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Attenuated exercise induced hyperaemia with age:
mechanistic insight from passive limb movement
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The influence of age on the central and peripheral contributors to exercise-induced hyper-
aemia is unclear. Utilizing a reductionist approach, we compared the peripheral and
central haemodynamic responses to passive limb movement (exercise without an increase in
metabolism) in 11 old (71 ± 9 years of age s.d.) and 11 young (24 ± 2 years of age) healthy sub-
jects. Cardiac output (CO), heart rate (HR), stroke volume (SV), mean arterial pressure (MAP),
and femoral blood flow of the passively moved and control legs were evaluated second-by-second
during 2 min of passive knee extension at a rate of 1 Hz. Compared to the young, the old group
exhibited a significantly attenuated increase in HR (7 ± 4% vs. 13 ± 7% s.d.), CO (10 ± 6%
vs. 18 ± 8%) and femoral blood flow in the passively moved (123 ± 55% vs. 194 ± 57%) and
control legs (47 ± 43% vs. 77 ± 96%). In addition, the change in vascular conductance in the
passively moving limb was also significantly attenuated in the old (2.4 ± 1.2 ml min−1 mmHg−1)
compared to the young (4.3 ± 1.7 ml min−1 mmHg−1). In both groups all main central and peri-
pheral changes that occurred at the onset of passive knee extension were transient, lasting only
45 s. In a paradigm where metabolism does not play a role, these data reveal that both central
and peripheral haemodynamic mechanisms are likely to be responsible for the 30% reduction
in exercise-induced hyperaemia with age.
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Introduction

The preponderance of evidence has revealed that aged
humans have a 20–30% reduction in skeletal muscle
blood flow during rest (Dinenno et al. 1999, 2001)
and exercise (Proctor et al. 1998, 2003a; Beere et al.
1999; Poole et al. 2003; Wray et al. 2009a,b). This
attenuation in blood flow most likely contributes to age
related declines in exercise tolerance, maximal oxygen
consumption and overall physical functional capacity.
Numerous peripheral factors are believed to contribute to
the hyperaemic response at the onset of exercise including:
the skeletal-muscle pump (Laughlin, 1987; Sheriff et al.
1993), mechanical-induced vasodilatation (Tschakovsky
et al. 2004; Clifford et al. 2006; Kirby et al. 2007),
mechanical distortion of arterioles (Segal, 2000) and
flow-mediated dilatation (Pohl et al. 1986; Kooijman et al.
2008). Hyperaemia is also influenced by central (cardiac)

factors through cardio-acceleration in response to muscle
mechanoreceptor and chaemoreceptor feedback (Adreani
et al. 1997; Adreani & Kaufman, 1998; Herr et al. 1999).
Each of these peripheral and central factors, alone or in
combination, could conceptually contribute to the blunted
exercise hyperaemia with advancing age.

Recently, several investigators have determined the
effects of age on muscle blood flow while minimizing
the potential for central factors (i.e. cardiac output
and sympathetic vasoconstriction) to limit the hyper-
aemic response during exercise (Lawrenson et al. 2003;
Donato et al. 2006; Carlson et al. 2008; Kirby et al.
2009). Specifically, Donato et al. (2006) and Lawrenson
et al. (2003) reported that the attenuated leg blood
flow in healthy older adults during steady-state knee
extension exercise was associated with a reduction
in vascular conductance. In addition, Carlson et al.
(2008) determined that older individuals display an
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impaired intensity-dependent contraction-induced rapid
vasodilatation following single muscle contractions, a
model that, due to the quick nature of a single contraction,
eliminates the influence of central factors from the hyper-
aemic response. According to a follow-up study by Kirby
et al. (2009), the diminished rapid vasodilatory capacity
with age cannot be restored with antioxidant infusion
and thus is not likely to be endothelium dependent. In
combination, these investigations provide evidence of a
peripheral vascular limitation to exercise-induced hyper-
aemia in the ageing population.

