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Background: Vascular aging is known to induce progressive stiffening of the large elastic 

arteries, altering vascular hemodynamics under both rest and stress conditions. In this study, 

we aimed to investigate changes in vascular hemodynamics in response to isometric handgrip 

exercise across ages.

Participants and methods: We included 62 participants, who were divided into three age catego-

ries: 20–40 (n=22), 41–60 (n=20), and 61–80 (n=20) years. Vascular hemodynamics were measured 

using the Mobil-o-Graph® based on the pulsatile pressure changes in the brachial artery. One-way 

ANOVA test was performed to analyze the changes induced by isometric handgrip exercise.

Results: After isometric handgrip exercise, aortic pulse wave velocity (PWV) increased by 

0.10 m/s in the youngest, 0.06 m/s in the middle-age, and 0.02 m/s in the oldest age category. 

Changes in PWV strongly correlated with those in central systolic blood pressure (cSBP) 

(r=0.878, P,0.01). After isometric exercise, the mean change of systolic blood pressure (SBP) 

was −1.9% in the youngest, 0.6% in the middle-aged, and 8.2% in the oldest subjects. Increasing 

handgrip strength was associated with an increase in SBP and cSBP (1.08 and 1.37 mmHg 

per 1 kg increase in handgrip strength, respectively, P=0.01). Finally, PWV was significantly 

associated with increasing handgrip strength with an increase of 0.05 m/s per 1 kg higher  

handgrip strength (P=0.01).

Conclusion: This study found increased blood pressure levels after isometric challenge and 

a strong association between handgrip strength and change in blood pressure levels and aortic 

stiffness in elderly subjects.

Keywords: vascular aging, isometric stress, blood pressure, pulse wave velocity

Introduction
During isometric exercise, the autonomic nervous system elicits a cardiovascular 

response by an increase in the sympathetic nerve activity. The following two neural 

systems contribute to sympathetic activation: the “central command” and the “exercise 

pressor reflex”.1 Signals arising in the motor cortex activate both the cardiovascular 

control areas, to modulate sympathetic and parasympathetic activities, and skeletal 

muscle contraction.2 The exercise pressor reflex (or muscle reflex) is generated by the 

contraction of skeletal muscle via mechanically (muscle mechanoreflex) and chemically 

(muscle metaboreflex) skeletal muscle receptors.3 During handgrip exercise, the pressor 

reflex occurs when the muscle fatigues and/or when there is a mismatch between blood 

supply and metabolic demand.4 While the increase in arterial pressure during isometric 

exercise is a well-established response,5 the response of other vascular hemodynamics 

to exercise, such as arterial stiffness, is yet unclear.
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Age is the most important determinant for changes in the 

cardiovascular system. Vascular aging results in the loss of 

elastic properties, which leads to progressive stiffness of the 

large elastic arteries.6

Several studies have shown that arterial stiffness is an 

independent predictor of chronic heart disease,7,8 stroke,8,9 

all-cause mortality, and cardiovascular mortality10 in hyper-

tensive patients, and it is associated with increased risk 

for cardiovascular events in the general population.11,12 

Measurement of pulse wave velocity (PWV) is the leading 

noninvasive method of assessing arterial stiffness, which is 

calculated by dividing the pulse distance traveled by the time 

traveled.13 Data on the effects of isometric exercise on arterial 

stiffness are limited. Several studies found an increase in 

central large artery stiffness in response to isometric handgrip 

exercise in hypertensive14 and healthy participants,14–16 sug-

gesting that the increase in arterial stiffness could be due 

to the increased vasoconstriction from sympathetic system 

activation. However, these studies included participants 

within a range of age between 30 and 54 years. Since age 

is an important determinant for stiffening of the elastic 

arteries, it is interesting to explore the effect of aging on 

vascular hemodynamics in response to isometric exercise. 

We hypothesized that changes might be more pronounced 

in elderly than in young adults due to an altered autonomic 

response. Therefore, we investigated the changes in vascular 

hemodynamics in response to isometric handgrip exercise in 

persons of different ages.

Participants and methods
Subjects
We included 62 participants aged 20–80 years. The par-

ticipants were students, employees, and apparently healthy 

patients from the Section of Geriatric Medicine of the 

Erasmus University Medical Center. Written informed 

consent was obtained from all participants, and the study 

was approved by the local medical ethics committee of the 

Erasmus University Medical Center (MEC 2014-336).

