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Abstract

Background: orthostatic hypotension is common in older men and associated with morbidity and mortality. During orthostatic
challenges, older men maintain their blood pressure by an augmented increase in total peripheral resistance. Changes in the
leg vascular bed contribute importantly to blood pressure regulation during orthostatic challenges, partly because of blood
pooling in the legs. Little is known about the contribution of the leg vascular bed to the augmented increase in total peripheral
resistance.
Objective: to examine tilt-induced peripheral vasoconstriction in the leg vascular bed of young and older men.
Methods: we measured forearm and calf blood flow in 12 young and 12 older men, using venous occlusion plethysmography
during 30◦ head-up tilt (HUT). Forearm and calf vascular resistance were calculated as mean arterial blood pressure divided
by blood flow.
Results: during HUT, calf and forearm vascular resistance increased in older and young men. The increase in forearm vascular
resistance was similar between older (40 ± 6%) and young men (51 ± 12%). However, the increase in calf vascular resistance
was lower in older (96 ± 15%) than in young men (175 ± 30%).
Conclusion: advancing age leads to an attenuated tilt-induced increase in calf vascular resistance, which may contribute to
age-related orthostatic hypotension.
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Introduction

Orthostatic hypotension is a common feature with advancing
age, with a prevalence ∼17% in persons aged 65 years and
older [1, 2], and is associated with falls [2], cognitive decline
[3], cardiovascular morbidity [4] and mortality [2, 5, 6].

During orthostatic challenges, venous blood is pooled in
the lower limbs and abdomen, leading to a decreased venous
return and a transient decrease in cardiac output and blood
pressure. The drop in blood pressure activates the baroreflex,
resulting in an increase in sympathetic activity. As a conse-
quence, heart rate and vascular resistance are increased to
restore cardiac output and blood pressure [7]. In contrast to
young men, during an orthostatic challenge, older individu-
als demonstrate an attenuated cardiac output [8–10] which
is compensated by an augmented increase in total peripheral
resistance in order to maintain blood pressure [8–11].

Because venous blood pooling plays a major role dur-
ing orthostatic challenges, changes in vascular resistance in
the splanchnicus and lower limb vascular bed contribute im-
portantly to the blood pressure regulation during orthostatic
stress [7]. Minson et al. [11] demonstrated an augmented in-
crease in splanchnic vascular resistance during head-up tilt
(HUT) in older compared with young men, which may ac-
count for the age-related augmented increase in total periph-
eral resistance. In addition, the lower limb vascular bed is
also an important contributor to blood pressure regulation
during orthostatic challenges [7]. Nonetheless, changes in leg
vascular resistance during an orthostatic challenge in older
men have never been measured.

The purpose of this study was, therefore, to examine
the tilt-induced peripheral vasoconstriction in the leg vascu-
lar bed of healthy young and healthy older men. We tested
the hypotheses that the tilt-induced leg vasoconstriction is
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Table 1. General characteristics of young and older men

Young men (n = 12) Older men (n = 12)
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Age (years) 24 ± 1 71 ± 1∗

Height (cm) 182 ± 2 175 ± 3
Body mass (kg) 73 ± 3 78 ± 3
Systolic BP (mmHg) 124 ± 3 131 ± 4
Diastolic BP (mmHg) 74 ± 2 77 ± 2
MAP (mmHg) 90 ± 2 95 ± 2

Values represent mean ± SEM.
BP, blood pressure; MAP, mean arterial blood pressure.
∗Significantly different from young men.

augmented in older men compared with young men, and
thereby contributing to the previously reported augmented
tilt-induced increase in total peripheral resistance.

Methods

Subjects

Twelve healthy young (20–28 years) and twelve healthy older
men (67–80 years) volunteered to participate in this study
(Table 1). Subjects never smoked or stopped smoking at
least 2 years ago. All subjects were normotensive (<140/
90 mmHg), had no signs of varicose veins and were free of
overt chronic cardiovascular diseases as assessed by medical
history and physical examination and did not report ortho-
static hypotension. None of the subjects used medication
known to interfere with the cardiovascular system. Individ-
uals with a ankle-brachial pressure index <0.90, and/or ab-
normalities in a 12-lead resting ECG were excluded. The
study was carried out in accordance with the Declaration of
Helsinki (2000) and approved by the medical ethical com-
mittee of our institution. All subjects gave written informed
consent.