Over the past several years our group (Wray et al.
2005; McDaniel et al. 2010) and others (Nobrega &
Araujo, 1993; Nurhayati & Boutcher, 1998; Ter Woerds
et al. 2006; Gonzalez-Alonso et al. 2008) have utilized
another reductionistic approach, passive exercise, to
partition not only central and peripheral factors but
also the metabolic and mechanical stimuli that may
influence exercise induced hyperaemia. Specifically, this
passive model, devoid of increased metabolism, exposes
other central and peripheral factors that contribute to
movement-induced hyperaemia. Thus, this model may
help clarify whether metabolism is the major source for
the age related immediate and steady state reduction
in exercise-induced hyperaemia, or if there are other
central and/or peripheral factors that also contribute to
the reductions in blood flow observed with age.

Therefore, the primary aim of this study was to compare
the central and peripheral haemodynamic responses to
passive limb movement between young and old humans
to better elucidate the mechanisms that are responsible for
the attenuated exercise-induced hyperaemic response with
age. Despite the performance of no work by the subjects,
and therefore no increase in metabolism, we hypothesized
that blood flow in the passively moved leg would be
attenuated in the older subjects. Based on the current
understanding that CO at any oxygen consumption (V̇o2 )
during submaximal exercise is similar between young and
old, we hypothesized that the central haemodynamic (i.e.
CO) response would be similar between the young and
old group during passive exercise. Accordingly, we also
hypothesized that peripheral factors such as mechanically
induced and flow-mediated dilatation, known to be
reduced with age, would be the major mechanisms
responsible for the attenuated hyperaemic response in the
old.

Methods

Subjects and general procedures

Eleven healthy older men (71 ± 9 years of age S.D.) and
11 healthy young men (24 ± 2 years of age) participated
in the current study. The protocol was approved by the
Institutional Review Boards of the University of Utah

and the Salt Lake City VA Medical Center and written
informed consent was obtained from all subjects prior to
their inclusion in the study. The study conformed with the
Declaration of Helsinki. All studies were performed in a
thermoneutral environment (22◦C). Subjects reported to
the laboratory in an overnight fasted state, and had not
performed exercise within the past 24 h.

Passive exercise protocol

Prior to the protocol blood was collected for analysis
of fasting glucose, a blood lipid panel (cholesterol,
high-density lipoprotein (HDL), low-density lipoprotein
(LDL) and triglycerides) and a complete blood count
(haemoglobin, white blood cell, neutrophils, lymphocytes
and monocytes). Following blood sampling, subjects lay
supine for 20 min prior to the start of data collection. The
initial protocol consisted of a 30 s resting baseline followed
by a 2 min bout of passive knee extension. One minute
prior to the start of the passive exercise a cuff, placed distal
to the knee on the passively moved leg, was inflated to
250 mmHg eliminating blood flow to the lower leg. The
cuff, which remained inflated throughout the entire 2 min
protocol, eliminated fluctuations in blood flow to the
lower leg as a consequence of movement related changes
in gravitational and centrifugal forces. Initial pilot work
revealed minimal effect of either cuffing or not cuffing the
control leg (i.e. non-moved leg) in the same manner and
consequently, for subject comfort, a cuff on the control
leg was not applied in these studies. All passive exercise
was achieved by the same member of our research team
moving the subjects’ lower leg through the range of motion
defined by 90 and 180 deg knee joint angles at 1 Hz. Real
time feedback was provided by a position sensor to ensure a
consistent range of motion and a metronome to maintain
cadence. Prior to the start and throughout the protocol
subjects were encouraged to remain passive, and resist any
urge to assist with leg movement. In the rare instance that a
subject assisted with or resisted the movement the protocol
was terminated and repeated following 10 min of recovery.
Throughout the protocol the control leg remained fully
extended.

Measurements

Femoral blood flow. Simultaneous measurements of
femoral arterial blood velocity and vessel diameter
were performed in the passive (moving) and control
(stationary) legs distal to the inguinal ligament and
proximal to the bifurcation of the superficial and deep
femoral artery with a Logic 7 and Logic e ultrasound
systems (General Electric Medical Systems, Milwaukee,
WI, USA) operated by two separate trained technicians.
The Logic 7 and Logic e were equipped with linear
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array transducers operating at an imaging frequency
of 14 and 12 MHz, respectively. Vessel diameter was
determined at a perpendicular angle along the central
axis of the scanned area. Blood velocity was obtained
using the same transducers with a Doppler frequency of
5 MHz. All blood velocity measurements were obtained
with the probe appropriately positioned to maintain an
insonation angle of 60 deg or less. The sample volume was
maximized according to vessel size and was centred within
the vessel based on real-time ultrasound visualization.
Arterial diameter was measured and angle-corrected, and
intensity weighted mean velocity (V mean) values were
then calculated using commercially available software
(Logic 7 and Logic e). Using arterial diameter and
V mean, blood flow in the femoral artery was calculated
as: Blood flow = V meanπ(vessel diameter/2)2 × 60, where
blood flow is in millilitres per minute.

