analysis
LabChart software (ADInstruments, Colorado Springs, USA)

was used to determine the continuous positive area under the
curve (AUC) of the pulse transducer waveform for each cardiac
cycle. A standard integral of the waveform was generated and reset
each heart beat. The maximal positive AUC of each heart beat was
calculated and beat to beat averages were used as described below
for use in the MFI calculation.

Table 1. Anthropometrics and resting cardiovascular variables

Parameter (n = 25)

Age, years 27 (22–38)
Height, cm 169±11
Weight, kg 78±22
Systolic blood pressure, mm Hg 110 (102–126)
Diastolic blood pressure, mm Hg 76 (67–80)
Heart rate, bpm 76±11

Data are presented as mean ± SD or median with IQR.
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In the test (occluded) and control (non-occluded) arms, the
averaged AUC was calculated for 3.5 min of baseline prior to
occlusion (to match the baseline analysis used by the EndoPAT
[16]), 10 s around the peak response, and 30 s averages starting at
cuff deflation until 3 min post-deflation. The EndoPAT algorithm
uses 1 min of signal starting 1 min post-deflation [16]. For each
period following the occlusion release, the MFI was calculated as
the ratio of AUC post-occlusion to AUC baseline in the test arm
normalized to the same ratio in the control arm:

MFI � AUCtest post-occlusion/AUCtest baseline( )/

AUCcontrol post-occlusion/AUCcontrol baseline( )

The RHI was determined with proprietary software (EndoPAT,
ItamarMedical, Israel) and was used as the independent variable to
compare against the MFI method.

Statistical Analysis
Data were tested for normality using the Shapiro-Wilk test.

Means and standard deviations were calculated to describe nor-
mally distributed data (e.g., height, weight, heart rate). Medians
and interquartile ranges were calculated to describe variables that
failed normality (e.g., age, systolic and diastolic pressure, time to
peak). Univariate linear regression analysis and correlation
analysis were performed between RHI (independent variable) and
MFI for each time point using Pearson’s test and Spearman’s test
using SigmaPlot software (Systat Software Inc., USA). Bland-
Altman plots were constructed to compare the two methods.

MFI waveform

EndoPAT waveform

Occlusion Hyperemic Phase

15 mins

Fig. 1. A visual representation of compressed raw MFI waveforms
(top) and EndoPAT waveforms (bottom) of the occluded hand
during the hyperemic state.
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This analysis was selected as we aimed to replicate the EndoPAT
algorithm such that the computer-automated process was re-
moved. Significance was set at p < 0.05. Power was set to 0.80 and
alpha was set to 0.05. Quartile analysis was performed by sorting
individuals into quartiles based on RHI score and calculating mean
and standard deviations of MFI scores falling within each quartile.
A one-way ANOVA was performed on MFI quartiles and Tukey’s
post hoc test on quartiles found to be significantly different.
SigmaPlot software (Systat Software Inc., USA) was used to
generate the receiver operating characteristic (ROC) curves to
determine the similarity between EndoPAT RHI and MFI. Nine
participants were diagnosed with “endothelial dysfunction” by the
EndoPAT and these data were used to create the ROC curves to
determine preliminary MFI diagnostic threshold values in com-
parison to the EndoPAT. A threshold for endothelial dysfunction
measured by MFI was determined by summing the sensitivity and
specificity values and selecting the threshold value with the highest
sum, as described by Zou et al. [22].

Results

Participant characteristics, including resting cardio-
vascular variables, are described in Table 1. Participants
were 27 (22–38) years old. Average height and weight
were 169 ± 11 cm and 78 ± 22 kg, respectively. Systolic
blood pressure was 110 (102–126) mm Hg, and diastolic
blood pressure was 76 (67–80) mm Hg. Average heart
rate was 76 ± 11 bpm. No participants reported having
any cardiovascular conditions; however, 3 participants
reported having asthma, and 1 participant reported that

they were a regular smoker. For medication use, 1 par-
ticipant reported using statins for preventative purposes,
1 participant used levothyroxine, 1 participant used an
interleukin inhibitor, and 3 participants reported hor-
monal contraceptive use.

