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Abstract 

Adipose tissue and skeletal muscle are metabolically active tissues that play a central 

role in whole-body energy homeostasis. The functionality of these tissues, and hence 

cardiometabolic health, relies on adequate adjustments in perfusion reflecting metabol-

ic demands in different physiological conditions. Acute exercise increases skeletal mus-

cle perfusion, and this response can be enhanced by prolonged exercise training. Yet, 

whether similar responses occur in adipose tissue remains unclear. Here, we investigat-
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ed the effect of a single bout of resistance exercise on adipose tissue microvascular per-

fusion in healthy older females. Moreover, we explored the effects of 8 weeks of aerobic 

exercise training on the microvascular perfusion response to acute resistance exercise. 

Study participants (age: 70±4 y; BMI: 24.7±2.8 kg/m2) were assigned to either a super-

vised aerobic exercise training (3 times/week) or a no training control group. Before 

and after the intervention period, microvascular blood volume was measured in femoral 

adipose tissue and the adjacent skeletal muscle using contrast-enhanced ultrasound. 

More specifically, the measurements were conducted at rest and at t=10 and t=40 

minutes after a single resistance exercise session. We found that microvascular blood 

volume increased in both adipose (3.0±2.5-fold, p<0.05) and skeletal muscle (4.5±1.9-

fold, p=0.001) tissue after the resistance exercise session. Eight weeks of aerobic exer-

cise training improved adipose tissue microvascular perfusion after acute resistance 

exercise compared to the control group (time x group, p=0.033), without significant 

within-group changes. The present findings indicate that microvascular blood volume in 

femoral adipose tissue increases after an acute bout of resistance exercise and may be 

enhanced following exercise training in healthy older females. 

 

Keywords: Adipose tissue, skeletal muscle, perfusion, aging, resistance exercise, metabo-

lism 

 

1. Introduction 

Aging is associated with a progressive decline in cardiovascular fitness, increased adi-

pose tissue mass, and reduced skeletal muscle mass, which is accompanied by concomi-

tant impairments in adipose tissue and skeletal muscle function [1-3]. Collectively, these 

age-related changes contribute to an elevated risk of developing health complications 

such as chronic cardiometabolic diseases. Tissue perfusion governs the exchange of nu-

trients, hormones, and oxygen within organs. Hence, adequate adjustment of tissue per-

fusion to meet demands under different metabolic conditions (i.e. fasting, meal intake, 
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exercise) is essential for normal adipose tissue and skeletal muscle function. We and 

others have previously demonstrated that adipose tissue blood flow and microvascular 

recruitment in skeletal muscle is impaired in people with obesity and insulin resistance 

[4-6], underscoring the link between adequate regulation of tissue perfusion and meta-

bolic health. An acute bout of exercise increases skeletal muscle perfusion, and pro-

longed aerobic exercise training enhances the perfusion capacity of skeletal muscle, 

with concomitant improvements in cardiovascular health [7-10]. In older adults, skele-

tal muscle blood flow is reduced during exercise compared to younger individuals [11-

13]. Importantly, however, studies evaluating the effects of acute exercise and pro-

longed exercise training on adipose tissue perfusion are scarce. Previous exercise stud-

ies that examined adipose tissue perfusion have primarily been conducted during acute 

exercise in young participants [14]. Thus, it remains unclear whether acute exercise and 

exercise training are able to increase or improve adipose tissue perfusion in older indi-

viduals. In the present study, we hypothesized that an acute bout of resistance exercise 

increases adipose tissue perfusion in older individuals. To test this, we investigated the 

impact of a single bout of resistance exercise on femoral adipose tissue microvascular 

perfusion in healthy older females. In addition, an exploratory analysis was performed 

to assess whether 8 weeks of aerobic exercise training changes the femoral adipose tis-

sue perfusion response to a single bout of resistance exercise. Finally, to examine 

whether perfusion responses to exercise may be tissue-specific, we also explored skele-

tal muscle microvascular perfusion under these conditions. 

