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Introduction

Coronary artery disease (CAD) has several sig-
nificant risk factors, among which endothelial 
dysfunction is critical in the development of athero-
sclerosis and cardiovascular events [1]. A growing 
need exists for more convenient and accurate, non-
invasive tools to evaluate endothelial function. One 
commonly used approach for identifying patients 
at risk of cardiovascular issues is flow-mediated 
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Abstract

Background: The assessment of endothelial function is crucial for understanding cardiovascular disease progression. 
Reliable, convenient non-invasive methods are necessary for evaluating endothelial function. Peripheral arterial vol-
ume (PAV), measured at the fingertip, is a novel approach for which limited reproducibility data are available. Hence, 
this study was aimed at evaluating PAV measurement reproducibility in a clinical setting.
Method: A total of 152 consecutive patients (average age 55.8 ± 12.3 years, 83 men) with chest pain were included 
in the study. PAV tests were conducted on the same day. The amplitude ratio before and after application of pressure, 
along with the reference ratio, were recorded to calculate the PAV. Medical baseline data for these patients were gath-
ered from the hospital’s records.
Result: On test days, the PAV results from repeated measurements were 1.15 ± 0.33 and 1.15 ± 0.31 (P = 0.99), indi-
cating no significant difference between measurements in all participants. The mean difference was 0.00 ± 0.32, thus 
indicating no systematic errors, and the intraclass correlation coefficient was 0.66. Furthermore, age, sex, and BMI did 
not influence PAV reproducibility.
Conclusion: PAV measurement is feasible and exhibited excellent reproducibility among all enrolled patients. As a 
novel fingertip measurement, PAV has promise as a convenient and accurate method for assessing endothelial function 
in adults.
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dilation (FMD). However, despite being considered 
the gold standard in non-invasive testing, FMD has 
limitations in its reproducibility [2].

FMD relies on assessing changes in arterial diam-
eter [3]. The reproducibility of FMD may vary with 
differences in detection techniques, measurement 
locations, and changes in arteries’ ability to dilate 
with arterial hardening. Recent developments in 
fingertip non-invasive detection techniques have 
emerged as a promising alternative to overcome 
the limitations of high-resolution ultrasound assess-
ments of brachial artery FMD. One such technique is 
peripheral arterial volume (PAV) [4]. PAV is based on 
a similar principle to that of FMD, but it uses a differ-
ent approach from traditional ultrasound methods to 
assess vascular endothelial function. In PAV a photo-
plethysmographic fingertip probe is used to record 
pulsatile hemoglobin flow, measuring changes in 
digital arterial volume by using light-emitting diodes 
(940 nm) and a light-sensitive sensor to evaluate 
hemoglobin absorbance. The PAV value is calculated 
according to the difference in digital artery hemo-
globin flow before and after occlusion of an upper 
limb. Notably, PAV minimizes the effects of local 
venous dilation, and its fingertip probe can be reused 
multiple times, thus aiding in reproducibility in indi-
viduals with coronary heart disease and the general 
population. Despite many recent studies on PAV, data 
on the reproducibility of PAV measurements remain 
limited. Therefore, the purpose of this study was to 
evaluate PAV reproducibility in a real clinical setting.

Methods

Study Participants

A total of 152 patients presenting with chest 
pain and admitted to our hospital were included 
in this study. Their ages ranged from 31 to 80 
years. The exclusion criteria were acute coro-
nary syndrome; cardiac insufficiency; persistent 
atrial fibrillation; severe valvular heart disease; 
Raynaud’s phenomenon; chronic respiratory, 
endocrine, or renal conditions; or participa-
tion in another clinical trial. The study protocol 
adhered to the ethical principles outlined in the 
Declaration of Helsinki and was approved by the 
ethical review board of the China-Japan Union 
Hospital of Jilin University. The study was also 
registered with the Chinese Clinical Trial Registry 

(ChiCTR-DDD-17011214). All patients provided 
written informed consent.