The AUC of the occluded arm increased during re-
active hyperemia, where the median time to the peak
AUC response was 72 s (interquartile range: 62–114 s). At
this time, the AUC was significantly higher than baseline
(0.014 au [0.010–0.025 au] vs. 0.010 au [0.005–0.021 au],
p < 0.001). Compared to baseline, significant increases of
the positive AUC in the test arm were observed after 90 s
(0.016 au [0.010–0.025 au], p < 0.001), 120 s (0.017 au
[0.010–0.025 au], p < 0.001), and 150 s (0.017 au
[0.010–0.024 au], p < 0.001).

There were significant positive correlations between
RHI and MFI at every time point analyzed; however, the
highest correlation was observed at 10 s around the peak
pulse amplitude in the hyperemic phase (Table 2; Fig. 2).
This was supported by the Bland-Altman plot, which
shows good agreement between methods using the
10 s around the peak (Fig. 3). Quartile analysis based on
RHI score determined that individuals with the most
impairment deemed by the lowest quartile of RHI score
had the lowest MFI score (Table 3). A one-way ANOVA
between quartiles determined that the fourth quartile was
significantly different than the first (p = 0.002), second
(p = 0.042), and third (p = 0.018) quartiles; however, there
were no differences between the first, second, and third

Fig. 2. Linear regression between EndoPAT
RHI and MFI at 10 s surrounding the peak
hyperemic response.
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quartiles (p > 0.5). AUC of the ROC curve was 0.78
(Fig. 4) and revealedMFI could predict lowmicrovascular
function (95% confidence interval: 0.59–0.96; p = 0.024).
Using 1.439 as a threshold value, the sensitivity and
specificity ofMFI to predict low endothelial function were
89% and 69%, respectively. For 9/25 participants under
the age of 30, RHI was 1.94 ± 0.45 and MFI was 1.48 ±
0.63 whereas for 16/25 participants over the age of 30,
RHI was 1.96 ± 0.79 and MFI was 1.51 ± 0.78 (p = 0.9 for
both comparisons).

Discussion

The results of this pilot study indicate that the MFI
method using piezoelectric pulse transducers could be a
suitable alternative for evaluating microvascular
function compared to EndoPAT. The MFI method is
less expensive due to fewer operational costs and
compared to vascular assessments such as cardiac
catheterizations and ultrasound imaging, it does not
require skilled technicians to operate the tests. It was
found that MFI, calculated using a ratio of the AUC at
the 10 s around the peak amplitude after cuff release to
baseline and normalized to the control arm, had a
strong correlation and good agreement with the RHI
generated by the EndoPAT. The generation of ROC
curves and threshold values further demonstrated the
potential ability of MFI to detect altered hyperemic
response similarly to the EndoPAT.

The EndoPAT generates its RHI score by calculating
a ratio of the average pulse wave amplitude during the
60–120 s following cuff release to the 3.5 min prior to
inflation in the test arm and normalizing it to the
control arm [16]. The strong correlations between the
two methods can be partly explained by the similar time
frames utilized and the morphological similarities of

Fig. 3.A Bland-Altman plot demonstrating the agreement between
RHI and MFI at 10 s around the peak hyperemic response. The
difference between methods was plotted against the average of
both methods. The outer blue lines represent the upper and lower
limit of agreement; a good agreement is found between both
methods since most values fall within this range.

Table 3. Quartile analysis of MFI based on RHI score

RHI, mean±SD MFI, mean±SD

Quartile 1 1.39±0.17 1.04±0.35
Quartile 2 1.68±0.12 1.42±0.52
Quartile 3 2.02±0.16 1.30±0.48
Quartile 4 2.74±0.51 2.28±0.69a

MFI, microvascular function index; RHI, reactive hyperemia
index. aMFI in the 4th quartile is significantly higher than all
other quartiles.