2. Methods 

2.1 Participants 

Nine older females (age: 65-85 y; BMI: 18.5-30 kg/m2) were included in the present 

study. None of the participants had any known severe medical conditions, such as can-

cer, cardiovascular disease, arthritic conditions, neuromuscular problems, renal disor-

ders, pulmonary diseases and/or hypertension. Blood pressure was determined as pre-

viously described [15]. An oral glucose tolerance test (OGTT) was conducted to exclude 
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individuals with type 2 diabetes mellitus. HOMA-IR and Matsuda index were calculated 

from this test as previously described [16]. Participants’ characteristics are reported in 

Table 1. The study was approved by the Medical Ethics Committee of Maastricht Univer-

sity Medical Center+, the Netherlands (METC 18-060), and in compliance with the 

guidelines from the most recent version of the Declaration of Helsinki. This study was 

part of a larger research project registered at the International Clinical Trials Registry 

Platform (https://trial search.who.int) as NTR7681, and was independently monitored 

by the Clinical Trial Center Maastricht. Primary outcome data for the larger project were 

published previously [15, 17], and participants in the current study were included 

based on whether perfusion assessment in adipose tissue was possible. For male partic-

ipants in the main study, the amount of femoral adipose tissue was too small to obtain 

perfusion measurements. Therefore, only females were included in the present study. 

 

2.2 Study design 

After study inclusion, the participants were randomized to either 8 weeks of aerobic 

exercise training (AER group, n=5) or a no exercise training control group (CON group, 

n=4). Experimental tests were conducted at baseline (PRE) and after the 8-week train-

ing intervention (POST), within a time frame of 2 weeks at each timepoint. One person 

from the AER group dropped out during the study and was only assessed at baseline. 

 

2.3 Body composition 

Whole-body and regional lean and fat mass was determined using dual energy X-ray 

absorptiometry (DXA; Discovery A; Hologic, USA) after 10-12 hours overnight fast. DXA 

scanning was not conducted on one participant in the CON group. Whole-body mass 

was assessed using a digital scale to the closest 100 g. Body composition parameters 

were assessed at baseline and following the 8-week training intervention. 
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2.4 Aerobic capacity 

Aerobic capacity was assessed before and after the 8-week training intervention. The 

participants performed a peak oxygen consumption (VO2 peak) test on a calibrated cy-

cle ergometer (Lode Excalibur Sport, Groningen, the Netherlands), while oxygen con-

sumption and carbon dioxide production was continuously captured and measured 

(Omnical, Maastricht University, the Netherlands). The heart rate was monitored 

throughout the test using a chest-strap monitor (Kalenji, France). After a 1 minute 

warm-up at 30 W, the workload was increased by 1 W every 4 seconds. Participants 

maintained a cadence between 70 and 90 revolutions per minute (rpm). The test was 

terminated when the cadence dropped below 60 rpm for more than 10 seconds or upon 

voluntary exhaustion. VO2 peak was defined as the highest average of three consecutive 

VO2 measurements (i.e. 15 seconds). 

 

2.5 Leg muscle strength 

Maximal leg muscle strength was assessed by one repetition maximum (1RM) strength 

tests for both leg press and leg extension exercise (Technogym, Italy). During the initial 

visit, participants became familiar with the equipment and exercise techniques. An es-

timate of 1RM was obtained during the screening visit using a multiple repetition test-

ing procedure [18]. This estimate was used for the subsequent 1RM testing protocol as 

previously described [19]. The 1RM tests were conducted at baseline and after the 8 

weeks of aerobic exercise training or no exercise control period. 