Study Design

The study was conducted at the China-Japan Union 
Hospital of Jilin University Follow-up Center for 
Cardiology. The PAV technique was used to assess 
endothelial function in all patients. Although similar 
in theory to peripheral arterial tonometry (PAT), the 
PAV technique records hemoglobin flow before and 
after occlusion of brachial blood flow, as detected 
by photo-plethysmographic probes. Changes in PAV 
are reflected in monitoring of pulsatile hemoglobin 
flow. Before the testing days, patients were instructed 
to abstain from consuming food, cigarettes, coffee, 
or tea for at least 12 hours. If there is any eating, 
smoking, coffee or tea during the process, we will 
require the subjects to undergo testing the next day. 
The time interval between two tests should exceed 
at least 2 hours to avoid the congestion effect left by 
the previous measurement affecting the results of the 
next measurement. The subject should rest in a quiet 
environment for at least 5 minutes before each test, 
and the ambient temperature should be maintained 
between 21 and 25 °C. They were also advised to 
avoid medications that could affect vascular activity, 
such as nitroglycerin. Clinical participants with chest 
pain were selected for the study. Patients with acute 
coronary syndrome; cardiac insufficiency; atrial 
fibrillation; severe valvular heart disease; Raynaud’s 
disease; or chronic respiratory, endocrine, or kidney 
diseases were excluded.

The data collection process involved recording 
2-minute baseline amplitude data, inflating the cuff 
to 180 mmHg, maintaining the occlusion for 3 min-
utes, and deflating the cuff. Subsequently, 2-minute 
hyperemia reactive data were recorded. The final 
PAV was calculated by comparison among the data 
before and after pressurization, as well as the base-
line amplitude data. To establish PAV reproducibil-
ity, we collected two measurements under the same 
conditions on the same day in each patient. Medical 
baseline data for all enrolled patients were obtained 
from the inpatient system. The results of the two 
measurements and patient characteristics, includ-
ing age, sex, weight, BMI, systolic pressure, and 
diastolic pressure, are expressed as mean ± stand-
ard deviation. Additionally, patients were divided 
into subgroups by age (with a cutoff of 60 years), 
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sex, and BMI (with a cutoff of 28 kg/m2), and dif-
ferences among subgroups were analyzed to assess 
PAV reproducibility.

Evaluation of Peripheral Arterial Volume

PAV measurements were conducted by a single 
examiner, and two assessments were performed by 
the same examiner in each participant. Participants 
were instructed to lie flat on a bed; place the cuff 
on the left arm at 2 cm above the elbow joint; and 
attach the PAV probes to the fingertips of both index 
fingers. The PAV device contained an optical ple-
thysmograph for detecting changes in the quantity 
of pulsating hemoglobin under uniform pressure, 
which was applied to the surface of the finger. The 
PAV measurement process involved inflating the 
cuff to a pressure 60 mmHg above systolic pressure, 
thus resulting in a 3-minute occlusion of blood flow 
on the pressurized side. After occlusion, the cuff 
was rapidly deflated, thereby inducing reactive con-
gestion, and the PAV signal was recorded from both 
fingertips. An additional 2 minutes of measurement 
was performed on the non-pressurized fingertip as 
a control. The PAV value was automatically calcu-
lated by the instrument’s terminal.

Statistical Analysis

PAV reproducibility was assessed in terms of reli-
ability and consistency [5]. The intraclass cor-
relation coefficient (ICC) was calculated as SDb

/
(SD

b
+SD

w
), where SD

b
 and SD

w
 represents the 

standard deviations between and within the two 
measurements, respectively. An ICC value above 
0.6 was considered to indicate good reliability [6]. 
Bland-Altman analysis and the coefficient of vari-
ation (CV) were used to evaluate the relationship 
between the means and differences in the two meas-
urement results. Subsequently, a 95% confidence 
interval was calculated to assess PAV consistency. 
The Bland-Altman method was used to illustrate 
the relationships of PAV1 and PAV2 differences by 
plotting the differences between the two repeated 
measurements against their mean value. To better 
compare the variability in the two measurements, 
we calculated the CV as 100 × (standard devia-
tion of the paired differences divided by the overall 
mean divided by the square root of 2), expressed as 
a percentage.

ICC values within each subgroup were compared 
between measurements. Statistical significance was 
determined with paired t-tests; P-values less than 
0.05 were considered significant. All statistical 
analyses were performed in SPSS 25.