Fig. 4. A receiver operating characteristic (ROC) curve demon-
strating sensitivity of the MFI technique in comparison to En-
doPAT RHI.
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the pulse waves generated by the two methods. For
example, we used a similar baseline period compared to
the EndoPAT algorithm (i.e., 3.5 min average), and the
time of maximal response in the current study over-
lapped with the previously observed time of maximum
response of the EndoPAT device (60–120 s). An ad-
vantage of MFI is the use of the true peak response in its
calculation, allowing for a more precise calculation of
the hyperemic response. According to Black et al. [23],
traditional manual FMD analysis uses arbitrary time
points following cuff deflation, which can miss the true
peak response. Previous studies have also observed
visual similarities between the two pulse waveform
types used in this study [20], suggesting comparability
between methods. ROC curve analysis demonstrated
the sensitivity of MFI to reactive hyperemia as in-
tended. A threshold value was calculated, and the
sensitivity and specificity values demonstrated the
capability of MFI to reliably discriminate between
normal microvascular function and dysfunction when
compared with EndoPAT RHI.

Although we observed good agreement between the
two methods, the RHI and MFI scores were not perfectly
correlated. The Bland-Altman plot revealed an approx-
imate −0.5 bias. This suggests that MFI scores are
quantitatively smaller than RHI; however, the application
of correction factors may resolve this in larger future
studies. Potential differences could stem from the fact that
the inflatable EndoPAT probes measure blood volume in
the entire tip of the index finger, and the piezoelectric
sensors detect changes in pressure against the ventral
surface of the middle fingertip, which is a much smaller
surface area. Further, the EndoPAT probes exert a
counterpressure (70 mm Hg) to prevent venous pooling
[13], while the piezoelectric sensors are incapable of
doing so.

Limitations
The current study is limited by its small sample size

contributing to the lack of statistical differences be-
tween quartiles 1–3 of MFI. However, the included
study population was heterogeneous and included
individuals of varied ages, sexes, and ethnicities. Even
so, this method should be repeated in larger and more
diverse populations to identify any differences asso-
ciated with age, sex, ethnic group, and health status. It is
important to note that despite our finding that there
were no differences in RHI or MFI between age-groups,
the EndoPAT may have limited value in younger
participants as the Malmö Offspring Study recently
found that a younger age (<30 years old) is associated

with lower RHI [24]. The authors suggest that young,
healthy arteries may not have the capacity to dilate as
much during reactive hyperemia leading to artificial
dysfunction. While equivalent methodologies should
be able to detect similar responses (artificial or true
dysfunction), future studies designed to evaluate the
relationship between microvascular methodologies
need to involve a higher proportion of older partici-
pants to capture endothelial dysfunction. Our partic-
ipants were generally healthy, where none declared
previously diagnosed cardiovascular disease and only 3
declared having asthma. Future studies should inves-
tigate the ability of the MFI method to detect micro-
vascular dysfunction in unhealthy populations. It
would be expected that individuals with vascular
damage or endothelial dysfunction would have a de-
layed or blunted hyperemic response, as observed with
the EndoPAT. Further, the repeatability and reliability
of MFI across day-to-day measurements must be in-
vestigated as the current study conducted a single trial.

In the present study, testing was conducted in the
seated position, and recent work suggests that the
natural logarithm of RHI is suppressed in the upright
posture [25]; thus, our RHI values may be under-
estimated when compared to other studies and/or
population averages. Similarly, our methodologies
may further underestimate RHI due to the use of
forearm occlusion to induce reactive hyperemia rather
than upper arm occlusion as per EndoPAT recom-
mendations. For consistency within our laboratory,
forearm occlusion was chosen to replicate a previous
laboratory study that demonstrated a relationship
between dobutamine-induced coronary vasodilation
and the EndoPAT response [21].

Although the EndoPAT device concurrently calculates
resting augmentation index, a measure of arterial stiff-
ness, we did not investigate the potential of our method
for its determination. Augmentation index is typically
measured using pressure waves at conduit arteries rather
than at the level of the microvasculature; however, future
studies could explore whether or not our method is also
capable of assessing other metrics indicative of cardio-
vascular health.

Conclusion

The MFI method of evaluating microvascular
function is similar to EndoPAT RHI and is advanta-
geous as its reusability and accessibility will allow re-
searchers, clinicians, and their patients to have better
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access to vascular testing. More studies are required to
determine any necessary correction factors for accuracy
and/or cut-off points to detect the presence or absence
of endothelial dysfunction. The devices and the asso-
ciated software are easy to use and allow for more
convenient analysis of the pulse wave recordings.
Additionally, the simplicity of this method would
provide a practical and simple demonstration of re-
active hyperemia in undergraduate physiology labo-
ratories that possess the required equipment.