Central variables. Electrocardiogram (ECG), stroke
volume (SV), cardiac output (CO) and mean arterial
pressure (MAP) were determined with a Finometer
(Finapres Medical Systems BV, Amsterdam, the
Netherlands). Stroke volume was calculated using the
Modelflow method (Sugawara et al. 2003; Bogert & van
Lieshout, 2005; de Wilde et al. 2009) which includes
age, sex, height and weight in its algorithm (Beatscope
version 1.1; Finapres Medical Systems). Cardiac output
was then calculated as the product of HR and SV. Vascular
conductance within the passively moved leg was calculated
as leg blood flow/MAP.

Knee joint angle. During each protocol knee joint angle
of the passive leg was continuously recorded using a Vishay
Spectrol 360 degree Smart Position Sensor (Vashay Inter-
technology Inc., Malvern, PA, USA) mounted on a BREG
X2K knee brace (BREG, Inc., Vista, CA, USA) worn by the
subjects.

Data acquisition. Throughout each entire protocol
signals reflecting ECG, SV, CO, MAP and knee joint
angle underwent A/D conversion and were simultaneously
acquired (200 Hz) using commercially available data
acquisition software (AcqKnowledge, Biopac Systems Inc.,
Goleta, CA, USA). In addition, the audio anterograde
and retrograde signals from both Doppler ultrasound
systems were acquired (10,000 Hz) to serve as a qualitative
indicator of blood velocity changes and to ensure accurate
temporal alignment of blood velocity measurements
obtained from the Doppler systems and other variables
collected (i.e. CO, HR, SV, MAP as well as the knee
joint angle indicating the onset and offset of the passive
exercise).

Thigh volume. Thigh volume was calculated, as pre-
viously described (Lawrenson et al. 2003), based on thigh
circumference (three sites: distal, middle and proximal),
thigh length and thigh skinfold measurements (Jones &
Pearson, 1969).

Data analysis

The data acquisition software (AcqKnowledge, Biopac
Systems) allowed second by second acquisition of HR,
SV, CO, MAP, knee joint angle as well as the qualitative
tracings that represented anterograde and retrograde
blood velocities. From the velocity and femoral artery
diameters, anterograde, retrograde and net blood flows
were also calculated on a second-by-second basis for both
the control and passively moved leg. Prior to analysis, all
data were smoothed using a rolling 3 s average. Two-way
repeated measures ANOVAs were used to determine if
there was a significant main effect of time or interaction
(group × time). If there was a significant main effect of
time, simple contrasts (comparison of baseline to each 3 s
average) were utilized to determine if there were significant
changes from baseline for each variable. If the ANOVA
and simple contrasts indicated a significant change from
baseline, independent t tests were used to determine if the
individual maximal absolute and relative changes differed
between the young and old groups. Alpha was set at
0.05 for all comparisons. All data are presented as the
mean ± standard deviation (S.D.).

Results

Subject characteristics

Results from the blood analyses revealed that only fasting
glucose and lymphocyte count differed between the two
groups. Only one young and one old subject had elevated
triglycerides and cholesterol and two older subjects had
elevated LDL; all other subjects were within the normal
range for all variables. Body mass index (BMI) and
thigh volume were not different between the two groups
(Table 1).

Baseline and overall responses

There were no differences in baseline values between the
young and old group for CO, SV, MAP, HR or blood
flow in the passive leg. Resting blood flow in the control
leg was significantly lower in the old group (Table 2).
The repeated measures and contrast analysis revealed
that CO, HR and blood flow in the passively moved leg
increased significantly from baseline as a result of the
passive movement in both young and old groups. The
fluctuations in MAP and SV did not achieve statistical
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Table 1. Subject characteristics

Young Old
(n = 11) (n = 11)