Results

Patient Characteristics

A total of 152 patients (55% male) were included 
in this study. Table 1 presents the demographic 
information for the participants, including age, 
sex, height, weight, BMI, systolic blood pressure, 
diastolic blood pressure, and heart rate. The mean 
age was 55.8 years, and the mean ± standard devia-
tion values for height and weight were 164.7 ± 7.2 
and 67.9 ± 12.7, respectively. The mean ± stand-
ard deviation values for systolic and diastolic blood 
pressure were 117.5 ± 19.4 and 79.2 ± 17.5, respec-
tively. BMI and heart rate were calculated to be 25.0 
± 4.7 and 73.4 ± 11.3, respectively.

Relationship between PAV1 and PAV2

To evaluate PAV reproducibility, we considered 
several factors potentially influenced by endothelial 
function, such as age, BMI, and sex. On the basis 
of these characteristics, patients were divided into 
three subgroups, and the results of the two PAV tests 
were compared within each subgroup.

No significant differences were observed among 
subgroups (Table 2). The first and second PAV test 
results were 1.11 ± 0.27 and 1.16 ± 0.30, respec-
tively (P = 0.09), among men, and 1.21 ± 0.38 and 
1.15 ± 0.34, respectively (P = 0.19), among women.

Table 1  Baseline Patient Characteristics.*

Variable n = 152

Age (year) 55.8 ± 12.3
Male sex (%) 83(55)
Height (cm) 164.7 ± 7.2
Weight (kg) 67.9 ± 12.7
Body mass index (kg/m2) 25.0 ± 4.7
Systolic blood pressure (mmHg) 117.5 ± 19.4
Diastolic blood pressure (mmHg) 79.2 ± 17.5
Heart rate (beats per minute) 73.4 ± 11.3

*Values are presented as mean ± SD or number (%).
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Factors Associated with PAV

Patients were categorized into three subgroups by 
sex, age, and BMI. We evaluated the reliability of 
PAV measurements within sex subgroups; the ICC 
was 0.72 in men and 0.63 in women. Among age sub-
groups, the ICC was 0.64 in participants <60 years 
and 0.70 in participants ≥60 years. Similar ICC values 
were observed among BMI subgroups. The ICC was 
0.60 for BMI <28 kg/m2 and 0.84 for BMI ≥28 kg/m2.

Analysis of ICCs in each subgroup revealed no 
significant differences, thus indicating no apparent 
correlation of PAV measurements with sex, age, or 
BMI in this clinical study.

Among sex subgroups, the CV was 23.58% for 
men and 26.10% for women. Among age subgroups, 
the CV was 25.88% for those <60 years and 20.56% 
for those ≥60 years. Among BMI subgroups, the 
CV was 27.31% for those with a BMI <28 kg/m2 
and 23.60% for those with a BMI ≥28 kg/m2.

Reproducibility of PAV

To assess the presence of systematic errors, meas-
urement errors, and the reproducibility trends 
between measurements, we generated a Bland-
Altman plot (Figure 1). In the plot, only four data 

Figure 1  Bland-Altman Plot.
The mean of two repeated PAV measurements is displayed on the x axis, and the difference between measurements is depicted 
on the y axis. The graph enables calculation of a 95% confidence interval.

Table 2  Differences in the Two Repeated PAV Measurements According to Patient Characteristics.

n PAV measurement 1 PAV measurement 2 Mean of differences P ICC

Total 152 1.15 ± 0.33 1.15 ± 0.31 0.00 ± 0.32 0.99 0.66
Men 83 1.11 ± 0.27 1.16 ± 0.30 −0.03 ± 0.27 0.09 0.72
Women 69 1.21 ± 0.38 1.15 ± 0.34 0.06 ± 0.38 0.19 0.63
Age <60 years 85 1.22 ± 0.37 1.18 ± 0.36 0.04 ± 0.37 0.33 0.64
Age ≥60 years 67 1.07 ± 0.25 1.12 ± 0.24 −0.05 ± 0.24 0.09 0.70
BMI <28 kg/m2 117 1.15 ± 0.34 1.15 ± 0.31 0.00 ± 0.35 0.98 0.60
BMI ≥28 kg/m2 35 1.16 ± 0.32 1.16 ± 0.33 0.00 ± 0.24 0.98 0.84

Values are presented as mean ± SD or number (%). BMI: body mass index, PAV: peripheral artery volume, ICC: intraclass cor-
relation coefficient, CV: coefficient of variation.
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points were located outside the interval, whereas 
most data were located within the interval. Analysis 
of all calculated data indicated that the PAV meas-
urements showed good reliability in this clinical 
study.

