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Abstract

Objectives Arterial stiffness is a common manifestation of viral pneumonia infections, including COVID-19.
Nevertheless, the relationship between the center-to-periphery arterial stiffness gradient and pulse pressure
amplification (PPA) in infectious diseases remains unclear. This study aimed to investigate this relationship utilizing
arterial pressure volume index (API) and arterial velocity pulse index (AVI) ratio.

Methods API/AVI and PPA were measured in 219 participants with COVID-19 and 374 normal participants. Multiple
linear regression was used to assess the association of API/AVI and PPA, and restricted cubic spline was used to
investigate the non-linear relationship between API/AVI and PPA. Receiver operating characteristic curve (ROC)
analysis was used to evaluate the effects of API/AVIin identifying COVID-19 infection and severe stage.

Results There was a significant J-shaped relationship between API/AVI and PPA in COVID-19 group, while a M-shaped
relationship was observed in normal group. API/AVI decreased rapidly as PPA decreased until API/AVI decreased slowly
at PPA of 1.07, and then API/AVI decreased slowly again at PPA of 0.78. ROC results showed that API/AVI demonstrated
excellent accuracy in identifying COVID-19 infection (AUC=0.781) and a high specificity (84.88%) in identifying severe
stage.

Conclusions There was a J-shaped association between the API/AVI and PPA in viral infected patients, while a
M-shaped relationship in the normal participants. API/AVI is better for identifying infected and uninfected patients,
with a high specificity in identifying those in severe stages of the disease. The attenuation or reversal of API/AVI may
be associated with the loss of PPA coupling.
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Introduction

On May 5th, 2023, the World Health Organization
announced that the COVID-19 pandemic no longer con-
stitutes a “public health emergency of international con-
cern’. However, viral infection, represented by COVID-19
can induce a systemic inflammation, leading to cardio-
vascular complications [1, 2], it is also known to affect
artery stiffness and contribute to early vascular aging
through various COVID-19-related vascular dysfunction
mechanisms [3-5]. Previous studies have demonstrated
that the ratio of arterial stiffness between the central
elastic aorta and peripheral muscular artery is a stronger
predictor of cardiovascular risk than arterial stiffness [6,
7]. Additionally, the central-to peripheral artery stiffness
gradient is a key determinant of macrovascular—micro-
vascular interactions [8].

Arterial velocity pulse index (AVI) and arterial pressure
volume index (API) are non-invasive indices that pro-
vide a reliable measure of arterial stiffness and are strong
predictors of cardiovascular risk [9]. AVI is primarily a
reflection of central arterial stiffness [10], whereas API is
mainly indicative of peripheral muscular artery stiffness
[11]. Furthermore, Additionally, the AVI/API ratio can
serve as a valuable indicator of the central-to-peripheral
arterial stiffness gradient. This measure has the potential
to detect central and peripheral vascular dysfunction and
thus aid in assessing the relationship between COVID-19
infection and arterial stiffness gradient. Moreover, it may
help identify patients who are at risk of a poor disease
course.

Aortic-brachial pulse pressure amplification (PPA) is
another indirect measure of arterial elasticity that tends
to decrease with aging. Pulse pressure (PP) is a compos-
ite hemodynamic measure that is strongly predictive of
cardiovascular events and is influenced by various factors
[12]. Total arterial compliance (TAC), which is affected
by arterial size, geometry, and wall stiffness, is one of the
primary determinants of PP [13]. However, PPA reflects
the discrepancy between central and peripheral blood
pressure (BP) (normally, PP is higher in peripheral than
central arteries for a similar mean arterial BP) [14]. It is
a biomarker of cardiovascular risk stratification that pre-
dicts cardiovascular mortality beyond peripheral and
central blood pressure measurements [15]. The central-
to-peripheral amplification of PP is partly attributable to
the stiffness gradient [16]. However, the impact of viral
infections, on the central-to-peripheral artery stiffness
gradient and PP remains unknown, and the relationship
between API/AVI and PPA in patients with COVID-19
infection has not been investigated to date.

