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Objective. Cardiopulmonary exercise testing (CPET) has been used to explore the blood pressure response and potential car-
diovascular system structure and dysfunction in male patients with essential hypertension during exercise, to provide a scientifc
basis for safe and efective exercise rehabilitation and improvement of prognosis. Methods. A total of 100 male patients with
essential hypertension (aged 18–60) who were admitted to the outpatient department of the Center for Diagnosis and Treatment
of Cardiovascular Diseases of Jilin University from September 2018 to January 2021 were enrolled in this study. Te patients had
normal cardiac structure in resting state without clinical manifestations of heart failure or systematic regularization of treatment at
the time of admission. Symptom-restricted CPET was performed and blood pressure was measured during and after exercise.
According to Framingham criteria, male systolic blood pressure (SBP) ≥210mmHg during exercise was defned as exercise
hypertension (EH), and the subjects were divided into EH group (n� 47) and non-EH group (n� 53). Based on whether the
oxygen pulse (VO2/HR) plateau appeared immediately after anaerobic threshold (AT), the EH group was further divided into the
VO2/HR plateau immediately after AT (EH-ATP) group (n� 19) and EH-non-ATP group (n� 28). Te basic clinical data and
related parameters, key CPET indicators, were compared between groups. Result. Body mass index (BMI) visceral fat, resting SBP,
and SBP variability in EH group were signifcantly higher than those in non-EH group. Moreover, VO2/HR at ATand the ratio of
VO2/HR plateau appearing immediately after AT in EH group were signifcantly higher than those in the non-EH group. Te
resting SBP, 15-minute SBP variability, and the presence of VO2/HR plateau were independent risk factors for EH. In addition,
work rate (WR) at AT but alsoWR, oxygen consumption perminute (VO2), VO2/kg, and VO2/HR at peak were signifcantly lower
in the EH-ATP group compared to the EH-non-ATP group. Peak diastolic blood pressure (DBP) increment and decreased△VO2/
△WR for AT to peak were independent risk factors for VO2/HR plateau appearing immediately after AT in EH patients.
Conclusion. EH patients have impaired autonomic nervous function and are prone to exercise-induced cardiac dysfunction. EH
patients with exercise-induced cardiac dysfunction have reduced peak cardiac output and exercise tolerance and impaired
vascular diastolic function. CPET examination should be performed on EH patients and EH patients with exercise-induced
cardiac dysfunction to develop precise drug therapy and efective individual exercise prescription, to avoid arteriosclerosis and
exercise-induced cardiac damage. Te retrospective study protocol was approved by medical ethics committee of the First
Hospital of Jilin University (AF-IRB-032-06 No. 2021-015). Te study was registered with the Chinese Clinical Trials Register,
registration number: ChiCTR2100053140.

1. Introduction

Hypertension is one of the most important global health
challenges and a leading risk factor of cardiovascular
diseases (CVDs). Studies have shown that in 2015, the

number of hypertensive patients was about 1.13 billion
worldwide, among which the age-standardized preva-
lence rate of males and females was 24% and 20%, re-
spectively [1]. It is predicted that in 2025, the global
number of adult hypertension will increase to 1.56 billion
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[2], and each year about 17 million people die from CVD,
among whom high blood pressure-related complications
contribute to 9 million deaths [3]. Terefore, it is par-
ticularly important to detect hypertension and target
organ damage early and treat them actively by not only
medical therapy but also exercise among the obese pa-
tients to reduce blood pressure [4].

At present, three measurements of resting state blood
pressure (systolic blood pressure ≥140mmHg and/or di-
astolic blood pressure ≥90mmHg) in diferent days are still
used to diagnose hypertension and evaluate hypertension
according to resting blood pressure [4]. However, with the
development of exercise load test (treadmill, power bike,
etc.) technology, the understanding of blood pressure is not
limited to resting blood pressure level. Change of blood
pressure during exercise, one of the hot spots in the feld of
cardiovascular research, has attracted the attention of the
majority of researchers. Te concept and diagnostic criteria
of exaggerated blood pressure response to exercise
(EBPRE) were frst proposed by Dlin et al. in 1983 [5],
referring to the phenomenon of abnormally increased
blood pressure during and/or after exercise under a certain
exercise load, also known as exercise hypertension (EH).
Recent studies have found that patients with EH may have
potential structural changes and functional disorders of
cardiovascular system [6] which are also major risk factors
for increased incidence of cardiovascular and cerebro-
vascular events and mortality [7, 8]. Currently, there is no
unifed standard for the diagnosis of EH. According to the
Framingham standard, EH is systolic blood pressure (SBP)
≥210mmHg in males or SBP ≥190mmHg in females
during exercise [9, 10].

Cardiopulmonary exercise testing (CPET) is the most
accurate method for detecting cardiopulmonary function
during exercise and is the gold standard for evaluating
exercise tolerance and cardiopulmonary ftness [11, 12].
CPET can monitor not only abnormal blood pressure re-
sponse during exercise but also abnormal changes in elec-
trocardiogram, cardiac output, cardiac stroke volume, and
aerobic endurance, to detect early or potential cardiac
dysfunction. In addition to electrocardiogram and exercise
blood pressure monitoring, it also measures respiratory gas
exchange during exercise [13]. We hypothesized that the
potential cardiac dysfunction in EH patients may be asso-
ciated with reduced cardiac functional reserve and reduced
vascular diastolic function. In this retrospective study, male
patients with essential hypertension were selected to explore
whether there is early or potential cardiac dysfunction in EH
patients and whether the cardiac dysfunction is associated
with cardiopulmonary ftness in response to exercise.

2. Methods

2.1. Study Population and Group. Tis retrospective study
included a total of 386 18–60-year-old male patients with
essential hypertension admitted to outpatient de-
partment of cardiovascular disease of the First Hospital
of Jilin University from September 2018 to January 2021.
Patients with abnormal cardiac structure (105) and

patients who disagreed to undergo CPET (181) were
excluded from this study. Te normal cardiac structure
was defned by echocardiographic measurement fromM-
mode echocardiogram in the parasternal long-axis view
as follows: (1) left atrium anteroposterior diameter is
19–39 mm, (2) left ventricular end diastolic diameter is
35–55 mm, (3) interventricular septal depth is 7–11 mm,
(4) left ventricular posterior wall thickness is 7–11 mm,
(5) left ventricular ejection fraction is ≥50% in resting
state, and (6) left ventricular mass index ≤115 g/m2. Te
retrospective study protocol was approved by medical
ethics committee of the First Hospital of Jilin University
(AF-IRB-032-06 No. 2021-015). Te study was registered
with the Chinese Clinical Trials Register, registration
number: ChiCTR2100053140.

