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Abstract
Impairments in skeletal muscle microvascular function are frequently reported in 
patients with various cardiometabolic conditions for which older age is a risk factor. 
Whether aging per se predisposes the skeletal muscle to microvascular dysfunction 
is unclear. We used contrast-enhanced ultrasound (CEU) to compare skeletal muscle 
microvascular perfusion responses to cuff occlusion and leg exercise between healthy 
young (n = 12, 26 ± 3 years) and older (n = 12, 68 ± 7 years) adults. Test–retest 
reliability of CEU perfusion parameters was also assessed. Microvascular perfusion 
(microvascular volume ×  flow velocity) of the medial gastrocnemius muscle was 
measured before and immediately after: (a) 5-min of thigh-cuff occlusion, and (b) 
5-min of submaximal intermittent isometric plantar-flexion exercise (400 N) using 
CEU. Whole-leg blood flow was measured using strain-gauge plethysmography. 
Repeated measures were obtained with a 15-min interval, and averaged responses 
were used for comparisons between age groups. There were no differences in post-
occlusion whole-leg blood flow and muscle microvascular perfusion between young 
and older participants (p > .05). Similarly, total whole-leg blood flow during exer-
cise and post-exercise peak muscle microvascular perfusion did not differ between 
groups (p > .05). The overall level of agreement between the test–retest measures 
of calf muscle perfusion was excellent for measurements taken at rest (intraclass 
correlation coefficient [ICC] 0.85), and in response to cuff occlusion (ICC 0.89) and 
exercise (ICC 0.95). Our findings suggest that healthy aging does not affect muscle 
perfusion responses to cuff-occlusion and submaximal leg exercise. CEU muscle 
perfusion parameters measured in response to these provocation tests are highly re-
producible in both young and older adults.

K E Y W O R D S

aging, blood flow, exercise, muscle perfusion, reactive hyperemia, vascular conductance

~ The 
~"d Phy~iological 
~ ~Society 

~~ Physiological Reports 

www.wileyonlinelibrary.com/journal/phy2
https://orcid.org/0000-0001-8531-2780
mailto:
https://orcid.org/0000-0001-8076-8789
http://creativecommons.org/licenses/by/4.0/
mailto:caskew@usc.edu.au


2 of 13 |   MENESES Et al.

1 |  INTRODUCTION

Skeletal muscle microvasculature plays a critical role in the 
capillary-tissue exchange of oxygen and nutrients. There is 
evidence of a reduction in skeletal muscle capillary blood 
flow (perfusion) during and following exercise in people 
with various age-related chronic conditions, such as type 2 
diabetes (Groen et al., 2014; Sacre et al., 2015), peripheral 
arterial disease (Davidson et al., 2017; Kundi et al., 2017), 
and chronic heart failure (Copp et  al.,  2010; McDonough 
et al., 2004). Whether this microvascular impairment is a re-
sult of the disease alone or affected by older age is not fully 
understood.

Age-related reductions in the capillary density of the leg 
muscles have been reported in some (Coggan et al., 1992; 
Frontera et al., 2000; Groen et al., 2014; Ryan et al., 2006); 
but not all previous studies (Chilibeck et  al.,  1997; 
Hildebrandt et al., 2017). Ultrastructural changes, includ-
ing an increase in the pericapillary basement membrane 
thickness (Bigler et  al.,  2016; Scelsi et  al.,  1980) and a 
loss of endothelial cells in skeletal muscle capillaries, 
have also been reported in elderly compared with young 
adults (Bigler et al., 2016; Delp et al., 2008). These struc-
tural capillary changes may reduce the capacity to ade-
quately support muscle tissue insulin, glucose, and oxygen 
uptake (Kusters & Barrett, 2016; Poole et al., 2013), and 
limit exercise capacity. However, the extent to which these 
age-related changes impair skeletal muscle microvascular 
function and perfusion in vivo is unclear.

Contrast-enhanced ultrasound (CEU) imaging allows 
for the quantification of microvascular perfusion in skeletal 
muscle at rest and in response to high-flow demand prov-
ocation, such as during or following exercise (Hildebrandt 
et al., 2017; Lindner et al., 2008) and in response to post-oc-
clusion reactive hyperemia (Amarteifio et al., 2012; Thomas 
et al., 2014). Previous studies that have used CEU to inves-
tigate the effect of age have reported inconsistent findings 
where some (Durham et al., 2010; Thomas et al., 2014), but 
not all (Hildebrandt et  al.,  2017) have reported a deficit in 
microvascular blood flow in older adults compared with 
young. Each of these studies has used a different method 
of CEU imaging (e.g., bolus vs. continuous contrast de-
livery, intermittent vs. real-time imaging), and different 
provocation stimuli including a short period of thigh-cuff oc-
clusion (Thomas et al., 2014), submaximal treadmill walking 
(Durham et al., 2010), and isometric knee extension exercise 
(Hildebrandt et al., 2017). It is presently unclear whether the 
muscle microvascular responses are a consequence of micro-
vascular dysfunction, or whether they reflect differences in 
other factors, such as whole-leg blood flow, leg muscle-mass, 
or intensity of the stimuli, for example, exercise intensity, 
which could all possibly cloud the influence of age on skele-
tal muscle perfusion (Donato et al., 2006; Reilly et al., 2018).

The diverse findings reported in previous studies might 
also be attributed to a lack of standardization in image ac-
quisition and analysis procedures, and consequently the poor 
reproducibility of microvascular perfusion assessment using 
CEU (Lindner et al., 2008; Thomas et al., 2014). Recent CEU 
studies have adopted a more consistent approach and calcu-
lated microvascular blood flow parameters by fitting image 
intensity data to an exponential response curve (Davidson 
et  al.,  2017; Hildebrandt et  al.,  2017; Sacre et  al.,  2015); 
however, the reliability of these parameters remains to be de-
termined. Therefore, this study aimed to compare the skeletal 
muscle microvascular perfusion and whole-leg blood flow re-
sponses to standardized cuff occlusion and matched submax-
imal intensity exercise protocols between young and older 
participants. The secondary aims were to explore the rela-
tionship between the microvascular perfusion and whole-leg 
blood flow responses and to assess the test–retest within-day 
reliability of CEU skeletal muscle perfusion parameters.