Age (years) 24 ± 2 71 ± 9
Weight (kg) 84.6 ± 9.0 83.7 ± 11.8
Height (cm) 182 ± 6 174 ± 9
Lean thigh volume (l) 7.5 ± 1.1 6.9 ± 1.1
BMI 24.9 ± 2.3 27.4 ± 2.2
Femoral artery diameter (mm) 98.4 ± 13.6 88.9 ± 6.4
Glucose (mg dl−1) 74.4 ± 9.8 95.7 ± 15.4∗

Cholesterol (mg dl−1) 145.7 ± 41.8 173 ± 41.51

HDL (mg dl−1) 41.7 ± 8.9 44.3 ± 9.8
LDL (mg dl−1) 96.0 ± 40.9 113.2 ± 37.02

Triglycerides (mg dl−1) 82.4 ± 38.21 118.4 ± 56.41

Haemoglobin (g dl−1) 15.2 ± 1.1 14.9 ± 1.2
WBC (K ul−1) 5.5 ± 0.6 5.7 ± 1.2
Neutrophil (K ul−1) 2.7 ± 0.6 3.6 ± 1.1
Lymphocyte (K ul−1) 2.0 ± .4 1.4 ± .4∗

Monocyte (K ul−1) 0.6 ± 0.1 0.5 ± 0.1

BMI, body mass index; HDL, high density lipoproteins; LDL, low
density lipoprotein; WBC, white blood cells. Data are means ± S.D.
∗Significantly different from the young (α = 0.05). Superscripts
indicate number of subjects whose values were outside the
normal range.

Table 2. Baseline values

Young Old
(n = 11) (n = 11)

CO (l min−1) 5.7 ± 1.6 5.3 ± 1.8
HR (BPM) 55.8 ± 6.8 59.4 ± 7.4
SV (ml) 103.5 ± 26.2 96.4 ± 36.6
MAP (mmHg) 92.7 ± 7.7 96.6 ± 10.9
Passive leg blood flow (ml min−1)# 207 ± 40 164 ± 138
Control leg blood flow (ml min−1)# 232 ± 96 140 ± 68∗

CO, cardiac output; HR, heart rate; SV, stroke volume; MAP,
mean arterial pressure. #Bilateral blood flow was only successfully
measured on 9 of the subjects within each group. ∗Significant
difference from young (P < 0.05).

significance. In addition, blood flow in the control leg
increased significantly from baseline in the young but not
the old. All physiological changes that occurred following
the onset of passive movement were transient in nature,
returning to baseline within 1 min (Fig. 1). The only
exceptions to this were the anterograde and retrograde
blood flows in the passively moved leg which remained
elevated throughout the entire protocol. Due to the slight
variations in kinetics between individuals, the average

Figure 1. Relative changes (mean ± S.D.) in central and peripheral
variables at the onset of passive knee extension
These figures are presented to illustrate the general trends observed
with passive exercise for the young and old groups. The first 60 s are a
3 s rolling average, whereas the data in the last minute are presented
as 12 s averages.
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maximal change is underestimated in Fig. 1, but accurately
represented in Fig. 2.

Central responses

Following the onset of passive movement the old group
displayed an attenuated absolute increase in CO and
HR compared to the young (0.64 ± 0.57 l min−1 versus
1.0 ± 0.4 and 4.2 ± 2.1 versus 7.3 ± 4.1 bpm, for the old
and young, respectively). The maximal relative increases
in CO and HR were also attenuated in the old compared
to the young group (Fig. 2). In addition, the cumulative
increase in CO, as measured by area under the curve across
the first minute of passive knee extension, was reduced in
the old group compared to the young (Fig. 3).

Peripheral responses

The absolute change in blood flow (baseline to
maximum) in the passively moved leg was attenuated
in the old compared to the young (242 ± 133 versus
386 ± 146 ml min−1). The relative change in blood flow
in the passively moved leg was also significantly reduced
in the old compared to the young (Fig. 2). In addition, the
absolute change in vascular conductance in the passive leg
was attenuated in the old (2.4 ± 1.25 ml min−1 mmHg−1)
compared to the young (4.3 ± 1.7 ml min−1 mmHg−1) as
was the vascular conductance at maximal blood flow
(4.3 ± 2.0 versus 6.3 ± 2.1 ml min−1 mmHg−1, for old and
young, respectively). The transient increase in net blood
flow in both groups resulted from an immediate increase
in anterograde blood flow that was subsequently offset by a
more gradual increase in retrograde blood flow (Fig. 4). In
the control leg, the relative (Fig. 2) and absolute changes in
blood flow were greater in the young compared to the old
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Figure 3. Cardiac output (mean ± S.D.) during passive knee
extension
A, cardiac output for the young and old groups during the first 60 s of
passive knee extension. The point prior to 0 and the dashed horizontal
lines represent baseline. B, summed second by second cardiac output
across the first 60 s (area under the curve from A). ∗Significant
attenuation in the old group compared to the young (P < 0.05).