 

2.6 Aerobic exercise training 

Individuals in the AER group participated in supervised aerobic exercise sessions 3 

times per week for 8 weeks at Maastricht University sports center, as previously de-

scribed [17]. Each training session included 5 minutes warm-up, followed by 45 

minutes aerobic exercise and 5 minutes cool-down. The 45 minutes of aerobic exercise 

were executed on either a stationary bike (2 times a week) or a cross-trainer (1 time a 
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week), while wearing a heart rate chest-strap monitor. The exercise was performed at a 

heart rate corresponding to 65% of the predetermined VO2 peak. For sessions on the 

cross-trainer, the target heart rate was increased by 5% of the maximal heart rate, to 

account for a higher heart rate during whole-body exercise. To maintain an adequate 

training intensity during the 8-week intervention, the perceived exertion of the partici-

pants was moreover assessed after each training session on a 6-20 Borg scale. If a par-

ticipant rated the training session less than 14, the target heart rate was increased by 

2.5% of the maximal heart rate in the following training session. The CON group did not 

perform any exercise during the 8 weeks but kept their habitual physical activities as 

constant as possible, as confirmed by objectively measured physical activity levels using 

accelerometry (data not shown). 

 

2.7 Perfusion of the femoral artery, femoral adipose tissue and skeletal muscle 

Blood flow in the common femoral artery and microvascular perfusion in skeletal mus-

cle (m. vastus lateralis) and femoral adipose tissue was assessed at baseline and follow-

ing the 8-week exercise training intervention period. At both timepoints, measurements 

were conducted at rest and during recovery from a single bout of resistance exercise. 

The measurements were performed either in the morning after an overnight fast or in 

the afternoon in a semi-fasted state, as previously described [15]. All vascular assess-

ments were executed with the participants in a supine position. 

After 30 minutes of rest, common femoral artery blood flow was measured using a high-

end Doppler ultrasound machine (Affinity 70G, Philips, the Netherlands) with a linear 

array probe (eL18-4, Philips) [17]. Due to equipment failure, femoral artery blood flow 

data was lost for 2 participants. As a marker for tissue perfusion, the microvascular 

blood volume in femoral adipose tissue and skeletal muscle was subsequently assessed 

using contrast-enhanced ultrasound (CEUS) in the same leg. The ultrasound probe was 

fixed in a custom-made holder to obtain a cross-sectional image of the adipose tissue 

and skeletal muscle at 1/3 distance between the superior patellar border and the ante-
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rior superior iliac spine. The position was marked with a pen and a screenshot in ultra-

sound-B-mode was taken to ensure repeated measurements at the exact same location. 

Moreover, a 5 second clip in color Doppler mode was recorded for the later analysis. 

Next, an infusion of gas-filled microbubbles (SonoVue, Bracco; concentration: 8 μL/mL) 

was initiated via a catheter placed in an antecubital vein. For each CEUS measurement, 

10 mL of suspension with microbubbles was infused over 6 minutes at a rate of 85 

mL/h. After 3 minutes of infusion to reach a steady state of circulating microbubbles, six 

30-second recordings were acquired in contrast mode (8 Hz, mechanical index (MI) = 

0.07). Each recording started with a high MI flash (MI = 0.53) to destroy circulating mi-

crobubbles, and the replenishment of microbubbles was subsequently monitored (Fig-

ure 1). After measurements at resting conditions, the participants performed a single 

bout of resistance exercise consisting of four sets of eight repetitions at 80% of 1RM on 

the leg press and leg extension machines. Two minutes of rest were provided between 

sets and 3 minutes between exercises. Post-exercise assessments of femoral artery 

blood flow were conducted at t = 5, 15, 25 and 35 minutes after exercise (T5, T15, T25 

and T35), while microvascular perfusion measurements in skeletal muscle and adipose 

tissue were performed at t = 10 and t = 40 minutes after exercise (T10 and T40). 