2 |  MATERIALS AND METHODS

2.1 | Participant recruitment

Twelve apparently healthy elderly (68 ± 7 years) and twelve 
healthy young (26  ±  3  years) participants were recruited 
through local community announcements and media re-
leases. The healthy older participants also served as a control 
group in a previously published study of patients with periph-
eral arterial disease from our group, which was conducted at 
the same time (Meneses et al., 2018). Prior to participation, 
participants were screened for cardiovascular and metabolic 
diseases using a medical history questionnaire and physical 
examination, including ankle-brachial index measurement, 
and a fasting blood sample was taken for hematological and 
blood lipid analyses. Participants were excluded if they were 
current smokers, had type 2 diabetes, heart or cerebrovascular 
diseases, uncontrolled hypertension (systolic blood pressure 
>180 mm Hg or diastolic blood pressure >110 mm Hg), were 
taking hormone replacement therapy (post-menopausal older 
females) or participated in competitive sport or supervised 
exercise training. All participants gave written informed 
consent to participate in the study, which was approved 
by the Prince Charles Hospital (HREC/14/QPCH/122) 
and University of the Sunshine Coast (A/15/706) Human 
Research Ethics Committees. All procedures were conducted 
in accordance with the Declaration of Helsinki.

2.2 | Study overview

Participants initially underwent screening and baseline meas-
ures and completed a seven-day physical activity recall 
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(Australian Bureau of Statistics, 2011/2012). Participants were 
familiarized with the plantar-flexion exercise protocol and 
performed a maximum force test. Participants attended an ex-
perimental session (session 1) for the assessment of whole-leg 
blood flow at rest and following thigh-cuff occlusion using 
strain-gauge plethysmography. Then, contraction-by-contrac-
tion whole-leg blood flow was recorded during a 5-min bout 
of intermittent isometric plantar-flexion exercise. Participants 
attended two further experimental sessions, on separate days, 
where muscle microvascular perfusion of the medial gastroc-
nemius was assessed using CEU before and after 5-min of 
thigh-cuff occlusion (session 2), and before and after the same 
5-min plantar-flexion exercise protocol (session 3), as previ-
ously described (Meneses et  al.,  2018). Within each session, 
test procedures (cuff occlusion or exercise) were conducted 
twice, separated by 15 min, for the assessment of within-day 
reliability, and average responses were used for the comparison 
of microvascular responses between age groups. All measure-
ments were performed in the non-dominant limb of the partici-
pants. Experimental sessions were held at the same time of day, 
at least 72 hr apart, and participants were instructed to avoid 
exercise and caffeine or alcohol consumption for 24 hr before 
each session. Young females were evaluated during the midfol-
licular phase of their menstrual cycle (days 5–12).

2.3 | Resting blood pressure and ankle-
brachial index

Resting blood pressure and ankle-brachial index (ABI) were 
measured in triplicate to screen for uncontrolled hyperten-
sion and peripheral arterial disease. Resting brachial blood 
pressure was measured using an automated blood pressure 
monitor (GE Medical Systems Information Technologies, 
Inc) after participants were supine for at least 10 min. Resting 
ankle systolic blood pressure was measured using a hand-
held Doppler ultrasound probe (Bi-directional Doppler MD6, 
Hokanson Inc.) and sphygmomanometer. To confirm the 
absence of peripheral arterial disease, the ABI of each leg 
was calculated as the higher ankle pressure (dorsalis pedis 
or posterior tibial artery) divided by the higher brachial 
pressure (left or right arm) as previously described (Askew 
et al., 2002).

2.4 | Anthropometric assessments

Height, weight, and body mass index (BMI) were determined 
using standardized anthropometric measures. Estimated calf 
muscle mass (ECMM) was determined as: ECMM  =  (TL 
× 38.20851 +  (LG − 3.14259 ×  (SF/10)) × 80.24425 − 2
,467.9)/1,000; where ECMM  =  estimated calf muscle 
mass (kg), TL = tibial length (cm), LG = calf girth (cm) and 

SF = average of the closest two out of three skinfolds of the 
mid-calf (mm), as previously described (Clarys & Marfell-
Jones, 1986). Calf girth and tibial length were recorded and 
used as landmarks for the standard positioning of the strain-
gauge and ultrasound probe during experimental sessions.

2.5 | Plantar-flexion exercise

Participants were seated upright with their hip and knee 
flexed (~90°) and their foot on an immovable footplate. A 
calibrated load cell (Xtran S1W, Applied Measurement) was 
positioned over the distal-thigh, and in this position, par-
ticipants performed unilateral intermittent isometric plantar-
flexion contractions. Contraction force was displayed on a 
monitor enabling participants to regulate their effort. After 
being familiarized with the exercise, participants performed 
five maximum voluntary contractions (MVC), each sepa-
rated by 60 s rest, and the average was used as the measure 
of maximum force. The 5-min bouts of intermittent isometric 
plantar-flexion exercise (sessions 2 and 3) were performed at 
a fixed contraction intensity of 400 N and at a fixed contrac-
tion frequency (5-s duty cycle: 2-s contractions separated by 
3-s relaxation).