Protocol
The participants entered the room and were instructed to 

assume a supine position. An inflatable cuff was placed on 

the dominant arm. After 5 min of rest, baseline data were 

acquired using the Mobil-o-Graph® device. Patients were 

asked to perform the maximum handgrip trial in the standing 

position with their arms along their body. Maximal handgrip 

strength was the highest score recorded. Handgrip strength 

was measured using a strain-gaged dynamometer (TKK 

5401; Takei Scientific Instruments Co., Ltd., Nigata City, 

Japan). Participants performed a maximum voluntary con-

traction using a handgrip dynamometer held in the dominant 

hand for 30 s. After 30 s of rest, the vascular hemodynamics 

was measured.

Measurements
The Mobil-o-Graph® is an oscillometric blood pressure 

measurement validated device able to measure vascular 

hemodynamics such as central and peripheral blood pressure, 

augmentation index (AIx), and PWV.17 Measurements of 

PWV and AIx are based on the pulsatile pressure changes in 

the brachial artery. The pressure cuff sensors the first systolic 

peak of the pulse wave, which corresponds to the ejection of 

the blood volume into the aorta. The second systolic peak 

represents the reflection of the pulse wave from the periphery. 

PWV can be calculated by dividing the difference in time, 

between the beginning of the first and second systolic peaks, 

and the distance from the jugular notch to the symphysis. 

AIx is the difference between the amplitudes of the first and 

second systolic peaks. Estimates of PWV are derived using 

ARC Solver algorithms.

Statistical analysis
All descriptive data are reported as mean ± standard error 

(SE). Differences in baseline hemodynamics were inves-

tigated by ANOVA. We investigated possible changes 

of blood pressure levels, heart rate, cardiac output, total  

peripheral resistance (TPR), Aix, and PWV-induced handgrip 

exercise with two-way ANOVA analyses in the three differ-

ent categories of ages with models adjusted for age, sex, and 

the baseline corresponding hemodynamic value (ie, baseline 

systolic blood pressure [SBP] was included in models inves-

tigating changes of SBP levels). We investigated correlations 

between hemodynamic changes and handgrip strength with 

the linear regression. The level of significance was taken  

as P,0.05. Analyses were performed using IBM SPSS 

Statistics for Windows, Version 21.0.

Results
Table 1 shows the mean values for the characteristics of the 

participants. The mean age of the youngest, middle-aged, and 

oldest subjects was 28.8±5.5, 49.8±5.9, and 71.0±5.6 years, 

respectively. The results of the hemodynamic measurements 

at baseline are presented in Table 2. We found a statistically 

significant difference in PWV (P for trend ,0.01) and in 

pulse pressure (PP) between groups (P for trend ,0.05) 
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at baseline. No differences were found in SBP or diastolic 

blood pressure (DBP) between groups. There was no differ-

ence in maximum handgrip strength between groups with 

31.2±5 kg in the youngest, 32.5±2.2 kg in the middle-aged, 

and 29.7±5.4 kg in the oldest (P for trend =0.748) subjects.

Changes in vascular hemodynamics 
induced by isometric handgrip exercise
Figure 1 presents the changes in hemodynamic parameters 

after handgrip exercise. After isometric exercise, the mean 

change of SBP (Figure 1A) was −1.9% in the youngest, 0.6% 

in the middle-aged, and 8.2% in the oldest subjects. The dif-

ferences in the mean change of SBP between the youngest, 

middle-aged, and oldest participants were statistically sig-

nificant (P=0.03 and 0.01).

The mean change in DBP (Figure 1B) after handgrip 

exercise was 0.7% in the youngest, 0.3% in the middle-aged, 

and 6.9% in the oldest subjects. The difference in mean 

change of DBP between middle-aged and oldest participants 

was significant (P,0.02). We found no difference in mean 

change of PP (Figure 1C) between the youngest, middle-aged, 

and oldest subjects (−9%, −1%, and 14%, respectively).  

The mean change in AIx (Figure 1E) after handgrip exercise 

was −50% in the youngest, 35% in the middle-aged, and 

80% in the oldest subjects. The difference in mean change 

of AIx between young and oldest subjects was statistically 

significant (P,0.046). After isometric exercise, all subjects 

show a nonsignificant decrease in CO (Figure 1F) and a 

nonsignificant increase in TPR (Figure 1G). No difference 

was found in mean change of PWV after handgrip between 

subjects with −0.83% in the youngest, 1.0% in the middle-

aged, and 2.21% in the oldest subjects.