Given the evidence that COVID-19 infection is asso-
ciated with increased arterial stiffness [17], and that
increased arterial stiffness typically results in enhanced
PPA, we hypothesized that the relationship between API/
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AVI and PPA would be uncoupled in viral pneumonia
infections. Therefore, the aim of this study was to inves-
tigate the relationship between arterial stiftness gradients
and PPA in patients with COVID-19 infection.

Methods

Study population

The study is a cross-sectional study conducted at Shang-
hai General Hospital Jiading Branch in Shanghai, China,
between December 2022 and January 2023, involving
participants with normal health status and laboratory-
confirmed COVID-19 infection. The study included
participants who met the inclusion criteria of having a
confirmed COVID-19 infection through a reverse tran-
scription polymerase chain reaction (RT-PCR) swab test.
Participants aged below 18 years, those with end-stage
renal failure, active malignancy, and previous or current
autoimmune diseases were excluded from the study. The
baseline COVID-19 severity was determined based on
the diagnosis and treatment protocol for COVID-19 (trial
tenth edition) released by the National Health Commis-
sion of the People’s Republic of China. Mild cases were
defined as confirmed cases with mild clinical symptoms
and no sign of pneumonia on chest imaging, while mod-
erate cases were defined as confirmed cases with fever,
respiratory symptoms, and radiographic evidence of
pneumonia. Severe cases were defined as moderate cases
with dyspnea or respiratory failure [18, 19]. The control
group consisted of individuals who had undergone artery
stiffness exams using the same protocol in our hospital
between June 2022 and October 2022 and had no history
of systemic inflammation or other comorbidities. They
were selected based on their similar SBP distributions to
the COVID-19 group. After applying the exclusion crite-
ria, a total of 219 participants were included in the final
analysis.

Written consents were obtained from all participants.
This study was approved by the Ethics Committee of
Shanghai General Hospital. All procedures performed
in the studies were done in accordance with the ethical
standards of the institutional research committee and
with the Declaration of Helsinki.

Physical examination and biochemical tests

Information regarding medical history and current medi-
cation was obtained through a questionnaire. In addition,
we measured the weight and height of all participants to
calculate their body mass index (BMI) using the formula
BMI (kg/m?) =weight (kg) / height (m). Venous blood
samples were taken at the time of the arterial stiffness
measurement to measure white blood cells (WBC), neu-
trophil, lymphocyte, and platelets (PLT). We also calcu-
lated the neutrophil/lymphocyte ratio (NLR) as the ratio
between the neutrophil and lymphocyte count.
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Measurement of artery stiffness

At the time of the arterial stiffness measurement, vital
signs including blood pressure (BP) and heart rate (HR)
were acquired. Participants were asked to rest in a sitting
position for 15-30 min before measuring peripheral BP,
central BP (central systolic blood pressure (CSBP), and
central artery pulse pressure (CAPP)), and artery stiff-
ness values (AVI, API) using the PASESA AVE-2000Pro
cuff-oscillometric device (DAIWA Healthcare, Shenzhen,
China), as described in previous studies [20, 21]. The
average values of three measurements were used for anal-
ysis. Pulse pressure (PP) was calculated as systolic blood
pressure (SBP) minus diastolic blood pressure (DBP), and
center-to-periphery pulse pressure amplification (PPA)
was calculated as the ratio of peripheral PP to CAPP. The
ratio of API to AVI was used to determine the center-to-
periphery (i.e. elastic-to-muscular) artery stiffness gra-
dients, as AVI reflects aortic (elastic) stiffness, while API
reflects peripheral (muscular) stiffness [8, 22].

Statistical analysis

For continuous variables, normality was assessed by
histograms, and normally distributed variables are pre-
sented as meanztstandard deviation (SD). Nonnormally
distributed variables are presented as medians with inter-
quartile ranges. Categorical variables are presented as
total numbers and proportions.

Differences in parameters between four groups were
compared by the one-way analysis of variance (ANOVA)
and post-hoc LSD test for normally continuous variables
or Wilcoxon test for nonnormally continuous variables,
and the x? test for categorical variables.