Discussion

Numerous studies have recently demonstrated 
that non-invasive measurements of endothelial 
function, such as PAV, can predict cardiovas-
cular events. PAV, a novel technique based on 
photoplethysmography, shares similarities with 
FMD. PAV measurement is automatic and oper-
ator-independent, and avoids subjective error. 
Compared with FMD, PAV offers a more conven-
ient non-invasive method for assessing fingertip 
endothelial function. However, because PAV is a 
novel technique, its reproducibility has not been 
extensively studied. Prior research [7] has identi-
fied a linear correlation between PAV and FMD in 
patients with chest pain, and has associated PAV 
with high-risk factors for coronary heart disease, 
such as diabetes, hypertension, hyperlipidemia, 
or a family history of CAD. Another study [4] 
has demonstrated that combining age-adjusted 
Framingham risk scores with PAV effectively 
enhances CAD prediction.

Our study confirmed PAV’s reproducibility in 
assessing endothelial function in adults (ICC = 
0.76, CV = 24.49%). This result is particularly nota-
ble in comparison to recent results for PAT in adults 
(ICC = 0.61, CV = 18.0%) and the ICC range of 
FMD (0.54 to 0.92) across different groups such as 
people with differences in race, age, and risk factors 
for coronary heart disease, etc. [8]. The differences 
observed in ICC and CV among various detec-
tion techniques are not substantial. Furthermore, 
PAV has not been found to significantly correlate 
with age, sex, or BMI in the adult population. Thus 
PAV, as a novel technique for evaluating fingertip 
endothelial function, has reliable reproducibility. 
Previous studies have established that sex, BMI, 
and age can impair endothelial function but do not 
significantly affect PAV.

Endothelial dysfunction not only is an independ-
ent predictor of cardiovascular disease prognosis 
but also plays a crucial role in the progression of 

coronary atherosclerosis [9]. Methods for assessing 
endothelial function are rapidly evolving, and inter-
est in non-invasive detection of vascular endothelial 
function is growing, because of these methods’ con-
venience and good reproducibility. Consequently, 
evaluating the reproducibility of non-invasive 
methods is valuable.

FMD, considered the “gold standard” for non-
invasive assessment of endothelial function [10], 
has versatile applications. However, it primarily 
reflects the endothelial function of larger vessels 
and is responsive to only conventional risk fac-
tors. Its primary drawback lies in its limited repeat-
ability, owing to operator-dependent factors, thus 
leading to potential errors during the measure-
ment process [3]. Recently, fingertip non-invasive 
detection has emerged as an innovative method 
for assessing endothelial function and has demon-
strated noteworthy potential for predicting cardio-
vascular events [4].

PAV has advantages such as the ability to exclude 
distal venous dilation caused by occlusion, and to 
use probes repeatedly [7]. As described in previ-
ous studies, PAV can be used not only to predict 
coronary heart disease [7] but also to assess its 
practicality in clinical practice. In this study, to 
evaluate PAV reproducibility, we collected a sam-
ple of endothelial function data from 152 adults 
with chest pain to evaluate, and found that PAV had 
good reproducibility. PAV reproducibility is influ-
enced by various factors, including participants and 
environmental conditions. To minimize systematic 
errors, we implemented a rigorous experimental 
protocol and calculated PAV values twice by using 
precise instruments, to assess the repeatability of 
PAV in clinical applications among individuals.

To simultaneously evaluate the effects of age, 
BMI, and sex on PAV reproducibility, we conducted 
all tests in a consistent environment. Analysis of 
the degree of dispersion with the Bland-Altman 
plot demonstrated the favorable consistency of 
PAV. In comparison to past data on PAT reproduc-
ibility, the Bland-Altman plot indicated that PAT 
results demonstrated good consistency across 
experiments, despite variations in patient charac-
teristics including sex, age, and BMI. In our sex 
subgroup analyses of PAV reproducibility, the CV 
was lower in men than women, in agreement with 
guidelines indicating that sex is a risk factor for 
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coronary heart disease. In age subgroup analysis, 
the CV was higher in individuals <60 years of age, 
thus suggesting a decline in endothelial function 
with advancing age. When the BMI was ≥28 kg/m2, 
rather than <28 kg/m2, a relatively lower CV was 
observed, thereby indicating that obesity contrib-
utes to changes in arterial blood flow and further 
affects endothelial function.