2.6 | Whole-leg blood flow

Whole-leg blood flow was measured using strain-gauge 
plethysmography (EC6 Plethysmograph, Hokanson, Inc.). 
A rapid inflation blood pressure cuff (CC17 contored leg 
cuff, E20 Rapid Cuff Inflator, and AG101 Cuff Inflator Air 
Source, Hokanson Inc.) was placed around the upper thigh, 
and a mercury-in-silastic strain-gauge was placed around the 
calf at the largest circumference for the assessment of limb 
volume changes. Resting measures were obtained by inflat-
ing the cuff to 60 mm Hg for 10 s, with blood flow assessed 
as the rate of rise in limb volume over two cardiac cycles 
following cuff inflation. Resting measurements were per-
formed in triplicate, separated by 20 s, and the average was 
used for analysis. Post-occlusion whole-leg blood flow was 
measured by inflating the thigh cuff to 200 mm Hg for five 
minutes to completely occlude arterial blood flow. The cuff 
was then rapidly deflated to the venous occlusion pressure 
(60 mm Hg), and blood flow was measured over two cardiac 
cycles following cuff deflation (Hokanson et al., 1975).

2.6.1 | Exercise whole-leg blood flow and 
vascular conductance

Contraction-by-contraction leg blood flow and vascular con-
ductance were measured throughout exercise using strain-gauge 
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plethysmography, using a similar approach to that described 
previously (Egana & Green, 2005; Murphy et al., 2018). This 
technique has been shown to provide a valid estimate of the hy-
peremic response during intermittent plantar-flexion exercise 
compared with Doppler ultrasound (Green et al., 2011). Five 
minutes before the commencement of exercise, pre-exercise 
seated whole-limb blood flow was measured in triplicate and 
averaged. A thigh cuff was inflated to 30 mm Hg for the dura-
tion of the exercise. This pressure was chosen to occlude ve-
nous return without interfering with arterial blood flow (Askew 
& Matthews, 2012). Blood flow was assessed following each 
contraction as the change in limb volume over the first complete 
cardiac cycle, free of any movement artifact, from the onset of 
the 3-s relaxation phase. Single-lead electrocardiogram, heart 
rate (ADInstruments), and beat-by-beat finger blood pressure 
(Finometer, Finapres Medical Systems) were continuously 
monitored during exercise. Leg vascular conductance was cal-
culated at rest and following each contraction as leg blood flow 
divided by mean arterial pressure.

Contraction-by-contraction leg blood flow and vascular 
conductance were averaged across the repeated within-session 
trials and fitted to a biphasic exponential response curve (Table 
Curve 2D v4, SPSS Inc.) to determine the total rise in whole-leg 
blood flow during exercise, as previously described (Reeder & 
Green, 2012; Saunders et al., 2005). The goodness of fit for the 
whole-leg blood flow and vascular conductance data, based on 
the adjusted R2, was 0.83 ± 0.10 and 0.79 ± 0.10, respectively.

2.7 | Calf muscle microvascular perfusion

Calf muscle microvascular perfusion was measured using 
CEU. During experimental session 2, CEU imaging of the me-
dial gastrocnemius was assessed before and immediately after 
five min of thigh-cuff occlusion. For this measurement, partici-
pants rested in the prone position with their legs supported with 
cushions under their ankles. During session 3, CEU imaging 
was conducted at rest and immediately after the 5-min bout of 
intermittent isometric plantar-flexion exercise with participants 
in the seated position. Image and acoustic intensity (aU) data 
were obtained from the belly of the medial gastrocnemius at 
the point of the greatest leg circumference, with the ultrasound 
transducer secured to the leg using a foam probe holder.

Continuous harmonic power-Doppler imaging (Philips 
Diagnostic Ultrasound Systems model iE33, Philips Medical 
Systems) was performed with a linear-array transducer 
(Philips L9-3), using a low mechanical index (0.10), 87% gain, 
and 5 cm depth. All ultrasound settings were held constant 
within and between participants. Contrast solution consisting 
of 1.5  ml of lipid shelled octafluoropropane microbubbles 
(Definity, Bristol-Myers Squibb Medical Imaging) mixed 
to 50  ml with saline was infused intravenously (antecubi-
tal fossa) at a constant rate of 200 ml/hour, using a syringe 

pump (Alaris PK) that was continuously rocked using a cus-
tom-built mixing platform at approximately 20  rpm to pre-
vent agent sedimentation. Each CEU measurement required a 
total of three min of contrast infusion, with the first two min 
of infusion required to achieve a steady-state concentration 
of microbubbles. This was followed by a pulse of high-en-
ergy ultrasound (mechanical index = 1.07) for microbubble 
destruction, and at least 50 s (range 50–60 s) of image acqui-
sition to assess the kinetics of microbubble replenishment.

2.7.1 | Microvascular image analysis

QLAB software (Philips Healthcare) was used to generate 
time-intensity curves for analysis of the contrast (image-in-
tensity) replenishment kinetics. An examiner (A.L.M.) man-
ually selected a representative quadrilateral region of interest 
(903 ± 140 mm2); and the selected area was automatically 
transposed for repeated measurements. Time-intensity data 
were exported for background subtraction (Excel, version 
15.0 Microsoft Corporation, 2013), where the background 
intensity was set at 0.98  s (for resting data) or 0.49  s (for 
cuff occlusion and exercise data) from the moment of bubble-
destruction to exclude the contributions of the faster-filling, 
larger non-capillary vessels from the measured responses 
(Sacre et al., 2015). The area under the curve was calculated 
as the total accumulated change in acoustic intensity during 
the first 50  s post-cuff occlusion or post-exercise. Using a 
3-s moving average, we identified the time-to-peak acoustic 
intensity as the duration from microbubble destruction until 
its peak response (i.e., plateau acoustic intensity).