Te diagnostic criteria for essential hypertensionwere in line
with the guidelines for hypertension prevention and Treatment
inChina in 2018 [4]: (1) hypertension can be diagnosed if systolic
blood pressure ≥140mmHg and/or diastolic blood pressure
≥90mmHg 3 times on diferent days without anti-hypertensive
drugs and (2) the patient had a history of hypertension and was
taking anti-hypertensive drugs, even though the blood pressure
was <140/90mmHg at the time of measurement. All subjects
were excluded from the following conditions: (1) secondary
hypertension; (2) history of coronary heart disease or exercise
testing with clear evidence of myocardial ischemia; (3) various
types of cardiomyopathy and valvular heart disease; (4) clinical
symptoms and signs of heart failure and/or echocardiography
indicating abnormal cardiac function; (5) abnormal lung
function caused by the history of lung diseases; (6) anemia,
thyroid dysfunction, stroke, severe liver and kidney insufciency,
and other diseases in the acute stage; (7) not suitable for exercise
due to other reasons; and (8) use of β-blockers.

According to the Framingham standard [9, 10], there
were 47 participants in the EH group and 53 participants in
the non-EH group. Subsequently, according to the CPET,
the EH group was further divided into two subgroups based
on whether the VO2/HR plateau appeared immediately after
anaerobic threshold (AT), namely, the VO2/HR plateau
immediately after AT (EH-ATP) group (n� 19) and non-
VO2/HR plateau after AT (EH-non-ATP) group (n� 28).

2.2. Data Collection. Baseline characteristics, including age
and biochemical data such as total cholesterol (TC), tri-
glyceride (TG), high-density lipoprotein cholesterol (HDL-
C), low-density lipoprotein cholesterol (LDL-C), uric acid,
and creatinine, were obtained from electronic medical re-
cords. Before CPET, all patients completed the blood bio-
chemical tests by venous blood sampling under fasting state
in the morning.

2.3. Arterial Stifness. Subjects were placed supine on an ex-
amination bed and rested for 5 minutes. Left and right ankle
brachial index (ABI) and left and right brachial-ankle pulse wave
velocity (baPWV) were measured by an arteriosclerosis de-
tection device (BP-203RPEIII, Omron Dalian Company Lim-
ited, China).
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2.4. Determination of Body Compositions. Subjects took of
their shoes, socks, and heavy clothing and stood on a body
composition analyzer (SECA mBCA515, seca GmbH, Ger-
many) for body compositionmeasurement, bodymass index
(BMI), and visceral fat content.

2.5. CPET. Cardiopulmonary function detector (QPFT/
CPET/FX, Cosmed Srl, Italy) was used to detect the changes
of oxygen consumption (VO2) and carbon dioxide (CO2)
emission at resting state, AT state, and peak state by in-
creasing 20 watts/min. At the same time, heart rate and
blood pressure were monitored by 12-lead electrocardio-
gram recorder and dynamic blood pressure monitor. Te
CPET parameters including oxygen consumption per kilo-
gram body weight (VO2/kg), heart rate (HR), oxygen pulse
(VO2/HR), work rate (WR) at resting, AT, and peak states,
and blood pressure at resting state and 1 and 3 minutes after
exercise were recorded. Te exercise test was terminated if
the patient developed any of the following subjective or
objective conditions: abnormal hemodynamic or ECG ex-
ercise response or other causes such as dyspnea, angina, or
lower extremity muscle fatigue [11, 12].

2.6. Measurement of Blood Pressure. Resting blood pressure,
peak blood pressure, and blood pressure 1 and 3 minutes
after exercise were obtained from CPET. Blood pressure at 5,
7, 10, and 15 minutes after exercise was measured by
a calibrated arm electronic blood pressure monitor (Omron
HEM-7200, Omron Dalian Company Limited, China). Te
variability of blood pressure within 15 minutes was calcu-
lated from the blood pressure values at 1, 3, 5, 7, 10, and
15 minutes after exercise.

2.7. Statistical Analysis. SPSS 23.0 software was used for
statistical analysis. Te measurement data conforming to
normal distribution were described by mean± standard
deviation, and non-normally distributed variables were
presented as medians (interquartile range, IQR). Categorical
variables were expressed as numbers and percentages.
Continuous variables between the groups were compared
with means of one-way analysis of variance or Man-
n–Whitney U test; chi-square test was carried out for di-
chotomous variables. In all analyses, a two-tailed P< 0.05
was considered statistically signifcant. To minimize po-
tential bias, corrections were performed by multifactor bi-
nary logistic regression, in which the indices and variables
showing P< 0.05 in the univariate analyses were introduced
and were used to distinguish independent infuencing fac-
tors. Te results are presented as odds ratios (ORs) with 95%
confdence intervals (95% CIs).

3. Results

3.1. Comparison of General Clinical Data between EH Group
andNon-EHGroup. Tere were no signifcant diferences in
age, TC, TG, HDL-C, LDL-C, baPWV, ABI, resting diastolic
blood pressure (DBP), peak DBP increase, and DBP

variability within 15 minutes after exercise between the two
groups (Table 1). BMI (30.04± 3.47 vs. 28.05± 3.66 kg/m2,
P � 0.006), visceral fat (4.36± 1.28 vs. 3.70± 1.07 L,
P � 0.006), resting SBP (142.70± 17.10 vs.
131.32± 12.93mmHg, P< 0.01), peak SBP increase (86 vs.
55mmHg, <0.01), and SBP variability (24.02 vs.
14.20mmHg, <0.01) within 15 minutes after exercise in the
EH group were signifcantly higher than those in the non-
EH group (Table 1, Figure 1).

3.2. Comparison of CPET Parameters between EH Group and
Non-EH Group. Tere were no diferences in CPET pa-
rameters at resting and peak states between the two groups,
except that the VO2/HR was higher at AT state in EH group
than in non-EH group (9.96± 1.71 vs. 9.10± 1.71ml/beat,
P � 0.02, Table 2).Te ratio of VO2/HR plateau immediately
after AT in EH group was signifcantly higher than that in
non-EH group (40.43 vs. 20.75%, P � 0.03, Table 2,
Figure 2).