Experimental procedures and protocol

All subjects refrained from caffeine-containing food and bev-
erages, vitamin C supplements and alcohol for at least 12 h
prior to the experiment and refrained from heavy physi-
cal activity for at least 24 h prior to the experiment. Room
temperature was controlled at 23 ± 1◦C. After completing
a health questionnaire, subjects were positioned comfort-
ably on a tilt table in the supine position. The experimental
procedures started after a supine resting period of at least
30 min.

First, baseline forearm and calf blood flow were measured
for 5 min in the supine position. Subsequently, subjects were
tilted manually, within 5 s, to a 5 min passive 30◦ HUT posi-
tion in order to induce a significant cardiovascular response
[12].

Measurements

Heart rate and arterial blood pressure were measured contin-
uously using a non-invasive portable blood pressure device

(Portapres, TNO, Amsterdam, The Netherlands). A finger
cuff was attached to the middle phalanx of the left third fin-
ger in order to measure finger arterial blood pressure. Finger
arterial blood pressure measurements accurately reflect intra-
arterial blood pressure changes during orthostatic stress [13].
Data were collected during the experiment at a rate of 100
Hz. Mean arterial blood pressure (MAP) values were derived
beat to beat, and heart rate was the inverse of the interbeat
interval.

Blood flow in the forearm and calf was measured using
venous occlusion plethysmography. In the supine position,
the right arm and leg were supported to ensure that they were
positioned ∼5 cm above heart level. A standard blood pres-
sure cuff (10 cm width) was placed around the right upper
arm, and a 12 cm width occlusion cuff was placed just above
the right knee. Mercury-in-silastic strain gauges (Hokanson,
Inc., Bellevue, WA, USA) were placed at the widest girth of
the right forearm and calf. Both cuffs were inflated simulta-
neously with a rapid cuff inflator (Hokanson, Inc., Bellevue,
WA, USA), within 1 s, to 50 mmHg in the supine position
[14] and to 65 mmHg in the 30◦ HUT position to correct for
changes in hydrostatic pressure [15]. The occlusion pressure
was sustained for 7 s after which the cuffs were deflated in-
stantaneously (for 9 s). Venous occlusion plethysmography is
suggested to requisite an empty venous system to guarantee
full venous compliance. Recently, it was shown that venous
occlusion plethysmography measurements of calf blood flow
during supine and up to 30◦ HUT correlate well (r 2 = 0.86,
P < 0.001) with superficial femoral artery blood flow mea-
sured with Doppler ultrasound [16]. This indicates that ve-
nous occlusion plethysmography during 30◦ HUT represents
arterial inflow and is not significantly affected by venous
compliance.

Data analysis

Blood flow (in ml/min/dl) was calculated from the slope of
the volume change over a 4 s interval. To avoid artefacts,
the initial first second was excluded from analysis. Vascular
resistance was calculated as MAP divided by blood flow. For
the calculation of vascular resistance, we assumed that ve-
nous pressure was approximately zero in the supine position.
Furthermore, we assumed that hydrostatic pressure made an
identical contribution to leg venous pressure as to leg arterial
pressure during 30◦ HUT. Blood flow, vascular resistance,
MAP and heart rate were averaged over the last 2 min of the
supine and 30◦ HUT positions.

Statistical analysis

Results are expressed as mean ± SEM. A paired Student’s
t-test was used to determine the effect of 30◦ HUT in young
and in older men, and an unpaired Student’s t-test was used
to compare the changes upon 30◦ HUT between young and
in older men. The level of statistical significance was set at
α = 0.05.
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Figure 1. 30◦ head-up tilt-induced differences in calf and fore-
arm vascular resistance in young and older men. Values repre-
sent mean + SEM. ∗Significantly different from supine; NS, not
significantly different.

Results

No differences in physical characteristics between young and
older men were present, with the exception of the significant
age difference (Table 1).

Central cardiovascular responses

Young and older men demonstrated a significant increase in
MAP during 30◦ HUT, which was significantly larger in young
than in older men. During 30◦ HUT, heart rate increased
significantly in young men only (Table 2).