Statement of Ethics

Ethical clearance was obtained by the York University Ethics
Review Board (e2021-394). Each participant gave written informed
consent before starting the study.

Conflict of Interest Statement

The authors have no conflicts to declare.

Funding Sources

This work was funded by a Discovery Grant from the Natural
Sciences and Engineering Research Council of Canada to senior
author Dr. Heather Edgell. The funding agency played no role in
the study design, execution, and analysis or manuscript concep-
tion, planning, writing, and decision to publish.

Author Contributions

O.R., S.B., T.P., and H.E. all (1) gave substantial contributions to the
conception/design of the work or the acquisition, analysis, or inter-
pretation of data for the work; (2) drafted or reviewed the work for
important intellectual content; (3) gave final approval of the version to
be published; and (4) agreed to be accountable for all aspects of thework
in enduring that questions related to the accuracy or integrity of any part
of the work are appropriately investigated and resolved.

Data Availability Statement

Data are not publicly available due to privacy and REB con-
cerns; however, data are available upon reasonable request to the
corresponding author with subsequent REB approval.

References

1 Furchgott RF, Zawadzki JV. The obligatory
role of endothelial cells in the relaxation of
arterial smooth muscle by acetylcholine.
Nature. 1980;288(5789):373–6. https://doi.
org/10.1038/288373a0

2 Rubanyi GM, Romero JC, Vanhoutte PM.
Flow-induced release of endothelium-derived
relaxing factor. Am J Physiol. 1986;250(6 Pt
2):H1145–9. https://doi.org/10.1152/ajpheart.
1986.250.6.H1145

3 Frame MDS, Sarelius IH. Endothelial cell
dilatory pathways link flow and wall shear
stress in an intact arteriolar network. J Appl
Physiol. 1996;81(5):2105–14. https://doi.org/
10.1152/jappl.1996.81.5.2105

4 Palmer RMJ, Ferrige AG, Moncada S. Nitric
oxide release accounts for the biological ac-
tivity of endothelium-derived relaxing factor.
Nature. 1987;327(6122):524–6. https://doi.
org/10.1038/327524a0

5 Alexander Y, Osto E, Schmidt-Trucksäss A,
Shechter M, Trifunovic D, Duncker DJ, et al.
Endothelial function in cardiovascular
medicine: a consensus paper of the Euro-
pean society of cardiology working groups
on atherosclerosis and vascular biology,
aorta and peripheral vascular diseases,
coronary pathophysiology and microcircu-
lation, and thrombosis. Cardiovasc Res.
2021;117(1):29–42. https://doi.org/10.1093/
cvr/cvaa085

6 Sorensen KE, Celermajer DS, Georgako-
poulos D, Hatcher G, Betteridge DJ, Dean-
field JE. Impairment of endothelium-

dependent dilation is an early event in chil-
dren with familial hypercholesterolemia and
is related to the lipoprotein(a) level. J Clin
Invest. 1994;93(1):50–5. https://doi.org/10.
1172/JCI116983

7 Kinlay S, Ganz P. Role of endothelial
dysfunction in coronary artery disease and
implications for therapy. Am J Cardiol.
1997;80(9A):11I–16I. https://doi.org/10.
1016/s0002-9149(97)00793-5

8 Gokce N, Keaney JF, Hunter LM, Watkins
MT, Menzoian JO, Vita JA. Risk stratification
for postoperative cardiovascular events via
noninvasive assessment of endothelial func-
tion: a prospective study. Circulation. 2002;
105(13):1567–72. https://doi.org/10.1161/01.
cir.0000012543.55874.47

9 Hasdai D, Lerman A. The assessment of
endothelial function in the cardiac catheter-
ization laboratory in patients with risk factors
for atherosclerotic coronary artery disease.
Herz. 1999;24(7):544–7. https://doi.org/10.
1007/BF03044226

10 Reriani MK, Lerman LO, Lerman A. Endo-
thelial function as a functional expression of
cardiovascular risk factors. Biomark Med.
2010;4(3):351–60. https://doi.org/10.2217/
bmm.10.61

11 Corretti MC, Anderson TJ, Benjamin EJ,
Celermajer D, Charbonneau F, Creager MA,
et al. Guidelines for the ultrasound assess-
ment of endothelial-dependent flow-
mediated vasodilation of the brachial ar-
tery: a report of the International Brachial