3.3. Multivariate Binary Logistic Regression Analysis of In-
fuence of the Occurrence of EH. Te factors with statistical
signifcance in univariate analysis were included as in-
dependent variables, and the occurrence of EH during ex-
ercise was taken as the dependent variable for multivariate
binary logistic regression analysis. Te results showed that
resting SBP (OR� 1.08, 95% CI: 1.03–1.12, P< 0.01, Table 3),
15-minute SBP variability (OR� 1.16, 95% CI: 1.08–1.26,
P< 0.01, Table 3), and VO2/HR plateau (OR� 4.16, 95% CI:
1.16–14.85, P � 0.03, Table 3) after AT are independent risk
factors for EH.

3.4. Comparison of Clinical Data between EH-ATPGroup and
EH-Non-ATP Group. As shown in Table 4, there were no
signifcant diferences in age, TC, TG, HDL-C, LDL-C, uric
acid, creatinine, baPWV and ABI, visceral fat, BMI, resting
blood pressure, peak SBP increase, and blood pressure
variability within 15 minutes after exercise between the two
groups. Te increase of peak DBP in EH-ATP group was
signifcantly higher than that in EH-non-ATP group
(27.84± 13.04 vs. 24.04± 11.18mmHg, P< 0.01).

3.5. Comparison of CPETParameters betweenEH-ATPGroup
and EH-Non-ATP Group. CPET parameters in resting state
showed no diference between EH-ATP and EH-non-ATP
groups (Table 5). At peak state, VO2 (1.63 vs. 1.89 L/min,
P � 0.04), VO2/kg (18 vs. 21ml/kg/min, P � 0.02), VO2/HR
(10.76± 1.70 vs. 12.36± 2.14ml/beat, P< 0.01), and WR
(136.53± 24.07 vs. 153.54± 28.32watt, P � 0.04) in the
EH-ATP group were lower than those in EH-non-ATP
group (Table 5). At ATstate, only WR in the EH-ATP group
was lower than that in the EH-non-ATP group
(70.05± 17.42 vs. 84.32± 24.78 watt, P � 0.04, Table 5).
Furthermore, △VO2/△WR for AT to peak was signifcantly
decreased in the EH-ATP group (7.37 vs. 9.01ml/Watt,
P< 0.01, Table 5).

International Journal of Hypertension 3



3.6. Multivariate Binary Logistic Regression Analysis of In-
fuence of the Occurrence of EH-ATP. Te factors with sta-
tistical signifcance in univariate analysis were taken into
consideration as independent variables, and the occurrence
of EH-ATP during exercise was taken as the dependent
variable for multivariate binary logistic regression analysis.
Te results showed that peak DBP increment (OR� 1.06,
95% CI: 1.01–1.12, P � 0.03, Table 6) and decreased △VO2/

△WR for AT to peak (OR� 0.57, 95% CI: 0.37–0.88, P �

0.01, Table 6) are independent risk factors for VO2/HR
plateau appearing immediately after AT in EH patients.

3.7. Comparison of Cardiopulmonary Fitness, Cardiac Stroke
Volume, and Heart Rate Response. Te cardiopulmonary
ftness of WR (136.53± 24.07 vs. 143.92± 27.88 watt) and

Table 1: Comparison of clinical data between EH group and non-EH group.

EH group (n� 47) Non-EH group (n� 53) P value
Age (year) 40.77± 10.70 39.81± 9.20 0.63
TG (mmol/L), median (IQR) 2.11 (1.37, 3.22) 1.95 (1.31, 2.52) 0.49
TC (mmol/L), median (IQR) 4.91 (4.10, 5.31) 4.86 (4.31, 5.76) 0.45
LDL (mmol/L) 1.20± 0.20 1.24± 0.31 0.51
HDL (mmol/L) 3.16± 0.77 3.07± 0.86 0.57
Uric acid (mmol/L) 444.26± 87.78 423.89± 94.86 0.27
Creatinine (mmol/L) 81.00± 17.45 78.88± 15.21 0.53
Left bapwv (cm/s), median (IQR) 1535 (1380, 1685) 1490 (1327, 1624) 0.22
Right bapwv (cm/s), median (IQR) 1531 (1371, 1909) 1471 (1334, 1616) 0.22
Left ABI (ratio) 1.12± 0.07 1.12± 0.10 0.99
Right ABI (ratio) 1.12± 0.08 1.12± 0.09 0.79
Visceral fat (L) 4.36± 1.28 3.70± 1.07 <0.01∗∗
BMI (kg/m2) 30.04± 3.47 28.05± 3.66 <0.01∗∗
Resting SBP (mmHg) 142.70± 17.10 131.32± 12.93 <0.01∗∗
Resting DBP (mmHg) 95.23± 13.92 90.32± 11.03 0.05
Peak SBP increase (mmHg), median (IQR) 86 (72, 95) 55 (38, 70) <0.01∗∗
Peak DBP increase (mmHg), median (IQR) 15 (9, 26) 14 (8, 25) 0.732
15min SBP variability (mmHg), median (IQR) 24.02 (16.06, 28.25) 14.20 (10.69, 20.91) <0.01∗∗
15min DBP variability (mmHg), median (IQR) 7.00 (4.31, 10.79) 5.35 (3.46, 8.76) 0.08
TC: total cholesterol, TG: total triglycerides, HDL-C: high-density lipoprotein cholesterol, LDL-C: low-density lipoprotein cholesterol, BMI: bodymass index,
ABI: ankle brachial index, baPWV: brachial-ankle pulse wave velocity, SBP: systolic blood pressure, and DBP: diastolic blood pressure. ∗P< 0.05; ∗∗P< 0.01.
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Figure 1: Comparison of resting and peak blood pressure between EH group and non-EH group.
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VO2/kg (18 vs. 21ml/kg/min) were both signifcantly lower
in EH-ATP group than in non-EH group only at peak state
but not at AT state (P< 0.05, Figure 3). Te cardiac stroke
volume of VO2/HR was signifcantly higher at AT state
(9.64± 1.43 vs. 9.10± 1.71ml/beat), but lower at peak state
(10.76± 1.70 vs. 11.24± 2.11ml/beat) in the EH-ATP group
than in the non-EH group (P< 0.05, Figures 4(a) and 4(b)).
No signifcant diference was found in heart rate response

among the non-EH group, EH group, and EH-ATP group
not only from resting to AT but also from AT to peak
(Figures 4(c) and 4(d)).