Because of skewed distributions, the data on WBC and
PLT were log transformed to acquire normality. Pearson’s
analyses of bivariate correlation were applied to measure
the strength of associations between API/AVI and other
clinical variables.

In addition, to investigate the association between arte-
rial stiffness gradient and hemodynamics, inflammatory
factors in COVID-19 infection, stepwise linear regres-
sion analyses were performed. Multivariable adjustments
were made for the following variables: age, DBP, PP,
CAPP, PPA, WBC, NLR.

To investigate the independent relationships between
the arterial stiffness gradient, hemodynamics, inflamma-
tory factors and COVID-19 infection, binomial logistic
regression analyses were constructed. The following vari-
ables were included: age, AVI/APIL, DBP, CAPP, PP, PPA,
NLR.

Because of non-linearity relationships between API/
AVTI and PPA, restricted cubic spline curves (RCS) were
created, and the number of knots was selected on the
basis of the model that provided the lowest Akaike infor-
mation criterion.

Page 3 of 8

Receiver operating characteristic (ROC) analysis was
also carried out to examine the API/AVI, PPA levels’
capacity to detect COVID-19, and the cut-off value, sen-
sitivity, and specificity of each marker were determined
respectively.

A p value less than 0.05 was considered as statistically
significant. All analyses were performed using SPSS ver-
sion 28.0 (IBM Corp, Armonk, NY, USA) and GraphPad
Prism version 8.0.0 (GraphPad Software, San Diego, CA,
USA) software.

Results

Patient characteristics

Baseline clinical, biochemical, artery stiffness and hemo-
dynamics characteristics are presented in Table 1. Briefly,
the mean age was 53118 years and 47% were men. In
terms of COVID-19 infection characteristics, 59% were
mild, 20% were moderate, and 21% were severe. Accord-
ing to the age division of the World Health Organization,
the age of subjects is divided into: young (18 ~44 years),
middle-aged (45~59 years), older (=60 years). 53.4%
were older in total COVID-19 infection, of which 97.7%
were older in moderate and 100% were older in severe
COVID-19 infection. While, 137(36.6%) were young,
138(36.9%) were middle-aged, and 99(26.5%) were older
in control group.

Table 1 also outlined artery stiffness and hemodynam-
ics characteristics, as API/AVI, and PPA. In mild COVID-
19 infection patients had lower API/AVI and higher
PPA, while in moderate and severe COVID-19 infection
patients had lower API/AVI and lower PPA compared to
the normal group. Because age was an important deter-
minant of arterial stiffness, Table 2 outlined PPA and
API/AVI characteristics in older groups.

Relationships between hemodynamics, clinical parameters
and API/AVI in patients with COVID-19

In unadjusted analyses, age, DBP, PP and PPA showed
significant associations with API/AVI in COVID-19
patients (Supplementary Table 1) (Fig. 1). But after mul-
tivariable adjustment in linear regression analyses, this
association changed such that only PPA and DBP was
independently associated with API/AVI (Table 3). No as
sociation with age, PP and API/AVI was observed after
multivariable adjustments.