Artery Reactivity Task Force. J Am Coll
Cardiol. 2002;39(2):257–65. https://doi.org/
10.1016/s0735-1097(01)01746-6

12 Takase B, Uehata A, Akima T, Nagai T,
Nishioka T, Hamabe A, et al. Endothelium-
dependent flow-mediated vasodilation in
coronary and brachial arteries in suspected
coronary artery disease. Am J Cardiol. 1998;
82(12):1535–9, A7–8. https://doi.org/10.
1016/s0002-9149(98)00702-4

13 Kuvin JT, Patel AR, Sliney KA, Pandian
NG, Sheffy J, Schnall RP, et al. Assess-
ment of peripheral vascular endothelial
function with finger arterial pulse wave
amplitude. Am Heart J. 2003;146(1):
168–74. https://doi.org/10.1016/S0002-
8703(03)00094-2

14 Hamburg NM, Benjamin EJ. Assessment of
endothelial function using digital pulse am-
plitude tonometry. Trends Cardiovasc Med.
2009;19(1):6–11. https://doi.org/10.1016/j.
tcm.2009.03.001

15 Moerland M, Kales AJ, Schrier L, van Dongen
MGJ, Bradnock D, Burggraaf J. Evaluation of
the EndoPAT as a tool to assess endothelial
function. Int J Vasc Med. 2012;2012:904141–8.
https://doi.org/10.1155/2012/904141

16 Bonetti PO, Pumper GM, Higano ST, Holmes
DR, Kuvin JT, Lerman A. Noninvasive
identification of patients with early coronary
atherosclerosis by assessment of digital re-
active hyperemia. J Am Coll Cardiol. 2004;
44(11):2137–41. https://doi.org/10.1016/j.
jacc.2004.08.062

Novel Method for Assessing Microvascular
Function

J Vasc Res
DOI: 10.1159/000540200

7

D
ow

nloaded from
 http://karger.com

/jvr/article-pdf/doi/10.1159/000540200/4258649/000540200.pdf by York U
niversity Libraries user on 29 July 2024

https://doi.org/10.1038/288373a0
https://doi.org/10.1038/288373a0
https://doi.org/10.1152/ajpheart.1986.250.6.H1145
https://doi.org/10.1152/ajpheart.1986.250.6.H1145
https://doi.org/10.1152/jappl.1996.81.5.2105
https://doi.org/10.1152/jappl.1996.81.5.2105
https://doi.org/10.1038/327524a0
https://doi.org/10.1038/327524a0
https://doi.org/10.1093/cvr/cvaa085
https://doi.org/10.1093/cvr/cvaa085
https://doi.org/10.1172/JCI116983
https://doi.org/10.1172/JCI116983
https://doi.org/10.1016/s0002-9149(97)00793-5
https://doi.org/10.1016/s0002-9149(97)00793-5
https://doi.org/10.1161/01.cir.0000012543.55874.47
https://doi.org/10.1161/01.cir.0000012543.55874.47
https://doi.org/10.1007/BF03044226
https://doi.org/10.1007/BF03044226
https://doi.org/10.2217/bmm.10.61
https://doi.org/10.2217/bmm.10.61
https://doi.org/10.1016/s0735-1097(01)01746-6
https://doi.org/10.1016/s0735-1097(01)01746-6
https://doi.org/10.1016/s0002-9149(98)00702-4
https://doi.org/10.1016/s0002-9149(98)00702-4
https://doi.org/10.1016/S0002-8703(03)00094-2
https://doi.org/10.1016/S0002-8703(03)00094-2
https://doi.org/10.1016/j.tcm.2009.03.001
https://doi.org/10.1016/j.tcm.2009.03.001
https://doi.org/10.1155/2012/904141
https://doi.org/10.1016/j.jacc.2004.08.062
https://doi.org/10.1016/j.jacc.2004.08.062
https://doi.org/10.1159/000540200


17 Nohria A, Gerhard-Herman M, Creager
MA, Hurley S, Mitra D, Ganz P. Role of
nitric oxide in the regulation of digital
pulse volume amplitude in humans. J Appl
Physiol. 2006;101(2):545–8. https://doi.
org/10.1152/japplphysiol.01285.2005