 

2.8 Analysis of contrast-enhanced ultrasound recordings 

All CEUS recordings were analyzed using ImageJ (version 2.1.0/1.53c). Femoral adipose 

tissue and skeletal muscle microvascular perfusion were assessed from the same CEUS 

clips but analyzed separately. Regions of interest (ROIs) in adipose tissue and skeletal 

muscle were defined using the pre-recorded color Doppler clip for guidance, to avoid 

larger vessels and connective tissue in the ROIs. Video intensity data was extracted for 

each frame and corrected for background to fit the beginning of the replenishment 

curves around 0. The corrected video intensity data was then plotted in GraphPad Prism 

(version 10.5.0) and fitted to the exponential model: Y=A(1-exp(-kt)) where A repre-

sents the plateau intensity, corresponding to the microvascular blood volume [20]. 
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Curves that could not be fitted to this model were excluded. The average plateau video 

intensity (A) from included curves were used as the final measure of microvascular 

blood volume for a given time point. All perfusion analyses were completed in a blinded 

fashion. An overview of the analysis steps is shown in Figure 1. 

 

2.9 Statistical analysis 

Statistical tests were performed using the SPSS software (IBM Corporation, version 

24.0). Changes in absolute microvascular blood volume from rest to post-exercise (T10 

and T40) were evaluated using Student’s paired T-tests. Fold changes from rest to T10 

and T40 were tested using one sample T-tests (null hypothesis = 1). Changes in absolute 

femoral artery blood flow between rest and post exercise (T5, T15, T25, T35) were test-

ed with one-way ANOVA and post hoc Student’s paired T-tests, while the fold change 

from rest to T5 was tested using one sample T-test (null hypothesis = 1). Pearson’s cor-

relations were used to assess correlations between skeletal muscle and adipose tissue 

perfusion, insulin sensitivity and femoral artery blood flow. Differences between groups 

at baseline (pre-intervention) were assessed using Mann Whitney U tests. Effects of the 

8-week training intervention (i.e. compared to the control group) were evaluated using 

linear mixed-effects models. Fixed effects included group (AER, CON) and time (PRE, 

POST), with participants as a random intercept. A compound symmetry covariance 

structure was specified for the repeated measures. When significant interactions were 

detected, post hoc Wilcoxon signed-rank tests were performed to further explore with-

in-group changes. Results were considered significant if p < 0.05. Data are expressed as 

mean ± SD, unless otherwise stated. 

3. Results 
3.1 Participant characteristics at baseline 

Baseline characteristics for the 9 female study participants are described in Table 1. 

Four out of the 9 participants were considered overweight with BMI > 25. Eight partici-

pants had normal fasting glucose (fasting glucose < 5.6 mmol/L), 1 participant had an 
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impaired fasting glucose concentration, and 3 participants showed mildly impaired glu-

cose tolerance (2-hour OGTT timepoint glucose ≥ 7.8 and < 11.1 mmol/L), based on the 

OGTT [21]. One participant in the AER group did not complete the study and was there-

fore only included in the baseline assessments (pre-intervention effects of an acute bout 

of resistance exercise). Subject baseline characteristics of the remaining 8 participants 

divided into the AER and CON groups are reported in Table S1. Importantly, there were 

no significant differences in age, body weight, insulin and glucose concentrations (fast-

ing and 2-hour OGTT timepoint), insulin sensitivity (HOMA-IR and Matsuda Index), and 

resting systolic and diastolic blood pressure between groups at baseline. 

 

3.2 Aerobic capacity, leg muscle strength, and body composition at baseline and 

following 8-week intervention 

No baseline difference in relative VO2 peak, BMI, body composition (total lean mass, 

total leg lean mass, and total fat mass), and leg press 1RM were present between the 

AER and CON groups, although the AER group achieved greater 1RM on leg extensions 

compared to the CON group (p < 0.05) (Table S2). 