Time and acoustic intensity data for the same period, that 
is, from microbubble destruction until peak intensity, were 
used for curve fitting and the determination of microvas-
cular parameters. Data were fitted to an exponential func-
tion y  =  A[1−exp−βt] for the analysis of the time-intensity 
replenishment kinetics, where: y is the acoustic intensity at 
time t (in seconds); A is the peak acoustic intensity, which 
gives an estimation of microvascular blood volume; and β 
is the rate of appearance of the microbubbles (i.e., the rate 
constant), which estimates microvascular flow velocity (Wei 
et al., 1998). Skeletal muscle microvascular blood flow (per-
fusion) was calculated as the product of blood volume and 
velocity (A*β). Curve fitting was performed using SigmaPlot 
software version 13.0 (Systat Software, Inc). The good-
ness of fit for the CEU data, based on the adjusted R2, was 
0.93 ± 0.08.

2.8 | Statistical analysis

Exercise-induced skeletal muscle microvascular perfusion 
was the primary outcome of interest and therefore a priori 
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sample size calculations were performed based on the mean 
of previously reported differences between young and older 
participants (effect size 1.4–1.96; Durham et  al.,  2010; 
Hildebrandt et al., 2017). Assuming a power of 90% and an 
alpha level of 0.05, a conservative sample size of 12 partici-
pants in each group was required to detect expected differ-
ences between young and older adults.

The Gaussian distribution and homogeneity of vari-
ance of the data were confirmed using Shapiro Wilk and 
Levene tests. Baseline comparisons were performed using 
independent sample t and chi-square tests. A natural loga-
rithm (Logn) transformation was effective in normalizing 
the non-normal variables (post-occlusion muscle microvas-
cular blood volume, and post-exercise muscle microvascu-
lar perfusion). Whole-leg blood flow and microvascular 
perfusion responses to cuff occlusion and exercise were 
analyzed using a 2-way (group  ×  time) mixed analysis 
of variance (ANOVA), followed by Tukey's post hoc test 
when there were significant main effects or interactions. 
Correlations between leg blood flow and microvascular 
perfusion parameters were assessed using Pearson's or 
Spearman's correlation coefficient. p  <  .05 was consid-
ered statistically significant. Statistical analyses were per-
formed using SPSS 22.0 for Windows software (SPSS Inc). 
Data are presented as mean and standard deviation (SD) 
unless otherwise stated. Within-day test–retest reliability 
was assessed using the intra-class correlation coefficient 
(ICC), and classified according to Fleiss  (1999) as >0.75 
excellent reliability, 0.40–0.75 good reliability, and <0.40 
poor reliability. The coefficient of variation for each indi-
vidual was calculated as the ratio of the standard deviation 
to the mean (CV%).

3 |  RESULTS

3.1 | Participant characteristics

Participant characteristics are presented in Table  1. As 
stated previously, data presented for the older participant 
group, except the reliability data, have previously been 
published (Meneses et  al.,  2018). Young (26  ±  3  years) 
and older (68 ± 7 years) groups were well-matched for the 
number of males (n = 6) and females (n = 6). Older partici-
pants had significantly (p < .05) higher body-mass index, 
low-density lipoprotein cholesterol, total cholesterol, and 
resting mean arterial pressure. Two (17%) participants in 
the older groups were taking prescribed anti-hypertensive 
medications (angiotensin-converting enzyme [ACE] in-
hibitor and calcium channel blocker), two were taking as-
pirin, and two were taking statins. Two female participants 
in the young group were taking contraceptive hormones 
(Ethinylestradiol). The self-reported habitual physical 

activity levels were not significantly different between 
groups (Young: 3.9  ±  1.8  hr/week; Older: 2.8  ±  2.2  hr/
week; p = .17).

Plantar-flexion MVC force was lower in older participants 
compared with the young participants and remained lower 

T A B L E  1  Participant characteristics

Parameter
Young 
(n = 12)

Older 
(n = 12) p value

Age, years 26 ± 3 68 ± 7 <.01

Male sex, n (%) 6 (50) 6 (50) .68

Weight, kg 72.8 ± 11.5 79.7 ± 12.0 .13

Height, cm 174.3 ± 8.6 172.3 ± 7.0 .52

Body mass index, 
kg/m2

23.9 ± 2.4 26.9 ± 4.0 .03

ECMM, kg 1.87 ± 0.36 1.98 ± 0.22 .33

Plantar-flexion MVC 
force, N

1,385 ± 384 908 ± 336 <.01

Plantar-flexion MVC 
force/ECMM, N/kg

741 ± 154 455 ± 154 <.01

Resting hemodynamics

Systolic blood 
pressure, mm Hg

117 ± 11 136 ± 18 <.01

Diastolic blood 
pressure, mm Hg

66 ± 7 77 ± 7 <.01

Mean arterial 
blood pressure, 
mm Hg

79 ± 8 97 ± 11 <.01

Heart rate, beats/
min

57 ± 10 61 ± 9 .39

Resting ankle-
brachial index

1.16 ± 0.13 1.16 ± 0.12 .93

Blood biochemistry

Hemoglobin, 
mmol/L

14.39 ± 1.42 13.71 ± 0.7 .14

Hematocrit, % 42.5 ± 3.9 40.3 ± 1.7 .08

Fasting glucose, 
mmol/L

4.86 ± 0.46 5.16 ± 0.37 .08

LDL cholesterol, 
mmol/L

2.88 ± 0.72 3.62 ± 0.65 .01

HDL cholesterol, 
mmol/L

1.52 ± 0.25 1.53 ± 0.45 .97

Total cholesterol, 
mmol/L

4.76 ± 0.75 5.73 ± 0.74 <.01

Triglycerides, 
mmol/L

0.79 ± 0.28 1.33 ± 0.94 .06

Note: Values are mean ± SD or number (frequency distribution [%]). Data 
presented for the older participant group have previously been published 
(Meneses et al., 2018).
Abbreviations: ECMM, estimated calf muscle mass; HDL, high-density 
lipoprotein; LDL, low-density lipoprotein; MVC, maximum voluntary 
contraction.
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when adjusted for calf muscle mass (Table 1). As such, the 
target force of 400 N during the 5-min plantar-flexion exer-
cise tests reflected a higher relative intensity in the older par-
ticipants (63 ± 22% MVC) compared with young participants 
(39 ± 11% MVC; p < .01).