18 Foo JYA, Lim CS. Pulse transit time based on
piezoelectric technique at the radial artery.
J Clin Monit Comput. 2006;20(3):185–92.
https://doi.org/10.1007/s10877-006-9019-y

19 Edgell H, Stickland MK, MacLean JE. A
simplified measurement of pulse wave ve-
locity is not inferior to standard measure-
ment in young adults and children. Blood
Press Monit. 2016;21(3):192–5. https://doi.
org/10.1097/MBP.0000000000000183

20 Qananwah Q, Dagamseh A, Alquran H,
Ibrahim KS, Alodat M, Hayden O. A

comparative study of photoplethysmo-
gram and piezoelectric plethysmogram
signals. Phys Eng Sci Med. 2020;43(4):
1207–17. https://doi.org/10.1007/s13246-
020-00923-x

21 Nardone M, Miner S, McCarthy M, Ardern
CI, Edgell H. Noninvasive microvascular
indices reveal peripheral vascular abnor-
malities in patients with suspected coronary
microvascular dysfunction. Can J Cardiol.
2020;36(8):1289–97. https://doi.org/10.1016/
j.cjca.2019.12.003

22 Zou KH, O’Malley AJ, Mauri L. Receiver-
operating characteristic analysis for eval-
uating diagnostic tests and predictive
models. Circulation. 2007;115(5):654–7.
https://doi.org/10.1161/CIRCULATIONAHA.
105.594929

23 Black MA, Cable NT, Thijssen DHJ, Green
DJ. Importance of measuring the time course
of flow-mediated dilatation in humans. Hy-
pertension. 2008;51(2):203–10. https://doi.
org/10.1161/HYPERTENSIONAHA.107.
101014

24 Jujic A, Kennebäck C, Johansson M, Nilsson
PM, Holm H. The impact of age on endo-
thelial dysfunction measured by peripheral
arterial tonometry in a healthy population-
based cohort – the Malmö offspring study.
Blood Press. 2023;32(1):2234059. https://doi.
org/10.1080/08037051.2023.2234059

25 Habib K, Fallah B, Edgell H. Effect of
upright posture on endothelial function in
women and men. Front Physiol. 2022;13:
846229. https://doi.org/10.3389/fphys.
2022.846229

8 J Vasc Res
DOI: 10.1159/000540200

Ramraj/Badhwar/Pereira/Edgell

D
ow

nloaded from
 http://karger.com

/jvr/article-pdf/doi/10.1159/000540200/4258649/000540200.pdf by York U
niversity Libraries user on 29 July 2024

https://doi.org/10.1152/japplphysiol.01285.2005
https://doi.org/10.1152/japplphysiol.01285.2005
https://doi.org/10.1007/s10877-006-9019-y
https://doi.org/10.1097/MBP.0000000000000183
https://doi.org/10.1097/MBP.0000000000000183
https://doi.org/10.1007/s13246-020-00923-x
https://doi.org/10.1007/s13246-020-00923-x
https://doi.org/10.1016/j.cjca.2019.12.003
https://doi.org/10.1016/j.cjca.2019.12.003
https://doi.org/10.1161/CIRCULATIONAHA.105.594929
https://doi.org/10.1161/CIRCULATIONAHA.105.594929
https://doi.org/10.1161/HYPERTENSIONAHA.107.101014
https://doi.org/10.1161/HYPERTENSIONAHA.107.101014
https://doi.org/10.1161/HYPERTENSIONAHA.107.101014
https://doi.org/10.1080/08037051.2023.2234059
https://doi.org/10.1080/08037051.2023.2234059
https://doi.org/10.3389/fphys.2022.846229
https://doi.org/10.3389/fphys.2022.846229
https://doi.org/10.1159/000540200

	Pilot Assessment of Piezoelectric Transducers as a Cost-Effective Alternative to EndoPAT
	Introduction
	Methods
	Reactive Hyperemia
	Data Analysis
	Statistical Analysis

	Results
	Discussion
	Limitations

	Conclusion
	Statement of Ethics
	Conflict of Interest Statement
	Funding Sources
	Author Contributions
	Data Availability Statement
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