4. Discussion

Te current study is to explore the correlation between EH
and cardiovascular dysfunction. Our study showed that EH

Table 2: Comparison of CPET parameters between EH group and non-EH group.

EH group (n� 47) Non-EH group (n� 53) P value
Resting
VO2 (L/min), median (IQR) 0.37 (0.31, 0.40) 0.36 (0.32, 0.41) 0.97
VO2/kg (ml/kg/min), median (IQR) 4 (4, 5) 4 (4, 5) 0.09
HR (bpm) 89.66± 11.09 89.70± 12.78 0.99
VO2/HR (ml/beat), median (IQR) 3.98 (3.49, 4.55) 4.03 (3.61, 4.33) 0.94

AT
VO2 (L/min), median (IQR) 1.14 (0.91, 1.34) 1.03 (0.91, 1.21) 0.07
VO2/kg (ml/kg/min), median (IQR) 13 (12, 15) 13 (11, 15) 0.61
HR (bpm), median (IQR) 115 (108, 124) 116 (108, 127) 0.80
VO2/HR (ml/beat) 9.96± 1.71 9.10± 1.71 0.02∗
WR (watt) 78.55± 23.01 74.49± 16.29 0.31

Peak
VO2 (L/min), median (IQR) 1.67 (1.42, 2.03) 1.64 (1.48, 1.94) 0.41
VO2/kg (ml/kg/min), median (IQR) 20 (17, 22) 21 (18, 23) 0.29
HR (bpm) 148.45± 15.79 150.49± 18.67 0.31
VO2/HR (ml/beat) 11.71± 2.11 11.24± 2.11 0.25
WR (watt) 146.66± 27.76 143.92± 27.88 0.59

Resting to AT
△HR/△WR (bpm/watt) 0.35± 0.10 0.36± 0.12 0.59

AT to peak
△HR/△WR (bpm/watt) 0.45± 0.11 0.47± 0.12 0.73

Resting to peak
△HR/△WR (bpm/watt) 0.40± 0.09 0.42± 0.11 0.32

VO2/HR plateau [n (%)] 19 (40.43) 11 (20.75) 0.03∗

VO2: oxygen consumption per minute, VO2/kg: oxygen consumption per kilogram of body weight per minute, HR: heart rate per minute, VO2/HR: oxygen
pulse, WR: work rate, and △HR/△WR: heart rate increment per unit work rate. ∗P< 0.05; ∗∗P< 0.01.
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Figure 2: Te characteristic examples for VO2/HR plateau and non-plateau.
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patients have higher BMI, visceral fat content, and resting
SBP in resting state, and the rate of exercise-induced cardiac
dysfunction is higher than that in non-EH patients. Mul-
tivariate binary logistic regression analysis showed that
resting SBP, 15-minute SBP variability, and the presence of
VO2/HR plateau are independent risk factors for EH. We
found that EH patients with exercise-induced cardiac dys-
function have a signifcant decrease in both exercise toler-
ance and oxygen utilization efciency. Moreover, we showed
that peak DBP increment and decreased △VO2/△WR for
AT to peak are independent risk factors for VO2/HR plateau
appearing immediately after AT in EH patients.

Te presence of EH may indicate a subhealth state, and
for hypertensive patients, the presence of EH may increase
the damage of target organs and the occurrence of car-
diovascular and cerebrovascular events. Terefore, early
detection of EH in hypertensive patients is particularly
important. Studies have shown that the occurrence of EH
may be related to hyperactivity of sympathetic nervous
system [14], excessive activation of RAAS system [15],
vascular endothelial dysfunction, arteriosclerosis [10], and
infammatory response [16]. Furthermore, obesity and in-
creased visceral fat have been proved to accelerate the

process of atherosclerosis and are associated with the in-
duction of EH [17]. Consistent with these fndings, we found
that higher BMI and increased visceral fat are more likely to
induce EH in hypertensive patients. Previous studies showed
that increased visceral fat can accelerate the process of
atherosclerosis possibly due to insulin resistance [18]. Vis-
ceral fat is thought to release fatty acids into the portal vein,
leading to insulin resistance in the liver and muscles [19].
Subsequently, insulin resistance mediates the development
of atherosclerosis through activating the sympathetic ner-
vous system and decreasing the bio-activity of nitric oxide
[19]. In addition, other studies have shown that central
obesity may increase arterial stifness by inducing smooth
muscle cell proliferation, vascular cell calcifcation, and
oxidative stress [20]. It may also accelerate arterial stifness
in increased arterial intimal media thickness and decreased
arterial lumen diameter via changes in endovascular in-
fammatory factors and endothelial function [21]. At rest,
ABI and baPWV are the main methods to evaluate the
degree of vascular blockage in lower limbs and arterio-
sclerosis. ABI< 0.9 is considered as the critical value of
suspected lower limb vascular blockage, and baPWV value
increases with the severity of atherosclerosis [22]. Blood

Table 3: Binary logistic regression analysis of EH in hypertensive patients during exercise.

OR 95% CI P value
VO2/HR plateau (n) 4.16 1.16–14.85 0.03∗
BMI (kg/m2) 1.07 0.83–1.38 0.62
Visceral fat (L) 1.39 0.72–2.69 0.33
Resting SBP (mmHg) 1.08 1.03–1.12 <0.01∗∗
15min SBP variability (mmHg) 1.16 1.08–1.26 <0.01∗∗
VO2/HR (AT) (ml/beat) 1.36 0.95–1.96 0.09
SBP: systolic blood pressure and VO2/HR (AT): VO2/HR at anaerobic threshold. ∗P< 0.05; ∗∗P< 0.01.

Table 4: Comparison of clinical data between EH-ATP group and EH-non-ATP group.

