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1. INTRODUCTION

The reduction in peripheral blood flow has been shown associated 
with a loss of muscle mass with advancing age [1]. Lower shear 
stress resulted from attenuated blood flow along with the vessel 
wall is one of the critical underlying mechanisms in reducing nitric 
oxide availability and exacerbating vascular dysfunction and leg 
conductance [2], leading to arterial stiffening, high blood pressure 
and future cardiovascular events.

Endurance exercise was demonstrated effectively in restoring 
blood flow with advancing age [3] via the increase in shear stress 
and endothelial function [4]. Resistance exercise is also a modal-
ity that acutely [5] and chronically [6] increase limb blood flow 
in addition to muscle strength and power improvement. Both 
types of exercise have been shown to lower blood pressure in the 
literature [7]. Unlike conventional exercise mainly involved limb 
movements, core exercise is often explicitly adopted to improve 
functional, stability, and mobility [8], as well as to maintain muscu-
loskeletal health. Populations such as older adults [9] and individ-
uals with lower back pain [10] could benefit from participating in 
core exercise. Importantly, the smooth neutral movement and rela-
tively lower intensity characterize core exercise, which might be an 
appealing alternative for individuals of lower functional capacity. 
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A B S T R AC T
Homebased exercise is often advocated to improve physical fitness in the aging population, especially when outdoor activity is 
not available. Yet we often have a limited understanding of its training effects for clinical uses.
Aim: To investigate a short-term exercise training of standing core exercise on femoral blood flow and vascular hemodynamic 
changes in middle-aged to the older population.
Methods: A total of 34 middle-aged to older adults were recruited and randomly assigned into walking (M/F = 6/7, age = 
66 ± 3 years), core exercise (M/F = 6/6, age = 66 ± 2 years), and the control group (M/F = 4/5, age = 70 ± 3 years). Carotid and 
brachial blood pressure, Carotid-femoral Pulse Wave Velocity (PWV) and Brachial-ankle PWV (baPWV), femoral blood flow 
and compliance, leg hemodynamics, as well as aerobic and muscular fitness (30 s arm curl and sit-to-stand test) were measured 
pre and post 8 weeks of exercise training (60–70% HRmax, three sessions/week).
Results: Core exercise group significantly increased femoral blood flow, but not overall vascular functions; arm muscle 
endurance and leg power performance were also significantly improved after training. The walking group significantly reduced 
baPWV, leg resistance, as well as increase femoral blood flow and compliance after training. Compared with the control, the core 
group elicited a higher femoral blood blow, whereas leg resistance was significantly reduced in the walking group after training.
Conclusion: A short-term standing core training appears to augment femoral blood flow and muscular fitness in middle-aged 
to older adults, yet walking is more effective in improving overall vascular health in this population.

H I G H L I G H T S

 • Standing core training improves femoral blood flow in middle-aged to older adults.
 • The increase of blood velocity appears to associate with the improvement of blood flow.
 • Walking exercise training is superior to improve overall vascular function.
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However, the extent to which core-biased exercise training induces 
changes in blood flow and vascular health remains unknown.

In the present study, we adopted a homebased standing core rota-
tional exercise device that provides low-resistance from the plat-
form against arm-assisted trunk rotation of participants while 
exercising (shown in Figure 1). This exercise performing in the 
standing position against spring-generated resistance mimics spe-
cific core muscle function pattern needed during daily tasks and 
sports activities [8]; the closed-chain movement may be prefera-
ble to people with knee complications [11], indicating its potential 
clinical use for older adults. Our unpublished data showed core 
exercise at optimal rotation rhythm for 30 min acutely increased 
relative blood flow and leg conductance in the young population. 
Accordingly, we aimed to test the hypothesis that standing core 
resistance endurance exercise could lower blood pressure, improve 
leg hemodynamics and muscular fitness after a short-term inter-
vention by including walking and sedentary control groups in our 
study design.