Despite being considered the gold standard for 
non-invasive testing technology, FMD has a nota-
ble drawback arising from its subjective meas-
urement. According to FMD guidelines, a mean 
difference of 20%–30% is deemed acceptable [5]. 
However, the data from our PAV study showed a 
24.49% difference. Studies have verified that the 
ICC for PAT in adults is 0.61 [11], and the ICC 
range of FMD was 0.54 to 0.92 as mentioned ear-
lier, the ICC of PAV was 0.66 in this study, there-
fore, the reproducibility of PAV also seems reliable 
[12]. The ICC, reflecting the consistency between 
two measurements, demonstrated the good repro-
ducibility of PAV in this clinical study in adults, 
thus highlighting the inherent advantages of this 
technique. Grounded in PAT theory [13–15], 
PAV is a reliable fingertip technique for evaluat-
ing endothelial function in the adult population. 
Although few studies have assessed PAV’s repeat-
ability, several findings support its application. 
First, non-invasive fingertip techniques, beyond 
assessing endothelial function in coronary heart 
disease, can also be used to evaluate endothelial 
function in healthy adult populations, thus sup-
porting the development of non-invasive fingertip 
detection for endothelial function [15] and screen-
ing for coronary heart disease, and timely predic-
tion and evaluation of coronary heart disease [16]. 
Second, when considering risk factors for coronary 
heart disease, stratification of test samples, primar-
ily by age, sex, or BMI, indicated no significant 
differences in PAV reproducibility. In contrast, the 
repeatability of PAT enables applications in detect-
ing endothelial function not only in patients with 
coronary heart disease but also in patients with 
heart failure and hypertension, as indicated by pre-
vious studies [17]. Further research is required to 
evaluate the repeatability of PAV.

PAV, a novel non-invasive fingertip measure-
ment for predicting CAD, has major application 
prospects for patients with CAD. Of note, the age 

range of patients included in this study was 31–80 
years, and the sample sizes were relatively small; 
consequently, our PAV reproducibility measure-
ments were relatively limited. To conveniently 
assess endothelial function in the broader popula-
tion, expanding the characteristics of the population 
will be essential for PAV test.

Although limited data are available on the repro-
ducibility and reliability of PAV measurements, 
evidence suggests that PAV can predict the devel-
opment of cardiovascular disease and improve 
prognosis in clinical applications. PAV holds prom-
ise as a fingertip technique for assessing endothelial 
function and evaluating the risk factors for multiple 
coronary diseases in asymptomatic or subclinical 
populations.

Conclusion

The current data demonstrate that PAV is a promis-
ing method for evaluating endothelial function in 
clinical settings, owing to its favorable reproduc-
ibility. PAV appears to be a more practical option 
for assessing endothelial function than classical 
non-invasive detection techniques.

Availability of Data and Materials

The datasets used and/or analyzed in this study are 
available from the corresponding author upon rea-
sonable request.

Ethics Statement

Ethical approval was obtained from the China-
Japan Union Hospital of Jilin University’s ethical 
review board, and the study was registered with 
the Chinese clinical trial registry on September 
17, 2017. Written informed consent was obtained 
from all patients before enrollment in the study. 
Technical support was provided by Shenzhen 
Shengye Medical Technology Co., Ltd.

Author Contributions

Yuanqiao Liu: statistical analysis and writing 
the original draft. Yanan Zhao and Zihan Li: data 



Y. Liu et al., Reproducibility of a New Method to Assess Endothelial Function 7

extraction. Ping Yang: review of the manuscript. 
Daoyuan Si: review and editing, critical revision of 
the manuscript.

Funding

This study received funding from the Excellent 
Youth Foundation of Science and Technology 
of Jilin Province (No. 20180520054JH) and the 

References

1.	 Ross R. Atherosclerosis: an inflam-
matory disease. N Engl Med 
1999;340:115–26.

2.	 Ghiadoni L, Faita F, Salvetti M, 
Cordiano C, Biggi A, Puato M, 
et  al. Assessment of flow-mediated 
dilation reproducibility: a nation-
wide multicenter study. J Hypertens 
2012;30(7):1399–405.