Relationships between API/AVI and PPA

In order to further explore the relationship between API/
AVI and PPA, the RCS curves was drawn. The results
showed that: There was a significant J-shaped relation-
ship between API/AVI and PPA in COVID-19 (Fig. 2A).
Specifically, we observed that API/AVI decreased rap-
idly as PPA decreased, until reaching a minimum at PPA
of 1.07, after which API/AVI decreased more slowly.
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Table 1 Baseline characteristics of the study participants
Variables Control Mild Moderate Severe p
(n=374) (n=129) (n=43) (n=47) value
Demographics
Age, years 49.37+13.88 45.01+15.75° 76.88+9.78 % 83.96+8.12 ¢ <0.001
Male, n (%) 176 (47.1%) 45(34.9%) 25(58.1%) 30(63.8%) 0.002
Hypertension, n (%) 172(58.7%) 50(17.1%) 36(12.3%) 35(11.9%) <0.001
Diabetes, n (%) 32(8.6%) 126 (97.7%) 35 (81.4%) 41 (87.2%) <0.001
Signs
BMI, kg/m2 2345+3.29 23.55+349 23331422 22.81+3.82 0.634
HR, bpm 7846+12.15 7857+12.32 80.33+11.89 881141695 <0.001
SBP. mm Hg 129.92+16.62 125.12+16.72 128.26+21.83 128.00+19.81 0.061
DBP, mm Hg 83.26+1242 80.34+1195° 757941373 % 73.96+14.90 <0.001
PP, mmHg 46.66+14.05 447841227 5247+17.67 5404+1727% <0.001
CSBP, mm Hg 127.77+1554 117.60+15.19° 12437+17.77° 12336+15.74° <0.001
CAPP, mm Hg 39.60+10.30 37.12+9.71° 51.19+1275% 51.15+1145% <0.001
PPA 117017 1.20+0.09° 1.00+0.15 20 1.03+0.15 ¢ <0.001
Biochemical analysis
WBC, /L 0.82+0.13 0.82+0.12 082+0.19 0.95+0.19%¢ <0.001
Neutrophil (%) 60.19+11.19 61.06+10.39 68.09+12.57% 79.57+10.10 3¢ <0.001
Lymphocyte (%) 29.90(23.10,36.83)  29.20(24.05,34.90)  20.80(14.20,26.10)*®  10.20(6.20,15.10)**°  <0.001
NLR 1.98(1.42,2.89) 2.08(1.51,2.79) 3.32(2.30,5.60)%° 7.88(4.98,1443)¢ <0001
Hemoglobin, g/dL 136.44+17.49 135101767 108.28+21.34%° 108.98+18.01%° <0.001
PLT, /L 234+0.12 236+0.13 227+0.21 221+021% <0.001
Arterial stiffness indices
AVI 1297+5.28 15.12+5.18° 22.16+5.36° 21.06+645 % <0.001
API 29.00+6.81 24.60+4.92° 2798+639° 2891+6.16° <0.001
API/AVI 2.28(1.72,3.20) 1.67(1.39,2.00) @ 133(0.94,1.52) 1.38(1.04,1.75)° <0.001

Data are presented as means+SD or medians (interquartile range) for continuous variables or number (%) for categorized variables. BMI, body mass index; SBP,
systolic blood pressure; DBP, diastolic blood pressure; HR, heart rate; WBC, white blood cells; PLT, platelets; AVI, Arterial velocity pulse index; API, arterial pressure
volume index; NLR, neutrophil/lymphocyte ratio; PPA, pulse pressure amplification; PP, pulse pressure

Because of skewness, several variables were transformed to acquire normality. WBC and PLT were log transformed. Compared with the control group, ®p < 0.05;
Compared with the mild group, ®p < 0.05; Compared with the Moderate group, °p < 0.05

Table 2 Comparison of arterial stiffness parameters in older group

Controls Mild Moderate Severe p value
(n=99) (n=28) (n=42) (n=47)
API/AVI 1.83(1.61,2.29) 1.56(1.29,1.76)* 1.33(0.94,1.54) @ 1.38(1.04,1.75)* <0.001
PPA 1.17+0.16 1.16+0.06 1.00+0.14% 1.03+0.15% <0.001

Compared with the control group, ?p < 0.05; Compared with the mild group, °p < 0.05; Compared with the Moderate group, p < 0.05

Another inflection point was observed at PPA of 0.78,
after which API/AVI decreased slowly once again. How-
ever, a M-shaped relationship between API/AVI and PPA
was observed in the normal patients (Fig. 2B). Further-
more, there was also a significant J-shaped relationship
between API/AVI and PPA in Mild COVID-19 group,
and in Moderate and Severe COVID-19 group (Fig. 2C
and D).