Peripheral cardiovascular responses

In young and older men, calf and forearm blood flow demon-
strated a significant decrease during 30◦ HUT, which were
not different between both groups. Calf and forearm vas-
cular resistance increased significantly during 30◦ HUT in
young and older men. The increase in forearm vascular re-
sistance was not different between both groups. However,
the increase in calf vascular resistance was affected by age.
A significantly larger increase in calf vascular resistance was
found in young (175 ± 30%) compared with older men
(96 ± 15%) (Table 2 and Figure 1).

Table 2. Central and peripheral parameters during supine
and 30◦ head-up tilt (30◦ HUT) in young and older men

Supine 30◦ HUT P-value
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Young men (n = 12)

MAP (mmHg) 85 ± 4 92 ± 4 <0.001
Heart rate (bpm) 60 ± 2 66 ± 3 <0.001
Calf BF (ml/min/dl) 3.3 ± 0.4 1.4 ± 0.1 <0.001
Calf VR (mmHg/ml/min/dl) 28.8 ± 3.1 75.7 ± 8.7 <0.001
Forearm BF (ml/min/dl) 4.9 ± 0.8 3.7 ± 0.6 <0.001
Forearm VR (mmHg/ml/min/dl) 24.3 ± 4.2 33.7 ± 6.1 0.001

Older men (n = 12)
MAP (mmHg) 87 ± 3 90 ± 3 0.010
Heart rate 61 ± 4 63 ± 4 0.326
Calf BF (ml/min/dl) 3.4 ± 0.2 1.9 ± 0.2 <0.001
Calf VR (mmHg/ml/min/dl) 27.5 ± 2.5 55.0 ± 7.9 <0.001
Forearm BF (ml/min/dl) 4.8 ± 0.6 3.5 ± 0.5 <0.001
Forearm VR (mmHg/ml/min/dl) 22.4 ± 2.9 33.2 ± 4.4 0.003

Values represent mean ± SEM.
MAP, mean arterial blood pressure; BF, blood flow; VR, vascular resistance.

Discussion

The major finding of the present study is that, in contrast
to our hypothesis, an attenuated increase in calf vascular
resistance during 30◦ HUT in older men is present compared
with young men. The attenuated peripheral vasoconstriction
in older men is present in the calf, but not in the forearm.

The lower limb vascular bed importantly contributes to
the blood pressure regulation, especially during orthostatic
stress [7]. Hence, our results suggest that the age-related at-
tenuated vasoconstriction in the calf vascular bed may be part
of the explanation of orthostatic hypotension in older men.

We did not find a difference in baseline vascular tone
between young and older men, which is in agreement with
some studies [17–19], but in contrast with others [20, 21].
Studies which reported no difference in vascular tone used
plethysmography to measure calf [17, 18] or upper leg blood
flow [19]. Interestingly, studies that reported a difference in
leg vascular tone [20, 21] used Doppler ultrasound to mea-
sure whole leg blood flow. In contrast to plethysmography,
Doppler does not correct for the differences in leg volume,
which are likely to be present between these groups [22]. In
addition, Fu et al. [18] found no difference in calf blood flow
between older and young men, although a higher sympathetic
activity level was present in older men. This suggests that sym-
pathetic activity can be increased, without an attenuated calf
blood flow.

The augmented increase in total peripheral resistance
during orthostatic challenges with advancing age is a well-
documented characteristic [8–11]. In these studies, total pe-
ripheral resistance was studied, including the splanchnic vas-
cular bed that accounts for approximately one-third of the
total peripheral resistance; we have assessed peripheral vas-
cular responses of the calf and forearm that also account for
approximately one-third of the total peripheral resistance.
Minson et al. [11] demonstrated that older men increased
their splanchnic vascular resistance to a greater extent than
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young men during 60◦ HUT, which was hypothesised to
be a compensation for the attenuated cardiac output and
diminished the increase in vasoconstriction of the forearm
vascular bed. In contrast, we found no differences in forearm
vascular resistance in young and older men during 30◦ HUT.
Interestingly, we demonstrated a lower ability to increase calf
vascular resistance during 30◦ HUT in older compared with
young men. Although a different tilt angle was used, this has
no effect on leg blood flow [16]. The attenuated increase in
calf vascular resistance, therefore, may initiate or contribute,
at least partly, to the orthostatic intolerance observed in older
men.