3.2 | Post-occlusion whole-leg blood 
flow and muscle microvascular perfusion

Whole-leg blood flow and vascular conductance responses 
were not different between the age groups at rest or follow-
ing cuff occlusion (Table 2). The mean post-occlusion CEU 
time-intensity microvascular perfusion curves in young 
and older participants are shown in Figure 1. Time-to-peak 
acoustic intensity was not different between groups (Young: 
18.62  ±  3.77; Older: 17.79  ±  3.98  s; p  =  .60). The total 
area under the curve was also not different between groups 
(Young: 676 ± 359; Older: 659 ± 452 aU.s; p = .41). Calf 
muscle microvascular perfusion parameters, at baseline and 
post-occlusion, are shown in Figure 2. Baseline (pre-occlu-
sion) muscle microvascular blood volume, flow velocity, 
and perfusion were not different between groups (p > .05). 
In comparison with baseline, microvascular blood vol-
ume (Figure  2a), flow velocity (Figure  2b), and perfusion 
(Figure 2c) increased in both groups during post-occlusion 

reactive hyperemia (p < .001), with no significant differences 
between young and older participants (p > .05).

3.3 | Exercise whole-leg blood flow

The increase in heart rate (Young: ∆14  ±  5  bpm; Older: 
∆8 ± 8 bpm; p =  .05) and mean arterial pressure (Young: 
∆20 ± 11; Older: ∆26 ± 27 mmHg; p =  .13) from rest to 
exercise were not significantly different between groups. 
Contraction-by-contraction whole-leg blood flow and vascu-
lar conductance during plantar-flexion exercise are illustrated 
in Figure 3a,b, respectively, and parameters are described in 
Table 2. Baseline (seated rest) whole-leg blood flow was not 
different between groups (p = .07). The magnitude of whole-
leg blood flow (p = .61) and vascular conductance (p = .12) 
during exercise was not different between groups.

3.4 | Post-exercise muscle 
microvascular perfusion

The mean CEU time-intensity curves for the period immedi-
ately following plantar-flexion exercise in young and older 
participants are shown in Figure 4. Time-to-peak acoustic in-
tensity was longer in the older (30.35 ± 14.46 s) than in the 

Parameter Young (n = 12) Older (n = 12)
p 
value

Post-occlusion measures (supine)

Baseline blood flow, ml.100 ml−1.
min−1

2.18 ± 0.94 1.94 ± 0.65 .44

Baseline vascular conductance, 
ml.100 ml−1.min−1.mm Hg−1

0.03 ± 0.01 0.02 ± 0.01 .06

Post-occlusion blood flow, 
ml.100 ml−1.min−1

17.51 ± 7.48 16.55 ± 6.02 .71

Post-occlusion vascular conductance, 
ml.100 ml−1.min−1.mm Hg−1

0.22 ± 0.08 0.18 ± 0.07 .19

Exercise measures (seated)

Baseline blood flow, ml.100 ml−1.
min−1

1.12 ± 0.31 1.73 ± 0.95 .07

Baseline vascular conductance, 
ml.100 ml−1.min−1.mm Hg−1

0.010 ± 0.003 0.018 ± 0.013 .14

Exercise blood flow (plateau), 
ml.100 ml−1.min−1

31.19 ± 9.21 33.12 ± 8.55 .61

Exercise vascular conductance 
(plateau), ml.100 ml−1.min−1.
mm Hg−1

0.323 ± 0.114 0.271 ± 0.060 .12

Exercise mean arterial pressure, mm Hg 99 ± 12 117 ± 22 .04

Exercise heart rate, beats/min 72 ± 12 68 ± 13 .47

Note: Values are mean ± SD. Data presented for the older participant group have previously been published 
(Meneses et al., 2018).

T A B L E  2  Whole-leg blood flow and 
leg vascular conductance
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young participants (16.83 ± 3.22 s; p < .01). The total area 
under the curve was not different between groups (Young: 
269 ± 124; Older: 264 ± 224 aU.s; p = .94). Calf muscle mi-
crovascular perfusion parameters, before and after exercise, 
are shown in Figure  5. Baseline (pre-exercise) muscle mi-
crovascular blood volume, flow velocity, and perfusion were 
not different between groups (p > .05). Microvascular blood 
volume (Figure 5a), flow velocity (Figure 5b), and perfusion 
(Figure 5c) increased with exercise in both young and older 
groups (p <  .001), with no significant differences between 
groups (p > .05).

3.5 | Relationships between leg blood 
flow and microvascular perfusion

Given the lack of differences between groups for muscle mi-
crovascular perfusion parameters, data from the young and 
older participants were combined for correlations. A higher 
post-occlusion whole-leg blood flow and vascular conduct-
ance were significantly related to a shorter post-occlusion 
time-to-peak CEU acoustic intensity (n  =  24; r  =  −.53; 
p = .01 and r = −.43; p = .04, respectively). Post-occlusion 
whole-leg blood flow and vascular conductance were not 
significantly correlated with calf muscle microvascular 
perfusion (n = 24; r =  .39; p =  .07 and r =  .42; p =  .05, 
respectively). There were no significant correlations be-
tween exercise whole-leg blood flow and post-exercise CEU 

F I G U R E  1  Post-occlusion CEU time-intensity curves in young 
(open circles) and older (shaded circles) participants. Data points 
represent group mean and error bars are SEM. Data presented for the 
older participant group have previously been published (Meneses 
et al., 2018)

F I G U R E  2  Calf muscle microvascular blood volume (panel 
a), flow velocity (panel b), and perfusion (panel c) at baseline and 
following cuff occlusion in young and older participants. Values are 
mean and SD. Dotted lines indicate individual participant responses. 
*Significantly different from baseline (p < .05). Data presented for 
the older participant group have previously been published (Meneses 
et al., 2018)

F I G U R E  3  Whole-leg blood flow (panel a) and vascular 
conductance (panel b) during plantar-flexion exercise in young 
(open circles) and older (shaded circles) participants. Data points 
represent group mean and error bars are SEM. Data presented for the 
older participant group have previously been published (Meneses 
et al., 2018)
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microvascular parameters, except for post-exercise TTP that 
was negatively correlated with exercise leg vascular conduct-
ance (n = 24; r = −.47; p = .03).