Relationship between handgrip strength 
and changes in vascular hemodynamics
Table 3 shows the association between handgrip strength and 

vascular hemodynamics in the youngest, middle-aged, and 

oldest subjects. In the youngest and middle-aged subjects, we 

found no association between handgrip strength and change 

in vascular hemodynamics. We found an association between 

handgrip strength and the change in SBP, PP, central SBP 

(cSBP), central PP (cPP), and PWV in the oldest subjects. 

Increasing handgrip strength was associated with an increase 

in SBP and cSBP (1.08 and 1.37 mmHg per 1 kg higher 

Table 1 Clinical characteristics of study participants

Variables Age 20–40 years, 
(n=22)

Age 41–60 years, 
(n=20)

Age 61–80 years, 
(n=20)

Age (years), mean ± SD 28.8±5.5 49.8±5.9 71.0±5.6
Sex, male (%) 50 50 60
Height (cm), mean ± SD 175±10 171±16 173±10
Weight (kg), mean ± SD 76±13 83±27 80±14
Body mass index (kg/m2), mean ± SD 24.7±4.1 25.9±3 26.7±4.3

Table 2 Hemodynamic parameters at baseline

Variables Age 20–40 years 
(n=22) 

Age 41–60 years 
(n=20)

Age 61–80 years 
(n=20)

P-value*

SBP (mmHg) 119±7.9 123±3.4 132±8.4 0.59
DBP (mmHg) 80±4.6 81±2.0 76±4.9 0.46
Pulse pressure (mmHg) 39±5.3 42±2.3 56±5.6 0.05
MAP (mmHg) 95±9 100±11 105±14 0.96
Heart rate (bpm) 68±4.6 60±2.0 62±4.9 0.17
cSBP (mmHg) 111±7.5 115±3.3 124±8.0 0.54
cDBP (mmHg) 80±4.6 82±2.0 77±4.9 0.45
Central pulse pressure (mmHg) 31±5.0 33±2.2 47±5.4 0.03
Augmentation index at 75% 12±8.3 25±3.6 24±8.8 0.24
Cardiac output (L/min) 5.2±0.5 4.6±0.2 5.0±0.5 0.09
TPR (s mmHg/min) 1.08±0.22 1.36±0.23 1.35±0.27 0.10
Aortic PWV (m/s) 7.6±0.3 7.0±0.1 8.2±0.3 0.00
Handgrip strength (kg) 31.2±5.0 32.5±2.2 29.7±5.4 0.75

Notes: *P-value for trend. Data are shown as mean ± SD.
Abbreviations: cDBP, central DBP; cSBP, central SBP; DBP, diastolic blood pressure; MAP, mean arterial pressure; PWV, pulse wave velocity; SBP, systolic blood pressure; 
TPR, total peripheral resistance.
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in handgrip strength, respectively, P=0.01). This means 

that per 10 kg handgrip strength, SBP and cSBP increase 

with 10.8 and 13.7  mmHg, respectively. The association 

between increasing handgrip strength and the change in PP 

and cPP was also significant (P=0.01). With an increase 

of 1 kg handgrip strength, PP increased with 1.19 mmHg 

while cPP increased with 1.46 mmHg. Finally, PWV was 

significantly associated with increasing handgrip strength 

with an increase of 0.05 m/s per 1 kg increased handgrip  

strength (P=0.01).

Figure 1 Change in systolic blood pressure (A), diastolic blood pressure (B), pulse pressure (C), heart rate (D), augmentation index (E), cardiac output (F), total peripheral 
resistance (G), and pulse wave velocity (H) before and after handgrip exercise.
Notes: (A) *Age 20–40 vs 61–80 years (P=0.01). **Age 20–40 vs 41–60 years (P=0.03). (B) *Age 41–60 vs 61–80 years (P=0.02). (E) *Age 20–40 vs 61–80 years (P=0.46).
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Discussion
In the present study, we found increased blood pressure 

levels after isometric challenge in elderly subjects. We also 

found a strong association between handgrip strength and 

the change in blood pressure levels and aortic stiffness in 

the older subjects; we did not observe this association in the 

youngest or middle-aged subjects.