2. MATERIALS AND METHODS

2.1. Experimental Design

After screening and pre-exercise measurement, participants were 
randomly assigned to walking, core training, or control group based 
on block randomization followed by an 8-week intervention consist-
ing of three supervised sessions (30 min each) per week for exercise 
groups. In contrast, the control group was asked not to engage in any 
form of exercise training. In every training session, the heart rate 
monitor was equipped to record and ensure the exercise intensity 

Figure 1 | Scheme of stand core exercise (the subject has given permission for the use of this figure).

was achieved and maintained. To control for the effect of exercise 
and diet on dependent variables, physical activity log and 3-day 
dietary records were obtained before and after the intervention.

As shown in Figure 1, a standing core exercise machine equipped 
with adjustable resistance was used for this study (Core X. Fitcrew 
Inc., Taiwan). Participants were instructed to rotate their trunk 
within a set range of rotation (at least 140°). Handgrip assistance 
in the same position was allowed to guard against spring resis-
tance (13.5 kg) produced by the machine. Hence, during exercise, 
participants were required to work against this spring resistance 
to achieve the required range of motion for 30 min. Metronome 
rhythm was set at a cadence of 75–80 rpm, which was demon-
strated to elicit 60–70% of age-predicted maximal heart rate 
(HRmax) in older adults by our pilot work. All participants gave 
their written informed consent, and all procedures were reviewed 
and approved by the Institutional Review Board of University 
Hospital.

2.2. Participants

Thirty-seven healthy middle-aged to older adults were recruited to 
complete a short-term exercise intervention. Only postmenopausal 
women were included as female participants to avoid the con-
founding effects of estrogen. Exclusions criteria included: (1) obe-
sity (BMI >30 kg/m2), (2) cigarette smoking within past 6 months, 
(3) history of diabetes (fasting blood glucose >126 mg/dL) and 
heart disease, (4) injury that may prevent him or her from complet-
ing the exercise; and (5) use of over-the-counter supplements or 
vitamins. None of the subjects exercised (resistance or endurance 
training) more than three times a week, as determined by a physical  
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activity questionnaire. Recruited participants had no history of 
hypertension (<140/90 mmHg) or kidney dysfunction. 

2.3. Procedures

A familiarization session was implemented to ease anxiety before 
the first testing session. Testing was conducted pre- and post- 
exercise training intervention. All post-training measurements 
were performed 24–48 h after the last exercise session to avoid the 
immediate effects of a single bout of exercise. Participants were 
required three visits to the laboratory for pre- and post-training 
testing measurements performed approximately at the same time 
in the morning for each subject. Participants were instructed to 
arrive at the laboratory after a 12-h overnight fast in the last visit 
for the blood draw.

Both exercise groups underwent 8 weeks of intervention (30 min/
session, three sessions/week) at the intensity of 60–70% HRmax. 
The cadence of core exercise and treadmill speed was adjusted 
accordingly. A heart rate monitor was worn to assess heart rate 
throughout the exercise training. Exercise sessions were monitored 
and supervised by an investigator to ensure the target heart rate 
had been reached, and all participants were able to complete the 
exercise session throughout the intervention.

2.4. Measurements

2.4.1. Maximal oxygen uptake

All participants underwent a treadmill test to determine indi-
vidual maximal oxygen consumption (VO2max) by using the 
Balke protocol. Briefly, the male and female subjects started 
walking at 3.5 and 3.0 mile/h respectively and then increased 
the exercise intensity by increasing the slope by 3% every 2 min 
[12]. Participants were verbally encouraged to complete the test. 
Heart rate and subjective feelings of the exercise on the Borg’s 
scale was recorded at every stage. Exercise termination crite-
ria including volitional exhaustion, Borg’s scale >17, or heart 
rate >90% HRmax were used for testing safety concerns. The 
speed and slope of the subject’s last minute were converted into 
metabolic equivalents using the American College of Sports 
Medicine [13].