Association of arterial stiffness gradient with COVID-19

The ordinal logistic regression analysis of the correla-
tion between arterial stiffness gradient and COVID-19
infected severity was presented in Table 4. The model
adjusted age, DBP, PP, PPA, API/AVI, CAPP and NLR.
The results showed thar a change of age was associated

with an increase in the odds of 0.994 in mild COVID-19,
and 1.224 in moderate and severe COVID-19 than nor-
mal. While, a change of API/AVI was associated with
an increase in the odds of 0.160 in mild COVID-19, and
0.104 in moderate and severe COVID-19 than normal.

To control for age confounders, logistic regression
analyses were performed in the older age group. API/
AVT still had a significant association with the COVID-
19 infected in older [OR (95% CI), 0.203(0.081, 0.514)]
(Table 5).

ROC curve of API/AVI, PPA in identification of COVID-19
infected status

A ROC analysis was conducted to determine the API/AVI
and PPA cutoff value that would identify the COVID-19
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patients. DBP, diastolic blood pressure; PPA, pulse pressure amplification; PP, pulse pressure

Table 3 Multiple linear regression analysis of API/AVIin COVID-

19

Item B 95%(Cl VIF p value
PPA 1.941 1.520,2.362 1.029 <0.001
DBP -0.005 -0.010, 0.000 1.029 0.031

B is the regression coefficient, VIF is the valiance inflation factor

The following variables were included in the analysis: age, DBP, PP, CAPP, PPA,
WBC, NLR

infected from uninfected patients. As depicted in Fig. 3A,
the optimal API/AVI cutoff value to indicate COVID-19
infected was 1.87, with a sensitivity 76.71% and specific-
ity 66.58%, and an area under the curve of 0.781 (95% CI
0.746-0.814). The cut-off of CAPP is 50 mmHg with sen-
sitivity 30.59% and specificity 86.63%. The cut-off of PPA
is 1.1 with sensitivity 38.36% and specificity 75.94%.

In addition, ROC curves to predict patients with severe
COVID-19 stage were plotted (Fig. 3B). The area under
the ROC of API/AVI were 0.600 (95% CI: 0.532-0.666),
CAPP were 0.741 (95% CI: 0.677-0.797), PPA were 0.739
(95% CI: 0.676—-0.796), respectively. The cut-off of API/
AVI is 0.86 with specificity 84.88%. The cut-off of CAPP
is 41 mmHg with sensitivity 82.98%. The cut-off of PPA is
1.12 with sensitivity 74.47% and specificity 67.44%.

Discussion

In the present investigation, the association between
API/AVI ratio and PPA in COVID-19 patients was inves-
tigated. In comparison to normal group, PPA initially
increased in the mild COVID-19, followed by a steady
decrease in moderate to severe COVID-19. While, API/
AVI initially decreased in the mild COVID-19, followed
by a further decrease in moderate to severe COVID-19.
Furthermore, COVID-19 patients had a J-shaped asso-
ciation between the API/AVI and PPA, while a M-shaped
relationship between API/AVI and PPA was observed in
the normal patients.

As previously noted, COVID-19 infection has been
associated with vascular dysfunction [23, 24], a find-
ing that was also observed in this study, with COVID-19
patients exhibiting elevated AVI. However, interestingly,
the API/AVI ratio initially decreased in mild COVID-
19 cases, followed by a further decrease in moderate
to severe cases. This may be due to systemic microcir-
culatory dysfunction in different vascular beds caused
by COVID-19-induced endotheliitis [25]. Endothelial
dysfunction can shift the vascular equilibrium towards
more vasoconstriction, leading to organ ischemia
[26]. The decrease in the central-to-peripheral arterial
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Table 4 Logistic regression analysis of arterial stiffness
gradient associated with COVID-19 Severity

Variable Mild Moderate and Severe
OR (95% Cl) pvalue OR (95% Cl) p
value
age 0.944(0.920,0968) <0.001 1.224(1.129,1.327) <0.001
API/AVI 0.160(0.092,0.278)  <0.001  0.104(0.029,0.376) 0.001
DBP 0.977(0.953,1.002) 0.071 0.952(0.910,0.996) 0.032
NLR 0.961(0.850,1.086) 0.526 1.149(1.037,1.274)  0.008

Clis the confidence interval, OR is the odds ratio

Table 5 Logistic regression analysis of arterial stiffness gradient
associated with COVID-19 in older

Variable B OR(95% ClI) p
value
age 0.235 1.264(1.173,1.363) <0.001
API/AVI -1.593 0.203(0.081,0.514) 0.001
PPA -2.807 0.060(0.003, 1.068) 0.056

stiffness gradient may facilitate protection of vital organ
perfusion.