(152 ± 104 versus 52 ± 42 ml min−1 for the young and old,
respectively). In fact, across the first minute of passive knee
extension, the younger group demonstrated a cumulative
increase in blood flow in the control leg whereas the older
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Figure 2. Mean (± S.D.) maximum change for CO, SV, MAP, HR and blood flow in the passive and control
leg
∗Significant attenuation in the old group compared to the young group (P < 0.05). Vertical dashed line separates
variables associated with the right and left axes.
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group demonstrated a cumulative reduction in blood flow
(Fig. 5).

Discussion

Utilizing high time resolution assessment (second-by-
second) of cardiac output, stroke volume, heart rate, mean
arterial pressure, and femoral blood flow, the central and
peripheral factors responsible for hyperaemia at the onset
of passive exercise were compared between old and young.
This approach yielded several novel findings. In an exercise
model that is devoid of increased metabolism, the old
still exhibit a 30% reduction in blood flow following
the onset of movement. This reduced blood flow is
likely to have resulted from an attenuated HR driven
increase in CO, while the reduced vascular conductance
in the passively moved leg of the older subjects indicates
that attenuated peripheral vasodilatation also contributes
to this phenomenon. Together, these data indicate that
both central and peripheral factors are responsible for
the attenuated exercise-induced hyperaemia with age,
and the mechanisms responsible for these age-associated

differences are not dependent upon metabolic by-products
produced during volitional exercise.

Effects of ageing on central parameters

In contrast to our hypothesis, following the onset of passive
knee extension, the old group exhibited a reduced HR
driven increase in CO compared to the old group. In
fact, the absolute and relative increase in CO in the old
group was nearly half that of the young group (Fig. 2).
In addition, summing the second-by-second absolute
increase in CO across the first minute (area under the
curve) yielded a greater than twofold attenuation in CO
for the old group compared to the young group (Fig. 3).
It is interesting to note that MAP was not significantly
elevated as a result of the increase in CO in either group.
This conundrum may be explained by the simultaneous
vasodilatation in the passive leg that is able to ‘absorb’ most
of the increased blood flow associated with the increase in
CO, minimizing the potential increase in MAP. In fact,
our previous investigation supports this concept in that
during an identical passive protocol, in which blood flow
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Figure 4. Net (A), anterograde (B) and retrograde (C)
femoral blood flow from the passively moved limb
The increase in net blood flow results from an immediate
increase in anterograde blood flow. Subsequently, net blood
flow returns to baseline due to the combination of a decrease in
antegrade blood flow and a more gradual increase in retrograde
blood flow that eventually offsets anterograde blood flow. Note
that both anterograde and retrograde blood flow remain
elevated throughout the duration of passive exercise. S.D. bars
were omitted to maintain clarity.
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was occluded to the passive leg, there tended to be an
immediate rise in MAP and a greater increase in blood
flow to the control leg, compared to the trial without
the femoral occlusion (McDaniel et al. 2010). These data
support the concept that the vasodilatation in the passively
moved leg is responsible for offsetting the increase in
MAP.