Previous studies have shown an increase in blood pressure 

levels after isometric handgrip exercise in normotensive and 

hypertensive individuals14 in healthy young subjects16,18,19 

and older subjects,20 who also observed that hemodynamic 

changes can considerably vary among individuals.18 Within 

the framework of a relatively large community-based 

longitudinal study, Taekema et al21 investigated the possible 

relation between blood pressure and handgrip strength in the 

middle-aged (63 years) and old subjects (85 years), finding an 

association between handgrip strength and high SBP and PP 

only in the oldest subjects. According to Taekema, we also 

found increased blood pressure levels after isometric chal-

lenge to be more pronounced in elderly subjects; moreover, 

we found a strong association between handgrip strength 

and aortic stiffness.

Several mechanisms can explain our results. First, the 

observed changes in blood pressure in the elderly can be 

explained due to failure of the aging arterial system during 

stress. During isometric exercise, the autonomic nervous 

system elicits a cardiovascular response, which increases 

the sympathetic nerve activity, arterial blood pressure, and 

heart rate, and changes the distribution of blood flow.1 The 

arterial system in younger subjects is capable of receiving 

spurts from the left ventricle of blood during isometric 

exercise and distributes these trough peripheral capillaries. 

Elastin fibers in the arterial wall minimize the fluctuations in 

the blood flow. Vascular aging results in the loss of elastic 

properties, which leads to progressive stiffness of the large 

elastic arteries. Stiffening leads to an increase in SBP and 

a decrease in DBP, which stresses the small arterial ves-

sels causing damage to particularly the coronary arteries, 

kidney, and brain.22 We found a statistically significant 

increase in PP and aortic stiffness with increasing age at 

baseline. We found significant differences in the change 

of SBP and DBP after exercise between the middle-aged 

and oldest subjects with more pronounced changes in the 

oldest subject.

The present study has some limitations. First, we included 

a relatively small number of participants. Second, we per-

formed measurements only once so we cannot exclude 

variation over time. The strength of this study is that we 

performed our measurements following standard procedure; 

in this way, we think that exposure was similar for all partici-

pants. Moreover, we used a brachial cuff-based oscillometric 

device, which has been shown to be reproducible,23 accept-

able accurate when compared with other invasive methods,24 

and useful for routine clinical practice.25

Conclusion
We found increased blood pressure levels after isometric 

challenge and a strong association between handgrip strength 

and change in blood pressure levels and aortic stiffness in 

elderly subjects. These findings can be possibly explained by 

failure of the aging arterial system during stress and increased 

vascular resistance with increasing age.

Table 3 Delta hemodynamic parameters as determinants of handgrip strength in the youngest, middle-aged, and oldest subjects

  Handgrip strength (kg)

20–40 years (n=22) 41–60 years (n=20) 61–80 years (n=20)

B SE P-value B SE P-value B SE P-value

∆SBP (mmHg) 0.20 0.12 0.12 0.15 0.16 0.34 1.08 0.36 0.01*
∆DBP (mmHg) −0.04 0.10 0.71 0.09 0.09 0.31 −0.10 0.23 0.66
∆PP (mmHg) 0.24 0.14 0.11 0.06 0.14 0.65 1.19 0.40 0.01*
∆Heart rate (bpm) −0.00 0.11 0.99 −0.02 0.06 0.70 0.12 0.34 0.74
∆cSBP (mmHg) 0.16 0.20 0.44 0.20 0.16 0.23 1.37 0.44 0.01*
∆cDBP (mmHg) −0.02 0.10 0.82 0.07 0.09 0.48 −0.07 0.21 0.76
∆cPP (mmHg) 0.18 0.20 0.38 0.12 0.18 0.51 1.46 0.49 0.01*
∆AIx at 75% 0.41 0.57 0.48 0.57 0.41 0.18 −0.32 1.19 0.79
∆CO (L/min) −0.03 0.03 0.29 −0.00 0.02 0.89 0.02 0.06 0.72
∆TPR (s mmHg/min) 0.01 0.01 0.24 0.00 0.01 0.86 0.00 0.02 0.91
∆PWV (m/s) 0.01 0.01 0.19 0.01 0.01 0.20 0.05 0.02 0.01*

Note: *P-value ,0.05. 
Abbreviations: AIx, augmentation index; B, beta; c, central; cDBP, central DBP; CO, cardiac output; cPP, central pulse pressure; cSBP, central SBP; DBP, diastolic blood 
pressure; PP, pulse pressure; PWV, pulse wave velocity; SE, standard error; SBP, systolic blood pressure; TPR, total peripheral resistance.
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