2.4.2. Blood pressure and arterial stiffness

Participants were instructed to rest quietly in the supine position 
at least 10 min before measurement. Brachial-ankle Pulse Wave 
Velocity (baPWV), brachial Systolic Blood Pressure (SBP), bra-
chial Diastolic Blood Pressure (DBP) were obtained by using 
an automated vascular testing device (VP-1000 plus, Omron 
Healthcare, Kyoto, Japan). By following the guideline [14], blood 
pressure was determined by the average of three visits to the labo-
ratory pre- and post-exercise training; arterial stiffness measure-
ments in the last visit were made in duplicate, and average values 
were used for subsequent analyses.

2.4.3. Arterial hemodynamics

Longitudinal images of the common carotid or femoral artery  
1–2 cm proximal to the bifurcation were obtained noninvasively in 
the supine position also by using an ultrasound machine (Sonosite 
Ultrasound System, Bothell, WA, USA). Vessel diameter was deter-
mined at a perpendicular angle along the axis of the scanned area, 
and blood velocity was assessed with the transducer appropriately 
positioned to maintain an insonation angle at 60° or less. Images 
were analyzed using image analysis software that included at least 
10 consecutive waves in the analysis (ImageJ, NIH, Bethesda, MD, 
USA). Mean blood velocity (Vmean, cm/s) was calculated using the 
following formula: (( ) ( )) ( )/ / /1 4 1 6V Vmax min HR beats per second+  
[15]. Blood flow was calculated as Vmean × p × (femoral diastolic 
diameter/2)2 × 60, ml/min [16]. An independent blinded investiga-
tor performed all ultrasound imaging and analyses, and day-to-day 
coefficients of variation for femoral artery diameter and velocity in 
our laboratory are 1.62% and 1%, respectively.

Carotid blood pressure, carotid and femoral artery compliance, 
femoral b-stiffness index, Ankle-Brachial Index (ABI), carotid 
and femoral blood flow, as well as leg resistance, were mea-
sured noninvasively after subjects rested well in the supine posi-
tion. Noninvasive pulse tonometer (SPT-301, Millar, Houston, 
TX, USA) was connected to a physiological signaling process-
ing system (MP36, Biopac, Goleta, CA, USA) to detect pres-
sure waveforms on carotid and femoral artery. Carotid-femoral 
PWV (cfPWV) was calculated from the traveling distance and 
foot-to-foot wave transit time between two arterial waveforms 
[17]. Carotid and femoral blood pressure were measured by cal-
ibrating pressure waveforms by brachial blood pressure values, 
as previously described [17]. The combination of ultrasound 
imaging of common carotid and femoral artery with simultane-
ous applanation tonometric-derived arterial waveforms from the 
contralateral artery permits noninvasive determination of arterial 
compliance and b-stiffness index by using the following equations: 
( ) ( ) ( ) ( ) ./ / / / /D D D P P D P P D D D1 0 0 1 0 0

2

1 0 1 0 02- - -[ ] [ ] [ ]p and ln  
D1 and D0 are the maximum and minimum vessel diameters mea-
sured from intima to intima, and P1 and P0 are the highest and 
lowest blood pressure at carotid and femoral artery after adjusting 
for hold-down pressure. An independent investigator analyzed an 
average of 10 heart cycles. Leg resistance was calculated as mean 
arterial pressure (MAP)/femoral blood flow.

2.4.4. Muscular fitness

A 30-s sit-to-stand and a 30-s dominant arm curl test were per-
formed to assess leg muscle power and arm muscle endurance 
before and after exercise training.

2.4.5. Statistical analyses

Statistical analyses were performed using Graph Pad Prism 8.0 (La 
Jolla, CA, USA). All data are reported as mean ± SEM. Two-way 
mixed ANOVA with a Bonferroni post hoc analysis was used to 
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determine the effects of exercise and time on measured variables. 
Significance was set a priori at p < 0.05.

3. RESULTS

Overall, 37 subjects were recruited into the intervention, and three 
subjects in the control group did not complete the intervention  
due to personal reasons (i.e., a lack of time). Therefore, a total of 
34 subjects completed the study, and selected subject character-
istics were presented in Table 1. There were no significant group  
differences in measured variables pre- and post-training. Compared 
with the baseline, no significant difference was found in most of 
the measured variables, except the walking group significantly 
increased VO2max (p = 0.02), and the core group significantly 
improve their arm curl and sit-to-stand performance respectively 
(p = 0.03 and 0.04).