Following the 8-week intervention, a significant time x group interaction effect was ob-

served for VO2 peak (p < 0.01). Post hoc tests showed a tendency for an increased VO2 

peak after 8 weeks of aerobic exercise training (15 ± 5%, p = 0.068), whereas no change 

was observed in the control group (p = 1). No significant time x group interactions were 

found for total lean mass (p = 0.111), leg lean mass (p = 0.580) or leg extension strength 

(p = 0.537). Nevertheless, leg press strength tended to be increased in the CON group (p 

= 0.059), and tended to be decreased in the AER group (p = 0.066); time x group interac-

tion, p < 0.05. An overall modest reduction in BMI was observed after the 8-week inter-

vention period across both groups (main effect of time, p < 0.05), with no differences 

between the AER and CON groups (time x group interaction, p = 0.775). Finally, total fat 

mass tended to be reduced in the AER group after 8 weeks of training (p = 0.068), but 

not in the CON group (p = 0.109); time x group interaction, p < 0.05. 
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3.3 An acute bout of resistance exercise increased microvascular blood volume in 

femoral adipose tissue and skeletal muscle at baseline 

At baseline, an acute bout of resistance exercise increased microvascular blood volume 

in femoral adipose tissue after 10 minutes of recovery (3.0 ± 2.5-fold, p < 0.05) and re-

turned to resting conditions after 40 minutes of recovery (Figure 2A-B). In skeletal 

muscle, microvascular blood volume also increased from rest to T10 (4.5 ± 1.9-fold, p = 

0.001) and remained elevated at 40 minutes after the acute bout of resistance exercise 

(1.8 ± 0.9-fold, p < 0.05) (Figure 2C-D). The results for skeletal muscle perfusion were 

consistent with our previous findings in a larger cohort of individuals [15]. 

Next, we investigated whether the increased perfusion in femoral adipose tissue after a 

single bout of resistance exercise was due to increased arterial blood supply or in-

creased perfusion of the adjacent skeletal muscle. No significant correlation was found 

between the relative increase in microvascular blood volume (from rest to T10) in adi-

pose tissue and the adjacent skeletal muscle (Pearson r = 0.23, p = 0.552) (Figure 2E). 

Although common femoral artery blood flow increased from rest to T5 and remained 

elevated up to T25 (1.3 ± 0.2-fold from rest to T5, p < 0.05) (Figure S1A-B), this change 

was not associated with the relative increase in adipose tissue microvascular blood vol-

ume from rest to T10 (Pearson r = -0.079, p = 0.866) (Figure S1C). Finally, microvascu-

lar blood volume in femoral adipose tissue from rest to T10 was not significantly asso-

ciated with insulin sensitivity indices (HOMA-IR and Matsuda index; data not shown). 

 

3.4 Microvascular blood volume response in femoral adipose tissue and skeletal 

muscle following 8-week intervention 

Eight weeks of aerobic exercise training (AER) increased the microvascular blood vol-

ume response in femoral adipose tissue from rest to 10 min after the acute bout of re-

sistance exercise when compared to CON (time x group interaction, p < 0.05) (Figure 
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3A-B). However, post hoc analysis of within-group effects revealed that the increase in 

perfusion in femoral adipose tissue from rest to T10 after acute exercise did not reach 

statistical significance in the AER group (POST: 3.5 ± 2.9-fold vs. PRE: 1.6 ± 0.2, p = 

0.465), while a tendency for an impaired perfusion response was found in the CON 

group (POST: 1.4 ± 0.7 vs. PRE: 4.6 ± 3.2-fold, p = 0.068). Individual microvascular blood 

volume responses to a single bout of resistance exercise in femoral adipose tissue, after 

the 8-week intervention, are depicted in Figure 3C-D. 