EH-ATP group (n� 19) EH-non-ATP group (n� 28) P value
Age (year) 42.37± 10.58 39.68± 10.84 0.41
TG (mmol/L), median (IQR) 1.57 (1.31, 2.14) 2.38 (1.57, 3.38) 0.15
TC (mmol/L) 4.53± 0.46 5.01± 1.23 0.12
LDL (mmol/L) 1.19± 0.18 1.22± 0.21 0.61
HDL (mmol/L), median (IQR) 2.84 (2.401, 3.34) 3.19 (2.77, 3.79) 0.12
Uric acid (mmol/L), median (IQR) 455 (358, 528) 457 (391, 488) 0.72
Creatinine (mmol/L), median (IQR) 76.6 (71.21, 87.83) 81.15 (72.48, 95.38) 0.29
Left bapwv (cm/s), median (IQR) 1550 (1445, 1793) 1550 (1338, 1585) 0.07
Right bapwv (cm/s), median (IQR) 1543 (1423, 1790) 1511 (1354, 1624) 0.11
Left ABI (ratio) 1.13± 0.07 1.11± 0.07 0.42
Right ABI (ratio) 1.11± 0.07 1.13± 0.08 0.46
Visceral fat (L), median (IQR) 4.3 (3.0, 5.3) 4.0 (3.3, 5.28) 0.98
BMI (kg/m2) 29.22± 3.75 30.60± 3.21 0.18
Resting SBP (mmHg) 144.79± 18.89 141.29± 15.97 0.49
Resting DBP (mmHg) 95.79± 12.14 94.86± 15.22 0.83
Peak SBP increase (mmHg) 82.79± 25.31 87.57± 20.04 0.47
Peak DBP increase (mmHg) 27.84± 13.04 24.04± 11.18 <0.01∗∗
15min SBP variability (mmHg), median (IQR) 23.55 (16.06, 27.68) 25.44 (15.60, 28.80) 0.54
15min DBP variability (mmHg), median (IQR) 7.94 (4.39, 13.38) 6.47 (3.09, 9.67) 0.07
TC: total cholesterol, TG: total triglycerides, HDL-C: high-density lipoprotein cholesterol, LDL-C: low-density lipoprotein cholesterol, BMI: bodymass index,
ABI: ankle brachial index, baPWV: brachial-ankle pulse wave velocity, SBP: systolic blood pressure, and DBP: diastolic blood pressure. ∗P< 0.05; ∗∗P< 0.01.
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pressure variability represents the degree of blood pressure
fuctuation in a certain period of time. It exists in-
dependently of blood pressure level and can refect auto-
nomic nervous function, so the abnormal blood pressure
variability is a risk factor for worsening atherosclerosis [23].
In this study, ABI and baPWV of EH patients did not change

signifcantly; the resting SBP and the variability of SBP
within 15 minutes after exercise were signifcantly increased.
Multivariate binary logistic regression analysis showed that
resting SBP, 15-minute SBP variability, and the presence of
VO2/HR plateau are independent risk factors for EH. Our
results revealed no signifcant diference in the degree of
arteriosclerosis at the resting state but higher autonomic
nervous dysfunction during exercise in EH patients com-
pared to non-EH patients. Miyai et al. [14] found that
sympathetic activity in EH patients is over-activated. Tis
will induce increase in norepinephrine levels during exer-
cise, which leads to increased cardiac output and peripheral
resistance and decreased arterial compliance, resulting in
excessive increase in SBP during exercise. Taken together,
obesity and increased visceral fat lead to abnormal SBP
variability in hypertensive patients during and after exercise
through the over-activation of sympathetic nerve, causing
the occurrence of EH. Terefore, for hypertension patients,
lifestyle intervention should be carried out, to control the
risk factors of atherosclerosis such as BMI and visceral fat.
On the other hand, it is important that exercise treatment
should be used for the obese patients to reduce blood
pressure values and improve the activity of sympathetic
nerve for preventing the occurrence of EH.

During exercise, with the increase of exercise intensity,
the demand for oxygen of skeletal muscle increases, and the
left ventricle increases cardiac output to meet the oxygen
demand of muscle [24]. Te increase of cardiac output is

Table 5: Comparison of CPET parameters between EH-ATP group and EH-non-ATP group.

EH-ATP group (n� 19) EH-non-ATP group (n� 28) P value
Resting
VO2 (L/min), median (IQR) 0.37 (0.31, 0.40) 0.36 (0.31, 0.40) 0.67
VO2/kg (ml/kg/min), median (IQR) 4 (4, 5) 4 (4, 4) 0.14
HR (bpm) 90.42± 11.89 89.14± 10.07 0.70
VO2/HR (ml/beat), median (IQR) 3.98 (3.49, 4.55) 4.03 (3.61, 4.33) 0.94

AT
VO2 (L/min), median (IQR) 1.07 (0.91, 1.26) 1.16 (0.96, 1.45) 0.31
VO2/kg (ml/kg/min), median (IQR) 13 (12, 15) 13 (11.25, 15.75) 0.79
HR (bpm) 114.58± 11.19 118.68± 15.39 0.33
VO2/HR (ml/beat) 9.64± 1.43 10.18± 1.87 0.29
WR (watt) 70.05± 17.42 84.32± 24.78 0.04∗

Peak
VO2 (L/min), median (IQR) 1.63 (1.39, 1.88) 1.89 (1.49, 2.16) 0.04∗
VO2/kg (ml/kg/min), median (IQR) 18 (16, 20) 21 (18, 22) 0.02∗
HR (bpm) 147.32± 13.31 149.21± 17.47 0.69
VO2/HR (ml/beat) 10.76± 1.70 12.36± 2.14 <0.01∗∗
WR (watt) 136.53± 24.07 153.54± 28.32 0.04∗

Resting to AT
△VO2/△WR (ml/watt), median (IQR) 10.58 (9.12, 12.41) 10.07 (8.49, 11.27) 0.32
△HR/△WR (bpm/watt) 0.35± 0.10 0.35± 0.11 0.96

AT to peak
△VO2/△WR (ml/watt), median (IQR) 7.37 (5.96, 8.95) 9.01 (7.89, 10.24) <0.01∗∗
△HR/△WR (bpm/watt) 0.50± 0.12 0.45± 0.13 0.22

Resting to peak
△VO2/△WR (ml/watt), median (IQR) 8.70 (7.88, 9.94) 9.44 (8.54, 10.85) 0.12
△HR/△WR (bpm/watt) 0.42± 0.09 0.39± 0.09 0.38

VO2: oxygen consumption per minute, VO2/kg: oxygen consumption per kilogram of body weight per minute, HR: heart rate per minute, VO2/HR: oxygen
pulse, WR: work rate,△VO2/△WR: oxygen consumption increment per unit work rate, and△HR/△WR: heart rate increment per unit work rate. ∗P< 0.05;
∗∗P< 0.01.