There was no group and time difference in cfPWV (Figure 2A) and 
ABI (Figure 2C) in all groups. The core group was demonstrated 
to have higher baPWV compared with the control (p = 0.01), 
and the significance was not detected after training (Figure 2B).  
Post-training femoral blood flow in the core group significantly 
increased (p = 0.03), and it was higher than that of the control  
(p = 0.02) (Figure 3B). On the other hand, the walking group was 
demonstrated to significantly lower baPWV (p = 0.04) and leg 
resistance (p = 0.02) (Figure 3A), as well as to increase the femo-
ral artery compliance (p = 0.04) after exercise training (Figure 3C).  
Femoral blood flow also tended to increase after training (p = 0.08). 
Post-exercise training femoral compliance was also significantly 
higher than that of the control group (p = 0.03). For hemodynamic 
changes, there was no significant difference in heart rate, blood 
pressure responses, as well as femoral shear rate, diameter, and 
velocity changes pre- and post-training (Table 2).

Table 1 | Selected subject characteristics

Control Walking Core

Pre Post Pre Post Pre Post

Male/Female, n 4/5 – 6/7 – 6/6 –
Age, years 70 ± 3 – 66 ± 2 – 69 ± 2.2 –
Height, cm 162 ± 3.0 – 161 ± 2.4 – 164 ± 1.9 –
Weight, kg 67 ± 5.2 66 ± 5.0 62 ± 3.9 61 ± 3.5 68 ± 3.3 68 ± 3.4
BMI, kg/m2 25.4 ± 1.2 25.0 ± 1.1 23.8 ± 1.1 23.5 ± 1.0 26.5 ± 1.6 25.2 ± 0.8
Percent body fat, % 29.6 ± 1.6 28.9 ± 1.3 29.5 ± 2.4 28.5 ± 2.3 31.6 ± 2.7 32.8 ± 2.1
Total cholesterol, mg/dL 166.5 ± 12 163.0 ± 7.4 210.1 ± 18.7 201.7 ± 13.4 206.4 ± 18.5 194.9 ± 16.0
HDL cholesterol, mg/dL 50.2 ± 4.1 46.3 ± 3.8 56.9 ± 4.9 58.4 ± 6.0 58.8 ± 4.9 60.8 ± 3.6
LDL cholesterol, mg/dL 97 ± 11 95.2 ± 6.8 110.2 ± 16.5 111.5 ± 9.8 123.7 ± 15.5 112.8 ± 13.8
HbA1C, % 6.6 ± 0.5 6.4 ± 0.3 5.7 ± 0.2 5.7 ± 0.2 5.6 ± 0.2 5.7 ± 0.2
Fasting glucose, mg/dL 111.2 ± 16.5 107.7 ± 14.3 100.2 ± 5.0 98.7 ± 4.2 97.4 ± 5.9 96.9 ± 6.2
Insulin, IU/mL 7.9 ± 1.5 8.3 ± 1.5 11.0 ± 1.7 9.2 ± 1.0 8.7 ± 1.0 7.4 ± 0.7
HOMA-IR 2.1 ± 0.4 2.3 ± 0.5 2.5 ± 0.5 2.1 ± 0.3 2.0 ± 0.3 1.7 ± 0.2
Physical activity, METs 2656 ± 960 3197 ± 916 2414 ± 775 3033 ± 912 2227 ± 516 3807 ± 828
VO2max, ml/kg/min 32 ± 4 32 ± 5 34 ± 1 37 ± 1* 33 ± 2 34 ± 2
Calorie intake, kcal/day 1564 ± 244 1574 ± 188 1599 ± 147 1527 ± 102 1650 ± 70 1679 ± 85
Carbohydrate intake, % 54 ± 3 55 ± 3 54 ± 2 52 ± 2 53 ± 2 48 ± 2
Protein intake, % 16 ± 2 15 ± 1 16 ± 1 17 ± 1 17 ± 1 16 ± 1
Fat intake, % 32 ± 3 30 ± 2 32 ± 2 33 ± 2 31 ± 2 35 ± 1
Arm curl, reps 14 ± 2 15 ± 2 17 ± 1 17 ± 3 14 ± 2 18 ± 2*

Sit-to-stand, reps 16 ± 2 17 ± 2 18 ± 1 19 ± 1 17 ± 2 20 ± 1*

*p < 0.05. Value = Mean ± SEM. HDL, high-intensity lipoprotein; LDL, low-intensity lipoprotein.