No significant time x group interactions were found for the increases in microvascular 

blood volume in skeletal muscle from rest to T10 (p = 0.212) (Figure 3E-F) or from rest 

to T40 (p = 0.286) after the 8 weeks. Individual microvascular blood volume responses 

to a single bout of resistance exercise in skeletal muscle, after the 8-week intervention, 

are depicted in Figure 3G-H. 
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4. Discussion 

The present study demonstrates that microvascular blood volume in femoral adipose 

tissue is increased during acute recovery from a single bout of resistance exercise in 

healthy older females. In addition, our findings indicate that 8 weeks of supervised aer-

obic exercise training may enhance the adipose tissue microvascular blood volume re-

sponse compared to individuals that did not undergo exercise training over the same 

period. In skeletal muscle, the microvascular blood volume also increased after an acute 

bout of resistance exercise, yet this response remained unchanged after the 8-week ex-

ercise training intervention. 

Aging is associated with an increased risk of cardiometabolic diseases, which is, among 

other factors, mediated by a loss of muscle mass, increased adiposity, and a decline in 

cardiovascular fitness [12]. It is well established that exercise can have beneficial effects 

on both body composition and cardiometabolic health [22]. In the present study, 8 

weeks of supervised aerobic exercise training tended to reduce fat mass and improve 

aerobic capacity, while these parameters remained unchanged in the no training control 

group. These results indicate that the training protocol was effective in inducing benefi-

cial health effects in older females, in line with our previous findings [17]. 

Adipose tissue and skeletal muscle play a central role in whole-body metabolic homeo-

stasis. Importantly, their function depends on proper local microvascular perfusion, 

which governs the supply of oxygen, and the delivery and release of nutrients and hor-

mones to and from these metabolic tissues. While alterations in skeletal muscle perfu-

sion during and after exercise have been well characterized [15, 23, 24], studies examin-

ing exercise-induced effects on adipose tissue perfusion are scarce, and have primarily 

been conducted in young healthy adults. Some of these studies showed an increase in 

adipose tissue blood flow in response to exercise [25-32], while others did not [33-37]. 

Importantly, to our knowledge, the present study is the first to investigate how both 

acute exercise and exercise training influence adipose tissue microvascular perfusion 

during recovery from exercise in healthy older females. Interestingly, the findings of the 
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present study demonstrate that microvascular blood volume in femoral adipose tissue 

increased 10 minutes after a single bout of resistance exercise and returned to resting 

levels after 40 minutes. This early post-exercise increase in the adipose tissue micro-

vascular blood volume may have functional implications, i.e. facilitating lipid mobiliza-

tion and providing sufficient substrates to the skeletal muscle during the early recovery 

phase [14, 38]. In skeletal muscle, microvascular blood volume also increased 10 

minutes after the resistance exercise session and remained elevated up to 40 minutes 

after exercise. Interestingly, we found no significant associations between the increase 

in adipose tissue microvascular perfusion and changes in either skeletal muscle perfu-

sion or femoral arterial blood flow from rest to post-exercise. These findings may indi-

cate that the increase in adipose tissue perfusion after exercise is not driven by in-

creased perfusion of the adjacent skeletal muscle. In line with this, previous studies re-

ported no significant association between changes in adipose tissue and muscle blood 

flow during exercise in younger adults [39, 40]. Nevertheless, we cannot exclude that 

the active leg muscle has an impact on the perfusion of femoral adipose tissue due to 

local temperature changes as a consequence of the exercise session, or by propagation 

of vasodilating signals through the arterial tree [32, 41]. Thus, our data show that mi-

crovascular blood volume in femoral adipose tissue is increased during the acute recov-

ery from a single bout of resistance exercise in healthy older females. 

It has previously been demonstrated that prolonged aerobic exercise training promotes 

skeletal muscle capillarization [9, 10]. This allows for greater oxygen and nutrient de-

livery to skeletal muscle in different conditions (i.e. following meal intake), thus con-

tributing to an enhanced capacity for skeletal muscle to take up glucose and lipids from 

the circulation. Intriguingly, it has recently been shown in a cross-sectional study that 

abdominal subcutaneous adipose tissue from individuals who exercised on a regular 

basis (‘exercisers’) was characterized by a higher capillary density compared to non-

exercisers, who were well-matched for age, sex, body weight and adiposity [42]. Fur-

thermore, the density of neo-vascular sprouts in adipose tissue explants, indicative of 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

angiogenic capacity of adipose tissue, was greater in regular exercisers compared to 

non-exercisers [42]. Unfortunately, however, functional perfusion measurements in 

adipose tissue were not performed in the latter study. Until now, the impact of pro-

longed exercise training on adipose tissue microvascular perfusion remained unclear. 