The observed increase in center-to-periphery arte-
rial stiffness gradient in COVID-19 patients can have
detrimental effects on various organs, leading to left
ventricular dysfunction [27], amplified pulse pressure,
reduced coronary perfusion, and brain microvascular
injury, ultimately contributing to a poor prognosis [28].

Surprisingly, this study found that PPA initially increased
in mild COVID-19 patients, followed by a steady
decrease in moderate to severe cases. Moreover, there
was an independent association between PPA and API/
AV], and a J-shaped association between the two. The
decrease in API/AVI was rapid with decreasing PPA until
PPA reached 1.07, after which it decreased slowly until
PPA of 0.78. However, this relationship was not found in
the normal group. We hypothesized that the relationship
was associated with COVID-19 infection, severity, and
PPA uncoupling.

It is possible that COVID-19 may lead to large artery
stiffening as it is a multisystem disease with hyperin-
flammation and altered immune response, which may
have detrimental effects on the systemic vasculature in
both the short and long term [17, 29]. This may result
from changes in arterial wall tissue due to increased
inflammatory cells and inflammatory edema. Addition-
ally, the close relationship between arterial stiffness and
the severity of chronic inflammation has been demon-
strated in several systemic inflammatory diseases [30,
31]. Another possible mechanism is that our study was
conducted during the early stages of COVID-19 infec-
tion. The stress response, which is a series of changes in
the neuro-endocrine system, organs, and internal envi-
ronment of the organism with COVID-19, may play a
role in promoting the organism’s ability to mobilize itself
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Fig. 3 Receiver operating characteristics (ROC) curve of API/AVI, PPA, and CAPP in identification of COVID-19 (A) and severe infected (B)

to preserve life and restore the structural and functional
integrity of tissues and organs [32-34]. The diminished
or inversion of the stiffness gradient in COVID-19 may
therefore increase diastolic blood flow to reduce organ
ischemia and injury.

It is important to note that in this study, COVID-19
patients had a higher prevalence of diabetes, a condition
that is associated with systemic inflammation and may
weaken the body’s ability to resist the coronavirus. It has
been consistently shown that cardiovascular risk factors
such as hypertension, diabetes, and dyslipidemia signifi-
cantly increase the risk of severe COVID-19, possibly due
to the pre-existing structural and functional changes in
organs caused by prolonged blood pressure elevation and
metabolic alterations, which may compromise their abil-
ity to withstand the virus [35].

The following are the study’s limitations. First, since
this is a cross-sectional study, it provides no data on
longitudinal API/AVI and PPA changes in variables
associated with COVID-19 infection. And the mid- and
long-term effects of COVID-19 on API/AVI and PPA will
be evaluate in future. Second, this study only included
patients diagnosed with COVID-19 viral pneumonia. So
a selection bias existed and our sample could not fully
represent the general viral pneumonia infection popu-
lation in the real world. Therefore, extrapolation of our
results to other viral pneumonia infection populations
should be done cautiously. Third, the mechanism of the
M-ship relationship between API/AVI and PPA in nor-
mal participants is not fully understood. The lack of data
on the high PPA range in the normal group may affect the
relationship leading to M-shaped. Longer and larger lon-
gitudinal studies will further evaluate the non-linear rela-
tionship between PPA and API/AVI as a later observation
for cardiovascular risk assessment.

Conclusion

In conclusion, there was a J-shaped association between
the API/AVI and PPA in COVID-19 infected patients,
and a M-shaped relationship in the normal participants.
API/AVI is better for identifying infected and uninfected
patients, with a high specificity to identify patients with
severe stage. The attenuation/reversal of API/AVI may be
associated with the loss of coupling of PPA.
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