There are several mechanisms that may contribute to
the increase in HR observed at the onset of volitional
exercise, including central command (i.e. feed-forward
control) (Eldridge et al. 1985; Williamson et al. 2006),
sympathetic stimulation (Warner & Cox, 1962; Robinson
et al. 1966; Rowell, 1986), cardiac vagal withdrawal
(Fagraeus & Linnarsson, 1976; McMahon & McWilliam,
1992; Vianna et al. 2008) and muscle afferents (i.e.
feed-back control) (Coote et al. 1971; Stebbins et al.
1988; Adreani et al. 1997). The feedback signals from the
muscle by group III and IV afferent neurons are stimulated
by mechanical distortion and metabolic by-products,
respectively. Due to the passive nature of the exercise
utilized in this investigation, feed-forward stimulation
from central command and feed-back stimulation from
group IV afferents should be largely absent. It could
be argued that occluding the lower limb would result
in group IV feedback; however there is no evidence
that longer (5 min) cuff occlusion during flow mediated
dilatation protocols stimulates a cardiovascular response.
In addition, the transient nature of the cardiovascular
response does not agree with an occlusion-induced ever
growing accumulation of metabolic byproducts which
would be likely to yield a mounting stimulus and not a
transient one. Furthermore, sympathetic stimulation has
been shown not to be invoked until moderate intensity
levels of active knee extension (Wray et al. 2004), and
therefore it is unlikely to occur in this passive model
especially since HR remained below 100 bpm (Robinson
et al. 1966). Thus, in this paradigm the neural components
most likely to be responsible for the immediate increase in
HR are afferent feedback from group III mechanoreceptors
and subsequent vagal withdrawal.

Although there is little information regarding the
influence of age on mechanoreceptor sensitivity, there is
evidence for reduced baroreceptor sensitivity and/or HR
response to changes in carotid pressure with age (Ebert
et al. 1992; Laitinen et al. 1998; Monahan, 2007; Fisher
et al. 2009). Thus, it is possible that there is reduced
global neuro-receptor (i.e. baroreceptor, chaemoreceptor,
mechanoreceptor, etc.) sensitivity with age. With these
factors in mind, the attenuated elevation in HR observed
in the older group is likely to be a consequence of either
reduced group III feedback, reduced vagal withdrawal,
or reduced cardiac sensitivity to the changes in these
stimuli. Further studies involving additional reductionist
paradigms are needed to more fully elucidate this
age-related dysfunction.

Effects of ageing on blood flow

Although not the focus of this investigation, baseline blood
flow in both legs was numerically lower in the old, but these
differences achieved statistical significance in the control
leg only (Table 2: data only from subjects with successful
bilateral blood flow measurements, n = 9). This somewhat
equivocal finding reflects several studies in the literature
which have concluded that age does not influence blood
flow (Proctor et al. 2003b; Donato et al. 2006; Parker et al.
2007). In contrast, the data from the current investigation
reveal that there is an attenuated increase in blood flow at
the onset of passive exercise in the older subjects (Figs 1
and 2). In fact, the increased blood flow in the old subjects
was over a 100 ml min−1 (∼30%) less than the increased
blood flow in the young subjects. This is in agreement
with previous reports that indicate there is a 20–30%
reduction in skeletal muscle blood flow during exercise
with age (Proctor et al. 1998, 2003a; Beere et al. 1999; Poole
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et al. 2003; Wray et al. 2009a,b). As there were minimal
changes in MAP in either group, the kinetics of vascular
conductance was nearly identical to that of blood flow. The
maximal change in conductance as well as conductance at
maximal blood flow was reduced in the old compared
to the young. Therefore, the differences in hyperaemia
observed between the two groups were independent of
changes in MAP.

The data reflecting an attenuated blood flow with age
are in agreement with other investigations that also made
an effort to reduce the influence of central haemodynamic
factors, by employing small muscle mass exercise, and
revealed an attenuated blood flow response in older
subjects (Lawrenson et al. 2003; Hammer & Boegehold,
2005; Donato et al. 2006; Wray & Richardson, 2006;
Carlson et al. 2008; Kirby et al. 2009; Jackson et al.
2010). For example, Donato et al. (2006) reported that
older subjects exhibited a reduced femoral blood flow and
conductance during knee extension exercise compared to
younger controls. In addition, Carlson et al. (2008) and
Kirby et al. (2009) both reported an attenuated blood flow
response following a single contraction in old compared
to young subjects. The current data extend this work to
reveal that exercise-induced hyperaemia is attenuated with
age even in a paradigm where an increase in metabolism
is not invoked.