Notably, we found that 8 weeks of supervised aerobic exercise training resulted in an 

increase in microvascular perfusion in femoral adipose tissue after an acute bout of re-

sistance exercise when compared to the no training control group. However, this finding 

should be interpreted with caution, since inter-individual variability or measurement 

errors may have influenced the intervention outcomes in this limited number of study 

participants. One earlier study conducted in older females showed no significant effect 

of 12 weeks of endurance training on abdominal subcutaneous adipose tissue blood 

flow during cycling exercise [43]. Yet, it is possible that effects of aerobic exercise train-

ing are dependent on the body fat depot studied. Previous studies demonstrated that 

adipose tissue blood flow is comparable [44, 45] or lower [45-47] in gluteofemoral 

(lower-body) than abdominal (upper body) adipose tissue. Moreover, the timing of 

measurements (that is, during exercise or the acute recovery period) and/or performed 

exercise modality could also impact the observed effects. Considering the significant 

interaction effect and the low participant number in this study, we speculate that we 

would have observed within groups effects with a larger sample size. 

One of the strengths of the present study is that it is the first to assess femoral adipose 

tissue microvascular perfusion both after an acute bout of resistance exercise and fol-

lowing prolonged supervised exercise training in older females. Secondly, perfusion of 

the skeletal muscle was measured in parallel in the same individuals, allowing compari-

son of perfusion responses across different metabolic organs. Thirdly, we were able to 

demonstrate that the improvements in microvascular perfusion were accompanied by 

tendencies for enhanced cardiovascular fitness and reduced fat mass. The present find-

ings furthermore indicate that it is feasible to assess femoral adipose tissue perfusion, 

and changes thereof, with CEUS.  
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Nevertheless, this study also has some limitations. The number of study participants 

allocated to the AER and CON groups was relatively small. Therefore, the effects of the 

aerobic exercise training intervention should be considered exploratory. However, de-

spite the limited statistical power for the exploratory analyses of aerobic exercise train-

ing effects on microvascular perfusion, we were able to demonstrate significant changes 

in the AER compared to the CON group. The present findings of aerobic exercise training 

effects need to be confirmed in future studies with larger sample sizes. Finally, it would 

be highly interesting to determine whether the exercise effects on microvascular perfu-

sion are similar in other fat depots. Moreover, future studies should also examine the 

effects of exercise training on microvascular perfusion in individuals varying in age, sex 

and metabolic status. 

In summary, the present study demonstrates that microvascular blood volume in femo-

ral adipose tissue and skeletal muscle increased after a single bout of resistance exer-

cise in healthy older females. Eight weeks of aerobic exercise training improved the mi-

crovascular blood volume response during recovery from an acute bout of resistance 

exercise when compared to the no training control group, although the latter findings 

should be interpreted with caution due to inter-individual variation and the potential 

influence of measurement error in this limited sample size. The exercise-induced in-

crease of microvascular perfusion in femoral adipose tissue may enhance adipose tissue 

lipid mobilization, thus contributing to increased nutrient supply to the skeletal muscle 

in the early recovery phase, enabling rapid restoration of energy stores. Future studies 

are warranted to investigate the functional (metabolic) implications of the exercise-

induced effects on the adipose tissue vasculature, and assess whether our findings ex-

tend to other study populations.  
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Tables 

Table 1. Participant characteristics at baseline 

 Participants (n=9 females) 