Table 6: Binary logistic regression analysis of EH-ATP in hy-
pertensive patients during exercise.

OR 95% CI P value
Model 1
Peak DBP increase (mmHg) 1.07 1.01–1.14 0.02∗
VO2 (peak) (L/min) 1.77 0.02–158.39 0.80
VO2/kg (peak) (ml/kg) 0.99 0.73–1.33 0.92
VO2/HR (peak) (ml/beat) 0.54 0.26–1.12 0.10

Model 2
Peak DBP increase (mmHg) 1.05 1.01–1.10 0.02∗
WR (AT) (watt) 0.98 0.94–1.02 0.25
WR (peak) (watt) 0.98 0.95–1.01 0.25

Model 3
Peak DBP increase (mmHg) 1.06 1.01–1.12 0.03∗
△VO2/△WR (ml/watt) 0.57 0.37–0.88 0.01∗
(AT to peak)

DBP: diastolic blood pressure, VO2 (peak): oxygen consumption per minute
at peak, VO2/kg (peak): oxygen consumption per kilogram of body weight
per minute at peak, VO2/HR (peak): oxygen pulse at peak, WR (AT): work
rate at anaerobic threshold,WR (peak): work rate at peak, and△VO2/△WR
(ATto peak): oxygen consumption increment per unit work rate fromATto
peak. ∗P< 0.05; ∗∗P< 0.01.
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mainly achieved through the increase of stroke volume and
heart rate. Before AT state, the increase of cardiac output
mainly depends on the increase of stroke volume, and stroke
volume generally reaches its peak at exercise intensity near
the AT state [13, 24]. After AT state, the increase of cardiac
output mainly depends on the increase of heart rate. If the
VO2/HR does not rise with the increase of exercise intensity
after the AT state, it indicates a decrease of cardiac stroke
volume [13], which is an important manifestation of

exercise-induced cardiac dysfunction. In our study, the VO2/
HR level of EH patients increased signifcantly at AT state,
but there was no diference in heart rate and WR, indicating
that in EH patients, the after-loading of left ventricle (SBP) is
greater during moderate intensity exercise, and the heart
needs to do more work to meet the body’s need for oxygen.
Recent studies have reported that the elevation of SBP
during moderate exercise is a better predictor of left ven-
tricular hypertrophy (LVH) than resting SBP in hypertensive
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Figure 3: Comparison of cardiopulmonary ftness during exercise.
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Figure 4: Comparison of cardiac stroke volume and heart rate response during exercise.
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patients [25, 26]. As maximal exercise is efort-dependent,
the measured peak SBP sometimes does not refect the exact
SBP elevation in maximal exercise due to the poor ftness
level [26]. Excessive elevation of SBP during moderate ex-
ercise can be used to identify hypertensive patients with high
risk of developing LVH [26]. In addition, we also found that
the presence of VO2/HR plateau in moderate exercise is
higher in the EH group and it is an independent risk factor
for EH, which may be a vital sign of early decrease in cardiac
function due to excessive elevation of blood pressure.

VO2/kg is an important indicator of exercise toler-
ance and is used to evaluate the level of aerobic capacity
[11, 12]. In 2016, aerobic capacity was defned as the ffth
vital sign, which is closely related to the occurrence and
prognosis of cardiovascular diseases [27]. Our study
found that the peak VO2, VO2/kg, WR, and VO2/HR are
signifcantly reduced in EH patients with VO2/HR pla-
teau immediately after AT state during exercise. Tese
indicate that both exercise tolerance and maximum
stroke volume are signifcantly reduced in these patients,
which is an important sign of early decline in exercise-
induced cardiac function. At AT state, VO2/kg and HR in
EH-ATP group did not change, but WR decreased sig-
nifcantly than that in non-EH-ATP group. Furthermore,
the parameter of oxygen utilization efciency, △VO2/
△WR for AT to peak, decreased signifcantly in the
EH-ATP group. It was an independent risk factor for
VO2/HR plateau in EH patients, suggesting the decrease
in aerobic work efciency of muscle above moderate
intensity exercise. Tis may be a more important cause of
the decline in exercise tolerance except for the decrease
in peak VO2. Previous studies have shown that decreased
type I muscle fber in patients with chronic heart failure
induces the reduction in the number of skeletal muscle
capillaries and the number of oxidase, resulting in
a decline in the utilization efciency of oxygen [28]. In
the EH-ATP group, the heart rate response after AT state
did not increase signifcantly, indicating that the hy-
peractive sympathetic nerve cannot compensate for the
decline of stroke volume by increasing heart rate, leading
to the decrease of peak cardiac output, which is the
potential reason for the decline of exercise tolerance.
Moreover, the peak DBP increase during exercise was
signifcantly increased in the EH-ATP group and it was
an independent risk factor for VO2/HR plateau
appearing immediately after AT in EH patients, in-
dicating exercise-induced cardiac dysfunction, which
may be related to the exercise-induced vascular diastolic
dysfunction. Taken together, EH patients with decreased
exercise-induced stroke volume may have a potential
decline in the aerobic work efciency of skeletal muscle
and impaired vascular diastolic function, which may
contribute to the development of LVH. Tus, special
attention should be paid to the safety and efectiveness of
exercise intensity to avoid the exercise-induced cardio-
vascular injury in EH-ATP patients. In addition, no
signifcant diference was found in cardiopulmonary
ftness of EH-ATP patients before AT exercise intensity,
which is consistent with the previous studies showing

that regular moderate intensity aerobic exercise treat-
ment is safe and efective for hypertension patients
[29, 30]. A meta-review of 33 systematic reviews has
shown that high-intensity interval training (HIIT) can
efectively improve the cardiopulmonary ftness, exercise
tolerance, and muscle structure [31]. It seems that
exercise-induced diastolic dysfunction does not impair
PH at rest; however, it can contribute to an abnormally
exaggerated pulmonary artery pressure in response to
exercise with elevated pulmonary capillary wedge pres-
sure [32]. Terefore, when EH-ATP patients perform
efective high-intensity intermittent exercise [33], the
time of high-intensity exercise should be controlled to
avoid exaggerated intra-cardiac pressure and the de-
velopment of LVH. Our fndings suggest that EH patients
should not only lower resting BP but also improve
exercise-induced VO2/HR plateau (decreased stroke
volume) to prevent the development of LVH.