3.6 | Reliability of CEU muscle 
microvascular perfusion parameters

The mean test–retest data, ICC, and coefficient of the varia-
tion of CEU skeletal muscle microvascular perfusion param-
eters at rest, post-occlusion, and post-exercise are presented 
in Table  3. Resting supine (pre-cuff occlusion) and seated 
(pre-exercise) muscle microvascular perfusion values indi-
cate that there was no residual effect of prior cuff occlusion 
or exercise on repeated measures (p  >  .05). Under resting 
conditions, the ICC values indicated good to excellent reli-
ability for muscle microvascular perfusion (ICC range: 0.73–
0.96). Post-occlusion CEU parameters showed excellent 
within-day reliability with ICC values ranging from 0.82 to 
0.96, and CV values from 13% to 39%. For the post-exercise 
CEU parameters, the ICC values ranged from 0.91 to 0.98, 
and CV values from 7% to 22%.

4 |  DISCUSSION

This study aimed to compare the skeletal muscle microvas-
cular perfusion and whole-leg blood flow responses to stand-
ardized cuff occlusion and matched submaximal intensity 
exercise protocols between young and older participants. The 
secondary aim was to assess the test–retest reliability of CEU 
skeletal muscle perfusion parameters. We found that post-oc-
clusion and post-exercise muscle microvascular perfusion re-
sponses were not different between age groups, and this was 
consistent with the whole-leg blood flow responses, which 
were also similar between old and younger participants. Our 
findings also show that CEU imaging is a reliable technique 

for the assessment of calf muscle microvascular perfusion re-
sponses to cuff occlusion and leg exercise.

4.1 | Post-occlusion whole-leg blood 
flow and calf muscle microvascular perfusion

Previous studies that have assessed the influence of age on 
muscle microvascular perfusion have often failed to account 
for any differences in whole-leg arterial inflow. In the present 
study, post-occlusion whole-leg blood flow and vascular con-
ductance were not different between young and older adults. 
Our findings are in line with previous studies (Hildebrandt 
et  al.,  2017; Schank et  al.,  2006) using strain-gauge ple-
thysmography, which reported no age-related differences in 

F I G U R E  4  Post-exercise CEU time-intensity curves in young 
(open circles) and older (shaded circles) participants. Data points 
represent group mean and error bars are SEM. Data presented for the 
older participant group have previously been published (Meneses 
et al., 2018)

F I G U R E  5  Calf muscle microvascular blood volume (panel a), 
flow velocity (panel b), and perfusion (panel c) before and following 
plantar-flexion exercise in young and older participants. Values are 
mean and SD. Dotted lines indicate individual participant responses. 
*Significantly different from baseline (p < .05). Data presented for 
the older participant group have previously been published (Meneses 
et al., 2018)
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post-occlusion whole-limb blood flow (reactive hyperemia) 
in recreationally active adults. This is also in line with a study 
showing no age-related differences in lower limb flow-medi-
ated dilatation, induced by cuff-occlusion, in both active and 
inactive young and older adults (Olive et al., 2002). Notably, 
several previous studies have reported age-related impair-
ments in endothelial function (flow-mediated dilation) of the 
brachial artery (Black et al., 2009; Celermajer et al., 1994; 
Gates et al., 2007). However, it has been shown that vascular 
responsiveness is not uniform across upper and lower limbs 
(Donato et al., 2006; Thijssen et al., 2011; Wray et al., 2010). 
The assessment of vascular function in the leg, rather than 
the arm, may be more relevant when considering the impact 
of age and age-related conditions, such as peripheral arterial 
disease, on exercise tolerance.

We found no differences in post-occlusion calf muscle 
microvascular perfusion between young and older partici-
pants. Our findings differ from previous studies using CEU 
(Thomas et al., 2014) and magnetic resonance imaging (MRI; 
Kos et  al.,  2009; Schulte et  al.,  2008) that reported reduced 
post-occlusion calf muscle perfusion in older adults. The dis-
crepancy between study findings is not likely to be related to 
the provocation stimuli, as these prior studies showed an im-
paired response in the older adults using varied cuff occlusion 
protocols (1–6 min occlusion at supra-systolic pressures). The 
variance in age between young and older participants, as well 
as the differences in body-mass index, lipid profile, and blood 
pressure, which often correlate with alterations in vascular 

function (Benjamin et al., 2004), were within similar ranges in 
the current and prior studies. Nonetheless, unlike prior obser-
vations (Thomas et al., 2014), the microbubble replenishment 
curves, and the microvascular perfusion responses following 
cuff-occlusion were almost identical between the young and 
older participants in the current study. As post-occlusion reac-
tive hyperemia reflects vasodilatory capacity and is influenced 
by alterations in vascular resistance in the (macro and micro) 
vascular network (Sandoo et al., 2010), our data suggest that 
the capacity of the lower limb vascular system is well-pre-
served in healthy older adults.