Age (y) 70 ± 4 

Height (m) 1.64 ± 0.04 

Weight (kg) 66.5 ± 7.7 

BMI (kg/m2) 24.7 ± 2.8 

Systolic blood pressure (mmHg) 130 ± 13 

Diastolic blood pressure (mmHg) 69 ± 9 

Fasting plasma glucose (mmol/L) 5.1 ± 0.3 

2-h plasma glucose (mmol/L)  6.7 ± 1.9 

Fasting insulin (µU/mL) 5.9 ± 1.6 

2-h insulin (µU/mL)  47.9 ± 23.6 

HOMA-IR 1.4 ± 0.4 

Matsuda Index 6.3 ± 2.3 

BMI, body mass index; HOMA-IR; homeostasis model assessment of insulin resistance; 
2-h, 2 hours after a 75 g oral glucose load. Values are mean ± SD. 
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Figure captions 
 
Figure 1. Determination of microvascular blood volume in femoral adipose tissue 

and skeletal muscle  

Contrast enhanced ultrasound (CEUS) was utilized to measure femoral adipose tissue 

and skeletal muscle (m. vastus lateralis) microvascular blood volume. Microbubbles 

were infused through a catheter in the antecubital vein to reach a steady state circulat-

ing level. A measurement was started by destroying visible microbubbles in the frame 

with a high mechanical index (MI) flash. The replenishment of microbubbles was subse-

quently measured as video intensity in the regions of interest, avoiding connective tis-

sue and larger blood vessels. The replenishment curves were fitted to the equation 

Y=A(1-exp(-kt)). The microvascular blood volume was determined as the plateau of the 

curve (A). Femoral adipose tissue and skeletal muscle microvascular blood volume were 

analyzed separately and in a blinded fashion. 

 

Figure 2. Microvascular blood volume in response to a single bout of resistance 

exercise 

A) Video intensity and B) fold changes in femoral adipose tissue microvascular blood 

volume at rest, and 10 (T10) and 40 (T40) minutes after a single resistance exercise 

bout at baseline. C) Video intensity and D) fold change in skeletal muscle microvascular 

blood volume at rest, and 10 (T10) and 40 (T40) minutes after a single resistance exer-

cise bout at baseline. E) Pearson correlation (r) between skeletal muscle and femoral 

adipose tissue microvascular blood volume fold change from rest to T10 (r = 0.23, p = 

0.552).  

* p < 0.05, ** p < 0.01, *** p < 0.001. Data are absolute or mean values ± SD. 
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Figure 3| Microvascular blood volume in response to a single resistance exercise 

session, before (PRE) and after (POST) 8 weeks of aerobic exercise training  

Effect of the 8-week exercise training intervention on fold changes in microvascular 

blood volume in femoral adipose tissue from rest to T10 at the A) group and B) individ-

ual level. C) Video intensity and D) fold changes of microvascular blood volume in femo-

ral adipose tissue at rest, 10 (T10) and 40 (T40) minutes after a single resistance exer-

cise session following the 8 weeks of aerobic exercise training (AER) or no exercise con-

trol (CON) period. Effect of the 8-week exercise training intervention on fold changes in 

microvascular blood volume in skeletal muscle from rest to T10 at the E) group and F) 

individual level. G) Video intensity and H) fold changes of skeletal muscle microvascular 

blood volume at rest, 10 (T10) and 40 (T40) minutes after a single resistance exercise 

session following the 8 weeks of aerobic exercise training (AER) or no exercise control 

(CON) period. 

* p < 0.05, *** p < 0.001. Data are absolute or mean values ± SD. 
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Figure 1 
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Figure 2 
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Figure 3 
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Highlights: 
 

• Contrast-enhanced ultrasound can detect changes in femoral adipose tissue perfusion 

• Adipose tissue perfusion increases after acute resistance exercise in older females 

• Post exercise adipose perfusion may be enhanced after aerobic exercise training 



Figure 1



Figure 2



Figure 3