In conclusion, compared to non-EH patients, EH pa-
tients have worse autonomic nervous function and are more
prone to exercise-induced cardiac dysfunction. EH patients
with exercise-induced cardiac dysfunction have decreased
peak cardiac output and exercise tolerance and impaired
vascular diastolic function. Terefore, exercise with an in-
tensity above the AT state for a long time may aggravate
damage of the heart. In view of this, it is recommended to
conduct early screening of CPET for patients with essential
hypertension to detect potential exercise-induced cardiac
dysfunction in EH patients as early as possible. We can
achieve safe and efective anti-hypertension through precise
drug therapy and individualized exercise treatment to in-
hibit the process of arteriosclerosis and improve the long-
term prognosis. Future studies are needed to determine the
optimal individual level of exercise to achieve aerobic per-
formance and avoid the onset of EH in hypertensive patients.

4.1. Limitation. Firstly, the patients included in this study were
all outpatients from the department of cardiology at the First
Hospital of Jilin University, only representing the single center
study. Secondly, the sample size of patients included in this study
was limited, and the results of the study need to be confrmed by
a larger sample size. Tirdly, the subjects were all patients with
essential hypertension and were not compared to the general
healthy population. Fourthly, although EH patients with de-
creased exercise-induced stroke volume may be related to the
exercise-induced vascular diastolic dysfunction, endothelial
function was not evaluated in the present study. Future studies
are required to assess endothelial function, such as a fow-
mediated vasodilation and SBP at moderate exercise, to clar-
ify the infuence of vascular endothelial dysfunction on exercise-
induced cardiac dysfunction in EH patients. Fifthly, EH patients
with decreased exercise-induced stroke volume may have
a potential decline in the aerobic work efciency of skeletal
muscle above moderate exercise. To achieve safe and efective
anti-hypertension through individualized exercise treatment, the
intensity and duration of HIIT should be determined in the
future studies. Finally, female subjects should be studied to
investigate whether there is any gender diference.

International Journal of Hypertension 9



Data Availability

Te data and materials used to support the fndings of the
study are available from the corresponding author upon
request.

Ethical Approval

Te study protocol was approved by the medical ethics
committee of the First Hospital of Jilin University (No.
2022108).

Disclosure

Te funding bodies were not involved in the study design,
data collection or analysis, or writing of the manuscript.

Conflicts of Interest

Te authors declare that they have no conficts of interest.

Authors’ Contributions

P. Y. C. and X. Y. were responsible for conceptualization.
B. F. X., P. Y. C., and X. Y. were responsible for methodology
and formal analysis. B. F. X., L. Z., and H. H. H. were re-
sponsible for investigation. R. Y. L. was responsible for
resources. B. F. X. and R. Y. L. were responsible for data
curation. L. Z. and H. H. H. were responsible for original
draft preparation. P. Y. C. was responsible for visualization.
P. Y. C. and X. Y. were responsible for supervision and
review and editing. All authors have read and agreed to the
published version of the manuscript.

Acknowledgments

Tis study was funded by Science and Technology Devel-
opment Plan of Jilin Province (No. 20210204119YY) and
Health Science and Technology Ability Improvement
Project of Jilin Province (No. 2022LC103).

References

[1] N. C. D. R. F. Collaboration, “Worldwide trends in blood
pressure from 1975 to 2015: a pooled analysis of
1479 population-basedmeasurement studies with 19.1million
participants,” Lancet, vol. 389, no. 10064, pp. 37–55, 2017.

[2] P. M. Kearney, M. Whelton, K. Reynolds, P. Muntner,
P. K. Whelton, and J. He, “Global burden of hypertension:
analysis of worldwide data,” Lancet, vol. 365, no. 9455,
pp. 217–223, 2005.

[3] A. M. Brasoveanu, M. S. Serbanescu, D. N. Malaescu,
O. I. Predescu, and B. V. Cotoi, “High blood pressure-A high
risk problem for public healthcare,” Current Health Sciences
Journal, vol. 45, no. 3, pp. 251–257, 2019.

[4] Joint Committee for Guideline Revision, “Chinese guidelines
for prevention and treatment of hypertension (revised edition
2018),” Chinese Journal of Cardiovascular Sciences, vol. 24,
no. 01, pp. 24–56, 2019.

[5] R. A. Dlin, N. Hanne, D. S. Silverberg, and O. Bar-Or,
“Follow-up of normotensive men with exaggerated blood

pressure response to exercise,” American Heart Journal,
vol. 106, no. 2, pp. 316–320, 1983.

[6] S. B. Nikolic, M. J. Adams, P. Otahal, L. M. Edwards, and
J. E. Sharman, “Association of von Willebrand factor blood
levels with exercise hypertension,” European Journal of Ap-
plied Physiology, vol. 115, no. 5, pp. 1057–1065, 2015.

[7] J. A. Laukkanen, P. Willeit, S. Kurl et al., “Elevated systolic
blood pressure during recovery from exercise and the risk of
sudden cardiac death,” Journal of Hypertension, vol. 32, no. 3,
pp. 659–666, 2014.

[8] J. A. Laukkanen, S. Kurl, R. Salonen, T. A. Lakka,
R. Rauramaa, and J. T. Salonen, “Systolic blood pressure
during recovery from exercise and the risk of acute myo-
cardial infarction in middle-aged men,”Hypertension, vol. 44,
no. 6, pp. 820–825, 2004.

[9] M. S. Lauer, D. Levy, K. M. Anderson, and J. F. Plehn, “Is there
a relationship between exercise systolic blood pressure re-
sponse and left ventricular mass? the framingham heart
study,” Annals of Internal Medicine, vol. 116, no. 3,
pp. 203–210, 1992.

[10] M. G. Schultz and J. E. Sharman, “Exercise hypertension,”
Pulse (Basel), vol. 1, no. 3-4, pp. 161–176, 2014.