We can only speculate about the possible mechanisms that
explain the attenuated vasoconstriction response in the calf
during 30◦ HUT in older men compared with young men. Re-
cently, Smith et al. [23] demonstrated that leg post-junctional
α-adrenergic vasoconstrictor responsiveness to noradrenalin
is reduced with advancing age, and thereby can impede sym-
pathetic control of vascular resistance and negatively influ-
ence blood pressure control to orthostatic challenges. In
young men, a larger response in the calf to α-adrenergic
receptor stimulation is present than in the forearm [24]. Ac-
cordingly, it is possible that the lower limb is prone, especially
with advancing age, to the reduction in α-adrenergic vasocon-
strictor responsiveness and could explain the difference in a
tilt-induced calf vascular resistance increase between older
and young men.

Another possible explanation for the tilt-induced attenu-
ated increase in calf vascular resistance could be the attenu-
ated vasoconstrictor reserve [25] in advancing age, possibly
caused by an increase in basal sympathetic activity [18, 26].
In other words, older men cannot increase their calf vascular
resistance during an orthostatic challenge to the same extent
as young men, who have a larger vasoconstrictor reserve.

In addition, arterial and venous blood vessel stiffening
may contribute to the orthostatic hypotension in older men
[2, 27]. Blood vessel stiffening with advancing age is asso-
ciated with decreased baroreflex sensitivity [2, 28]. The at-
tenuated heart rate response during orthostatic challenges in
older men [8, 28], as present in our study, supports the de-
creased baroreflex sensitivity. In contrast, blood vessel stiff-
ening could also blunt venous pooling and thereby limit the
fall in venous return [27] during orthostatic challenges. How-
ever, since cardiac output in older men during orthostatic
challenges is compromised [8–10], the vascular stiffening
clearly is not sufficient enough to prevent venous pooling.

Another hypothesised mechanism is the decreased total
blood volume in advancing age [29]. During orthostatic chal-
lenges, a translocation of blood into the compliant peripheral
venous system occurs, leading to a decreased cardiac filling
[7]. In older men the lower total blood volume could lead
to a relatively exaggerated decrease in cardiac filling during
orthostatic challenges.

The objective of the present study was not to elucidate the
mechanism causing the differences in tilt-induced responses
between young and older men, for this additional research is
needed. Nonetheless, the attenuated increase in calf vascular

resistance during 30◦ HUT in older men seems to be part of
the explanation of orthostatic hypotension in older men.

Clinical relevance

Individuals who suffer from severe orthostatic hypotension
can promote venous return and thereby raise cardiac output
by applying physical counter-manoeuvres [2, 7, 30]. These
physical counter-manoeuvres exist of leg crossing and/or
leg muscle tensing, which are typically directed towards the
lower limb vascular bed and have been demonstrated to be
beneficial to counteract orthostatic hypotension. Based on
our findings of an attenuated increase in calf vascular resis-
tance in older men during 30◦ HUT, we suggest that applying
these physical counter-manoeuvres could be helpful in coun-
teracting orthostatic hypotension, especially with advancing
age. Additional research is needed to evaluate the efficacy of
these counter manoeuvres in the ageing population.

Conclusion

In conclusion, the present study demonstrates that 30◦ HUT
leads to an attenuated increase in vascular resistance of the
calf, but not of the forearm in older compared with young
men. The lower ability to increase calf vascular resistance
in older men during orthostatic challenges cannot explain
the augmented total peripheral resistance during orthostatic
challenges, but may be part of the explanation of orthostatic
hypotension with advancing age.

Key points
� Older men have a lower ability to increase calf vascular

resistance during HUT compared to their younger coun-
terparts.

� Attenuated leg vasoconstriction during an orthostatic
challenge in older men may be part of the explanation
of orthostatic hypotension in older men.

� Applying physical counter-manoeuvres could be help-
ful in counteracting orthostatic hypotension in older
individuals.
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