4.2 | Whole-leg blood flow and vascular 
conductance during exercise

Our findings of similar whole-leg blood flow and vascular 
conductance during exercise in young and older adults are 
consistent with findings recently reported in recreationally 
active older and young adults during incremental intermit-
tent plantar-flexion exercise (Reilly et al., 2018). In this prior 
study, participants were stratified according to sex, but no sex-
specific effects in either leg blood flow or vascular conduct-
ance responses during exercise were observed. Conversely, 
leg hemodynamic responses during unilateral knee extension 
exercise were similar between older and young recreation-
ally active males, but attenuated in older compared with 
young women (Parker et al., 2008). While there might be a 

T A B L E  3  Reliability of muscle microvascular perfusion parameters measured with CEU

Parameter

Young

ICC CV%
p 
value

Older

ICC CV%
p 
valueTest 1 Test 2 Test 1 Test 2

Post-occlusion measures (supine)

Baseline microvascular 
perfusion (A.β, aU.s−1)

0.23 ± 0.16 0.26 ± 0.19 0.85 24 .51 0.39 ± 0.48 0.30 ± 0.31 0.92 30 .21

Post-occlusion TTP (s) 18.96 ± 4.00 19.54 ± 3.74 0.91 7 .44 17.13 ± 4.05 18.51 ± 3.85 0.92 9 .08

Post-occlusion AUC (aU.s) 724 ± 388 659 ± 411 0.98 9 .06 813 ± 566 678 ± 468 0.93 18 .20

Post-occlusion 
microvascular perfusion 
(A.β, aU.s−1)

3.19 ± 1.35 3.09 ± 1.59 0.94 12 .67 3.51 ± 2.53 3.00 ± 2.44 0.96 22 .15

Exercise measures (seated)

Baseline microvascular 
perfusion (A.β, aU.s−1)

0.09 ± 0.06 0.11 ± 0.08 0.73 31 .11 0.08 ± 0.05 0.09 ± 0.06 0.96 26 .62

Post-exercise TTP 
intensity (s)

17.35 ± 4.13 16.54 ± 3.52 0.84 17 .84 27.98 ± 13.50 30.44 ± 14.01 0.94 30 .29

Post-exercise AUC (aU.s) 257 ± 127 266 ± 111 0.86 13 .73 248 ± 207 288 ± 247 0.93 35 .93

Post-exercise 
microvascular perfusion 
(A.β, aU.s−1)

2.14 ± 1.98 1.42 ± 0.90 0.82 28 .09 1.21 ± 1.37 1.35 ± 1.50 0.96 39 .43

Note: Values are mean ± SD.
Abbreviations: AUC, area under the curve; TTP, time-to-peak acoustic intensity.
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sex-specific effect on exercising limb hemodynamics with 
aging, our study sample was not powered for comparisons of 
subgroups according to sex.

The age-related attenuation in exercising leg hemodynam-
ics reported in previous studies has been partly attributed to the 
smaller leg muscle mass in older participants (Donato et al., 2006; 
Parker et  al.,  2008). Thus, when exercise responses were ex-
pressed per unit of muscle mass, leg blood flow, and vascular con-
ductance responses were not significantly different between the 
young and older groups (Donato et al., 2006; Parker et al., 2008). 
Estimated calf muscle mass was not different between the young 
and older participants in this study. Furthermore, leg blood flow 
was assessed relative to the volume of tissue per minute (i.e., 
ml.100 ml−1.min−1). Thus, our results are not likely to be affected 
by differences in muscle mass between young and older individu-
als. Differences in exercise workload employed in previous stud-
ies also likely explain the attenuated response in older compared 
with young participants (Donato et  al., 2006). Importantly, we 
used the same absolute workload across both groups. While the 
relative intensity differed, we showed that total limb blood flow 
and vascular conductance, normalized for muscle mass, were not 
different between young and older participants. This approach is 
a strength of the current study which ensures that any variance 
in muscle microvascular blood flow between groups can be at-
tributed to the age of the participants and is not likely influenced 
by variance in mechanical work (and therefore oxygen demand) 
and whole limb blood flow.

While the magnitude of the whole-limb blood flow and 
vascular conductance response during exercise was not dif-
ferent between age groups, it is interesting to note that the 
immediate rise in whole-limb vascular conductance during 
exercise appears to be slower in the older compared to the 
younger group. It is likely that this reflects a disruption of 
the immediate vasoregulatory response during exercise 
and is possibly related to increased vascular stiffness (Wen 
et al., 2015) or endothelial dysfunction (Parker et al., 2006) in 
older adults. Increased sympathetic tone in older adults may 
also play a role, although it was recently reported that age-re-
lated differences in the vasodilation response to exercise are 
not fully explained by sympathetic vasoconstriction (Hughes 
et al., 2017). Further studies are needed to determine the ki-
netics of the blood flow response to exercise and to investi-
gate the mechanisms of any age-related effects.

4.3 | Post-exercise calf muscle 
microvascular perfusion

Consistent with our findings for whole-leg blood flow, we 
also found no differences in post-exercise calf muscle micro-
vascular perfusion between young and older participants. Our 
results contrast with previous findings showing reduced peak 
microvascular perfusion of the soleus (Tonson et al., 2017) 

and vastus lateralis (Hildebrandt et  al.,  2017) muscles fol-
lowing a single submaximal isometric contraction. In line 
with our findings, these studies reported no age-related dif-
ferences in peak microvascular perfusion of the medial gas-
trocnemius (Tonson et al., 2017) and the vastus intermedius 
muscle (Hildebrandt et al., 2017). Therefore, the possibility 
that age-related differences in muscle perfusion are muscle 
group-specific requires further investigation.