4. DISCUSSION

The primary findings of this study are as follows: (1) a short-term 
standing core rotational exercise training on this device could 
enhance femoral blood flow, arm muscle endurance and leg muscle 
power; however, it did not contribute to vascular function improve-
ment. (2) Traditional limb-associated walking exercise appears to 
more effective in improving leg blood flow and vascular functions 
compared with core exercise in older adults. (3) Eight weeks of 
endurance exercise training appears not to elicit significant blood 
pressure reduction and vascular remodeling changes.

Age-related loss of muscle mass or oxygen demand has been 
demonstrated associated with blood flow reduction in healthy 
adults; exercise is believed an effective strategy to attenuate such 
aging deterioration. However, evidence of which exercise train-
ing affects basal limb blood flow is not consistent. Cross-sectional 
studies showed that resistance-trained [3] could better preserve 
limb blood flow with aging, yet endurance-trained people did not 
appear to have a higher blood flow level than age-matched counter-
parts [18]. On the other hand, intervention studies [6,19–21], but 
not all [22], demonstrated conventional endurance and resistance 
exercise training could enhance basal limb blood flow in healthy 
middle-aged to older adults. In the present study, we included a 
walking exercise group as an active control. Although the mag-
nitude of blood flow increase in the walking group (~21%) was 
somewhat lower than the recently published study (~31%) [19], 
our result was still consistent with findings from previous studies 
[19,21,23].

In the core exercise group, on the other hand, blood flow was also 
found to increase after training, and its improvement (~19%) was 
comparable to that of the walking group. Interestingly, despite no 
between- and within-group difference shown in Table 2, a tendency 
that both vessel diameter and velocity increased from baseline in 
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Figure 2 | Carotid-femoral (A), brachial-ankle pulse wave velocity (B), 
and ankle-brachial index (C) changes pre- and post-training.

Figure 3 | Leg resistance (A), femoral blood flow (B), and femoral artery 
compliance (C) change pre- and post-training.

the walking group was observed, whereas femoral velocity tended 
to increase in the core exercise group. We speculated it might be 
due to the difference between exercising muscle location and the 
size of muscle mass. Indeed, arterial remodeling was found pre-
dominantly in exercising muscles that contribute to “ascending 
vasodilatory” responses in the vasculature [24]. The increase of 
blood velocity in the core group might reflect the higher resting 
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Table 2 | Blood pressure and leg hemodynamic changes pre- and post-training

Control Walking Core

Pre Post Pre Post Pre Post

Blood pressure
Heart rate, bpm 69 ± 4 68 ± 4 69 ± 2 65 ± 2 63 ± 5 64 ± 5
Brachial SBP, mmHg 122 ± 5 121 ± 6 126 ± 3 121 ± 3 125 ± 3 125 ± 5
Brachial DBP, mmHg 73 ± 3 74 ± 4 75 ± 3 72 ± 3 75 ± 2 73 ± 3
Carotid SBP, mmHg 118 ± 4 119 ± 4 116 ± 3 115 ± 4 115 ± 3 116 ± 4
Carotid DBP, mmHg 82 ± 3 77 ± 2 79 ± 2 74 ± 3 77 ± 3 80 ± 3
Carotid PP, mmHg 40 ± 4 40 ± 4 36 ± 2 37 ± 4 37 ± 2 38 ± 2