3.	 Faita F, Masi S, Loukogeorgakis S, 
Gemignani V, Okorie M, Bianchini 
E, et  al. Comparison of two auto-
matic methods for the assessment of 
brachial artery flow-mediated dila-
tion. J Hypertens 2011;29(1):85–90.

4.	 Si D, Zhao Y, Yang J, Du B, He Y, 
Yang P. A new method for the assess-
ment of endothelial function with 
peripheral arterial volume. BMC 
Cardiovasc Disord 2018;18(1):81.

5.	 Corretti MC, Anderson TJ, Benjamin 
EJ, Celermajer D, Charbonneau F, 
Creager MA, et al. Guidelines for the 
ultrasound assessment of endothe-
lial-dependent flow-mediated vaso-
dilation of the brachial artery: a 
report of the international brachial 
artery reactivity task force. J Am 
Coll Cardiol 2002;39:257–65.

6.	 Laake P, Benestad HB, Olsen BR. 
Research methodology in the medi-
cal and biological sciences. 1st ed. 
London: Elsevier Ltd; 2007. p. 438.

7.	 Du B, Si D, Zhao D, Zhao Y, 
Wagatsuma K, He Y, et  al. A new 
peripheral endothelial function 
measurement improves prediction 
of symptomatic coronary artery dis-
ease. J Int Med Res 2020;48(6):1–9.

8.	 Ibrahimi K, De Graaf Y, Draijer 
R, Jan Danser AH, Maassen 
VanDenBrink A, van den Meiracker 
AH. Reproducibility and agreement 
of different non-invasive methods 
of endothelial function assessment. 
Microvasc Res 2018;117:50–6.

9.	 Halcox JP, Schenke WH, Zalos G, 
Mincemoyer R, Prasad A, Waclawiw 
MA, et al. Prognostic value of coro-
nary vascular endothelial dysfunc-
tion. Circulation 2002;106:653–8.

10.	 Dobbie LJ, Mackin ST, Hogarth 
K, Lonergan F, Kannenkeril D, 
Brooksbank K, et  al. Validation 
of semi-automated flow-mediated 
dilation measurement in healthy 
volunteers. Blood Press Monit 
2020;25:216–23.

11.	 Brant LC, Barreto SM, Passos VM, 
Ribeiro AL. Reproducibility of 
peripheral arterial tonometry for the 
assessment of endothelial function in 
adults. J Hypertens 2013;31:1984–90.

12.	 Cooper LL, Wang N, Beiser AS, 
Romero JR, Aparicio HJ, Lioutas 
VA, et al. Digital peripheral arterial 

tonometry and cardiovascular dis-
ease events-the framingham heart 
study. Stroke 2021;52:2866–73.

13.	 Igari K, Kudo T, Toyofuku T, Inoue 
Y. Endothelial dysfunction of 
patients with peripheral arterial dis-
ease measured by peripheral arterial 
tonometry. Int J Vascul Med 2016;6.

14.	 Malik J, Wichterle D, Haas T, 
Melenovsky V, Simek J, Stulc T. 
Repeatability of noninvasive surro-
gates of endothelial function. Am J 
Cardiol 2004;94:693–6.

15.	 Vizzardi E, Gavazzoni M, Della 
Pina P, Bonadei I, Regazzoni V, 
Sciatti E, et al. Noninvasive assess-
ment of endothelial function: the 
classic methods and the new periph-
eral arterial tonometry. J Investig 
Med 2014;62(6):856–64.

16.	 Heffernan KS, Karas RH, 
Patvardhan EA, Jafri H, Kuvin JT. 
Peripheral arterial tonometry for 
risk stratification in men with coro-
nary artery disease. Clin Cardiol 
2010;33(2):94–8.

17.	 Weisrock F, Fritschka M, Beckmann 
S, Litmeier S, Wagner J, Tahirovic 
E, et  al. Reliability of peripheral 
arterial tonometry in patients with 
heart failure, diabetic nephropathy 
and arterial hypertension. Vasc Med 
2017;22(4):292–300.

“13th Five-Year” Science Project of Jilin Province 
Education Department (No. JJKH20190062KJ). 
The funding organizations did not influence study 
design, data collection, analysis, interpretation, or 
manuscript preparation.

Competing Interests

The authors declare no conflicts of interest.