Impaired muscle perfusion may not necessarily reflect al-
tered muscle structure with advancing age, as the muscle mi-
crovascular responses reported by Hildebrandt et al.  (2017) 
were seen in the absence of differences in muscle capillary 
density or fiber composition between young and middle-age 
participants. Instead, age-related differences in muscle mi-
crovascular hyperemia may reflect differences in vasodi-
latory capacity or responsiveness. In line with Hildebrandt 
et  al.  (2017), older participants in our study demonstrated 
a slower pattern of reperfusion immediately after exercise 
compared with young adults. Indeed, we found a slower TTP 
response, although the AUC (i.e., total change in microvas-
cular volume) was not significantly different between young 
and older participants. This altered response suggests there 
may be an attenuated vascular reactivity in the lower limbs 
of older adults, although this appeared to have no measurable 
effect on the perfusion response following exercise.

4.4 | Reliability of muscle microvascular 
perfusion parameters

The current study demonstrates good to excellent within-
day reliability for measures of resting perfusion parameters, 
and excellent reliability of post-occlusion and post-exercise 
perfusion parameters in young and older adults (ICC range 
0.82–0.98). In contrast, Thomas et al. (2014) reported poor 
reliability of post-occlusion (60 s at 200 mm Hg cuff pres-
sure) calf muscle CEU parameters in both young and older 
participants. While in this prior study TTP was the most re-
liable parameter (ICC 0.77–0.78), other parameters such as 
peak acoustic intensity and area under the curve demonstrated 
wide variance across both groups (ICC range 0.01–0.89; CV 
range 23%–87%). In the current study, CEU data were fitted 
to biokinetic models to remove noise (Tang et al., 2011) and 
estimate the microvascular volume and flow velocity for the 
determination of microvascular blood flow. Using a similar 
CEU technique to that employed in the present study, albeit 
using an incremental (5 s bins) rather than continuous real-
time imaging protocol, Lindner et al. (2008) demonstrated a 
variability of 20% for resting values and 15% for maximal ex-
ercise values in healthy middle-aged participants (n = 5; me-
dian 47 years, range 41–52 years). This is similar to the CV% 
values reported in the current study (24%–30% and 7%–22% 
for resting and post-exercise parameters, respectively).

------1Physiological Reports =fa~ ~ 
The 

~ ,t Phy~iologica,1--------------------------------
~ ~Society 



   | 11 of 13MENESES Et al.

Technical factors influencing the reliability of CEU mea-
surements include the CEU ultrasound and software settings 
(i.e., mechanical index, focal depth, dynamic range, gain, pulse 
frequency) and contrast agent administration (i.e., infusion 
and handling; Tang et al., 2011), which were standardized for 
all participants and tests in the current study. We examined a 
larger area of muscle tissue (i.e., region of interest) compared 
to Thomas et al. (2014) (903 ± 140 mm2 vs. 158 ± 19 mm2, 
respectively), which may have contributed to the improved 
reliability reported in our study. The region of interest rep-
resents the area over which the CEU data are captured to gen-
erate the time-intensity curve; thus, a larger region of interest 
includes more data and minimizes variability, as previously 
demonstrated in the myocardium (Fornwalt et al., 2009). An 
important technical factor is that CEU imaging is susceptible 
to movement artifacts (Greis, 2011; Weber et al., 2007), and 
therefore imaging acquisition in the current study was per-
formed in the period immediately after the completion of ex-
ercise (post-contraction). In the study by Lindner et al. (2008), 
image acquisition commenced during exercise and continued 
during the recovery period, which may have resulted in alter-
ations in signal intensity and contributed to the reported mea-
surement variance. Microvascular perfusion can be normalized 
to the blood pool concentration of the contrast agent (Davidson 
et  al.,  2016; Shim et  al.,  2014), which might further reduce 
variability in CEU parameters. Current CEU studies have not 
commonly used this adjustment, and the reproducibility of 
this approach needs to be tested in future studies. Using our 
standardized stimulus (cuff occlusion and exercise), contrast 
administration, imaging, and image-analysis procedures, we 
have demonstrated that CEU muscle perfusion parameters are 
highly reproducible in both young and older adults.

4.5 | Limitations

While the study was powered to detect age-group differences 
in post-exercise microvascular perfusion, the study sample 
was small and did not permit the comparison of sex-differ-
ences and other factors that may influence the findings. In 
this study, the older and younger groups were well-matched 
for total physical activity levels and none of the participants 
reported participating in supervised exercise training. We did 
not assess the intensity of habitual physical activity, and we 
suggest that future studies consider a more thorough assess-
ment of physical activity to account for any impact it may 
have on age-related comparisons. It was not possible to make 
simultaneous measurements of whole-leg blood flow and 
calf muscle microvascular perfusion. Synchronized measures 
would have strengthened our ability to assess the association 
between whole-leg blood flow and microvascular perfusion 
in response to exercise. Our experiments were all performed 
at the same time of day to mitigate the effect of circadian 

changes in cardiovascular control. We acknowledge that 
within-day reliability measures may yield different results 
compared with those in which repeated tests are performed 
across longer time intervals (i.e., days or weeks). Therefore, 
we suggest that future studies assess the between-day reli-
ability of CEU measures using the same standardized data 
acquisition and processing protocols. This is particularly im-
portant for establishing the utility of CEU for the assessment 
of longitudinal changes in muscle microvascular perfusion 
that might occur with aging, disease progression, or in re-
sponse to treatment interventions.

5 |  CONCLUSION

Using standardized contrast administration, imaging, and 
image-analysis procedures, this study demonstrates that 
contrast-enhanced ultrasound imaging is a reliable method 
for the assessment of muscle microvascular perfusion pa-
rameters. Using these methods, this study has established 
that the calf muscle microvascular perfusion responses to 
cuff-occlusion and matched-intensity leg exercise are not 
different between healthy young and older adults. These 
findings suggest that muscle microvascular impairments 
associated with age-related conditions such as type 2 dia-
betes, peripheral arterial disease, and heart failure are more 
likely the result of disease-related pathology than a func-
tion of aging per se.
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