[11] M. Guazzi, V. Adams, V. Conraads et al., “Clinical recom-
mendations for cardiopulmonary exercise testing data as-
sessment in specifc patient populations,” European Heart
Journal, vol. 33, no. 23, pp. 2917–2927, 2012.

[12] M. Guazzi, R. Arena, M. Halle, M. F. Piepoli, J. Myers, and
C. J. Lavie, “2016 focused update: clinical recommendations
for cardiopulmonary exercise testing data assessment in
specifc patient populations,” Circulation, vol. 133, no. 24,
pp. e694–e711, 2016.

[13] H. Adachi, “Cardiopulmonary exercise test,” International
Heart Journal, vol. 58, no. 5, pp. 654–665, 2017.

[14] N. Miyai, M. Arita, I. Morioka, S. Takeda, and K. Miyashita,
“Ambulatory blood pressure, sympathetic activity, and left
ventricular structure and function in middle-aged normo-
tensive men with exaggerated blood pressure response to
exercise,” Medical Science Monitor, vol. 11, no. 10,
pp. CR478–84, 2005.

[15] C. Y. Shim, J. W. Ha, S. Park et al., “Exaggerated blood
pressure response to exercise is associated with augmented
rise of angiotensin II during exercise,” Journal of the American
College of Cardiology, vol. 52, no. 4, pp. 287–292, 2008.

[16] B. Kilicaslan, N. K. Eren, and C. Nazli, “Evaluation of aortic
elastic properties in patients with exaggerated systolic blood
pressure response to exercise testing,” Clinical and Experi-
mental Hypertension, vol. 37, no. 2, pp. 97–101, 2015.

[17] C. Sengul, O. Ozveren, D. Duman et al., “Echocardiographic
epicardial fat thickness is related to altered blood pressure
responses to exercise stress testing,” Blood Pressure, vol. 20,
no. 5, pp. 303–308, 2011.

[18] K. Sutton-Tyrrell, A. Newman, E. M. Simonsick et al., “Aortic
stifness is associated with visceral adiposity in older adults
enrolled in the study of health, aging, and body composition,”
Hypertension, vol. 38, no. 3, pp. 429–433, 2001.

[19] R. N. Bergman, G. W. Van Citters, S. D. Mittelman et al.,
“Central role of the adipocyte in the metabolic syndrome,”
Journal of Investigative Medicine, vol. 49, no. 1, pp. 119–126,
2001.

[20] W. L. Teoh, J. F. Price, R. M. Williamson et al., “Metabolic
parameters associated with arterial stifness in older adults
with Type 2 diabetes: the Edinburgh Type 2 diabetes study,”
Journal of Hypertension, vol. 31, no. 5, pp. 1010–1017, 2013.

10 International Journal of Hypertension



[21] P. Dandona, A. Aljada, and A. Bandyopadhyay, “In-
fammation: the link between insulin resistance, obesity and
diabetes,” Trends in Immunology, vol. 25, no. 1, pp. 4–7, 2004.

[22] M. Takae, E. Yamamoto, T. Tokitsu et al., “Clinical signif-
cance of brachial-ankle pulse wave velocity in patients with
heart failure with reduced left ventricular ejection fraction,”
American Journal of Hypertension, vol. 32, no. 7, pp. 657–667,
2019.

[23] Y. G. Tedla, Y. Yano, M. Carnethon, and P. J. H. Greenland,
“Association between long-term blood pressure variability
and 10-year progression in arterial stifness,” Hypertension,
vol. 69, no. 1, pp. 118–127, 2017.

[24] A. H. Herdy, L. E. F. Ritt, R. Stein et al., “Cardiopulmonary
exercise test: background, applicability and interpretation,”
Arquivos Brasileiros de Cardiologia, vol. 107, no. 5, pp. 467–
481, 2016.

[25] P. Kokkinos, A. Pittaras, P. Narayan, C. Faselis, S. Singh, and
A. Manolis, “Exercise capacity and blood pressure associa-
tions with left ventricular mass in prehypertensive in-
dividuals,” Hypertension, vol. 49, no. 1, pp. 55–61, 2007.

[26] S. Tanaka, T. Masuda, Y. Kamada et al., “Excessive SBP el-
evation during moderate exercise discriminates patients at
high risk of developing left ventricular hypertrophy from
hypertensive patients,” Journal of Hypertension, vol. 36, no. 6,
pp. 1291–1298, 2018.

[27] R. Ross, S. N. Blair, R. Arena et al., “Importance of assessing
cardiorespiratory ftness in clinical practice: a case for ftness
as a clinical vital sign: a scientifc statement from the
American heart association,” Circulation, vol. 134, no. 24,
pp. e653–e699, 2016.

[28] M. J. Sullivan, H. J. Green, and F. R. Cobb, “Skeletal muscle
biochemistry and histology in ambulatory patients with long-
term heart failure,” Circulation, vol. 81, no. 2, pp. 518–527,
1990.

[29] S. Sakamoto, “Prescription of exercise training for hyper-
tensives,” Hypertension Research, vol. 43, no. 3, pp. 155–161,
2020.

[30] L. Wang, D. Ai, and N. Zhang, “Exercise dosing and
prescription-playing it safe: dangers and prescription,” Ad-
vances in Experimental Medicine and Biology, vol. 1000,
pp. 357–387, 2017.

[31] R. Martland, V. Mondelli, F. Gaughran, and B. Stubbs, “Can
high-intensity interval training improve physical and mental
health outcomes? A meta-review of 33 systematic reviews
across the lifespan,” Journal of Sports Sciences, vol. 38, no. 4,
pp. 430–469, 2020.

[32] M. Ciurzynski, P. Bienias, K. Irzyk et al., “Exaggerated in-
crease of exercise-induced pulmonary artery pressure in
systemic sclerosis patients predominantly results from left
ventricular diastolic dysfunction,” Clinical Research in Car-
diology, vol. 102, no. 11, pp. 813–820, 2013.

[33] Y. Blumberg, O. Ertracht, I. Gershon, N. Bachner-Hinenzon,
T. Reuveni, and S. Atar, “High-intensity training improves
global and segmental strains in severe congestive heart fail-
ure,” Journal of Cardiac Failure, vol. 23, no. 5, pp. 392–402,
2017.

International Journal of Hypertension 11