Although hyperaemia was attenuated in the old, both
young and old groups demonstrated an initial rise in
blood flow at the onset of passive exercise. This hyper-
aemia was due to the substantially greater initial increase
in anterograde blood flow compared to retrograde blood
flow (Fig. 4). However, this mismatch was transient and
within 20–40 s following the onset of passive movement
the anterograde blood flow declined but still remained
greater than baseline. At that point the remaining elevation
in anterograde blood flow above baseline was offset by the
delayed gradual rise in retrograde blood flow, resulting
in the return of net blood flow to baseline levels. Inter-
estingly, this initial overshoot in blood flow is similar to
the hyperperfusion observed at the onset of active exercise
(Laughlin & Armstrong, 1983) prior to the achievement
of steady state blood flow that is appropriately matched
with metabolism (Armstrong et al. 1985; Glenn et al.
1987). Thus, a similar mechanism may be present in the
passive exercise model, which results in the initial hyper-
aemic response followed by a steady state flow that matches
metabolic demand, which during passive exercise is equal
to the metabolic demand during baseline.

Blood flow in the control leg also exhibited different
responses between the young and old groups. Specifically,
in the young subjects there was a similar but attenuated
hyperaemia in the control leg compared to the passive leg
(Fig. 1). However, during the first minute of passive knee
extension, the older subjects demonstrated a reduction in
blood flow in the control leg concurrently with the hyper-

aemic response in the passive leg (Fig. 1). This is illustrated
more clearly when the second-by-second increases in
blood flow are summed across the first minute of passive
exercise (Fig. 5). After 1 min there is a net increase in
blood flow in the control leg of the young subjects and
a net decrease in blood flow in the older subjects. Thus,
in the older subjects there appears to be a blood flow
‘steal’ from the non-moving limb that results from local
vasodilatation, and subsequent drop in pressure, in the
passively moved leg that cannot be fully supported by
their smaller increase in CO. In contrast, the CO increase
in the young subjects appears to be sufficient to sustain
increased blood flow in the passively moved leg as well as
the non-moving control leg. In fact, in terms of absolute
blood volume in the young group, the increase in CO was
double that of the combined increase in blood flow to the
passive and control leg. This difference can be explained by
the likely parallel increase in blood flow to other vascular
beds (e.g. arms, viscera, etc.) that were not accounted for
in this investigation as a result of the increased cardiac
output.

As previously mentioned, the main central and peri-
pheral changes were transient in nature. With passive
exercise there are neither descending motor command
signals nor increased metabolism (Gonzalez-Alonso et al.
2008; Hellsten et al. 2008) to yield metaboreceptor afferent
signals typically associated with active exercise. It is likely
that this lack of motor command and metaboreceptor
afferent signals, in addition to an adaptation of the
mechanoreceptors (Baum et al. 1995) resulting in
decreased type III afferent feedback, facilitates the fall in
CO back toward baseline values. Thus at approximately
45 s after the onset of limb movement, CO returns to
baseline values, shortly followed by the concomitant drop
in control leg blood flow to baseline (Fig. 1).

In general, the data acquired from our young
subjects are similar to our previous, more exploratory,
investigation in this age group (McDaniel et al. 2010).
Specifically, our previous results indicated that all physio-
logical responses to passive exercise were transient in
nature with only anterograde and retrograde blood flow
remaining elevated for the duration of the protocol
(Fig. 4). In addition, similar to the current investigation,
both increased CO and vascular conductance were deemed
to be major contributors to the hyperaemic response in
the moving limb. Overall, the older group studied in
this investigation displayed similar physiological trends,
although smaller in magnitude, to their younger counter-
parts in this and the prior investigation (McDaniel et al.
2010).

Several limitations of the current study in terms of
subject population and blood flow response should be
addressed. Specifically, this study includes only males and
thus the results may not translate to females. In addition,
although not statistically significant, there was an 8%
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difference in thigh volume between the young and the old
groups. This is in agreement with the well documented
observation known as sarcopaenia. Of course, it is
possible that a smaller muscle volume contributed to the
attenuation in blood flow observed in the older group.
However, as already indicated, in this sample of the ageing
population, neither thigh volume nor resting blood flow in
the passive leg were significantly different between the two
groups. Therefore, we contend that the large difference in
the hyperaemic response at the onset of movement was
not the result of differences in muscle mass.

Conclusion

The findings of the present study indicate that human
ageing is associated with a 30% attenuated hyperaemic
response following the onset of passive movement. This
reduction in blood flow is similar to that observed during
active exercise, which, due to the current paradigm, cannot
be explained by metabolic differences. The reduced blood
flow response in older subjects appears to be both central
and peripheral in origin, attributable to the concomitant
attenuation of the HR driven increase in CO and vascular
conductance.
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