Leg hemodynamics
Ankle SBP, mmHg 155 ± 9 152 ± 10 154 ± 5 155 ± 6 142 ± 5 143 ± 6
Ankle MAP, mmHg 106 ± 6 105 ± 7 101 ± 3 98 ± 4 92 ± 3 94 ± 3
Femoral shear rate, L/s 66.5 ± 7.7 69.0 ± 9.6 53.7 ± 2.8 55.6 ± 4.3 59.7 ± 6.7 72.3 ± 10.4
Femoral diameter, cm 0.90 ± 0.04 0.88 ± 0.04 0.96 ± 0.04 1.01 ± 0.05 1.02 ± 0.07 1.02 ± 0.07
Femoral velocity, cm/s 14.7 ± 1.4 14.8 ± 1.8 13.1 ± 0.9 14.2 ± 1.1 14.5 ± 1.1 17.5 ± 2.2

PP, pulse pressure.

metabolic demand as the result of resistance endurance training. 
Also, exercising with larger muscle mass was found associated 
longer parasympathetic dominance [25], all of which suggested the 
extent to which vasodilatory responses induced by walking exer-
cise would be greater than core exercise after training. Therefore, 
it might not be surprising that the walking group not only sig-
nificantly increased femoral blood flow, but also femoral artery 
compliance, and systemic arterial stiffness (baPWV) independent 
of blood pressure and metabolic biomarker changes. Collectively, 
results from this study support the findings that walking is a prac-
tical choice of exercise to improve overall vascular function for  
middle-aged to older adults [4,19,26].

Endurance exercise has been demonstrated to effective lower 
blood pressure by many meta-analysis studies [7,26,27]; however, 
in the present study, walking did not elicit significant changes on 
central and peripheral blood pressure, despite a greater reduction 
on brachial SBP and DBP was observed. Such difference could be 
due to subjects’ baseline blood pressure and lower training stim-
ulus. Indeed, meta-analysis evidence indicated SBP might not be 
reduced after training if participants are normotensive, whereas 
DBP were most likely to be affected by endurance training regard-
less of initial blood pressure level [7,26]. In addition, our training 
intensity might be lower than the recommendation [27], despite 
weekly training time (>150 min/week or <150 min/week) appear 
not affect the training effects in healthy population [7,26]. It should 
be noted walking exercise intensity was determined by matching 
with core exercise in the present study; the results from core exer-
cise agreed with the finding that combined exercise training is less 
effective than endurance exercise alone [7].

The present study does not investigate the mechanisms underlying 
the increased femoral blood flow in core exercise, and we could 
only speculate the possible mechanisms. First, the changes in blood 
flow might result from an elevated whole-body metabolic rate after 
training. We cannot exclude the possibility that muscle mass might 
play a role since a low-intensity resistance endurance training has 
been demonstrated to increase muscle mass, as well as blood flow 
[20]. However, we did not quantify muscle mass changes, and our 
intervention period was relatively short to induce muscle hypertro-
phy. Another possibility is that vasodilator substances from arms 
and legs, in addition to core muscles, might have also been released 
into the system; thus, blood flow increased. Indeed, blood flow has 

been shown to increase even in non-exercising muscles [5], and 
systemic endothelium-derived vasodilator substance from both 
active and non-active muscles might contribute to such changes. 
Repeated increase in flow is believed to act on the endothelium to 
enhance nitric oxide synthase expression [5] and reduce vasocon-
strictor tone [21] after exercise training.

Core-biased exercise in the present study is a whole-body resis-
tance endurance exercise consisting of a 30-min trunk rota-
tional movement under low resistance tension, which consists of 
endurance and strength training components. Electromyographic 
analysis performed by a previous study using similar exercise 
determined rectus abdominis, obliquus externus abdominis, lon-
gissimus, and multifidus muscles may have been recruited [8]. The 
notion of combining endurance and strength components into 
training is designed to seek further health benefits, compared with 
single training mode alone [28]. Despite our intervention only last 
8 weeks, we demonstrated this type of exercise also benefits leg 
muscle power and arm muscular endurance, as the result of neuro-
muscular adaptation, which could be applied for clinical use as an 
exercise modality for older populations.

Some limitations warrant caution when interpreting the results 
of our study. We only included middle-aged to older healthy sed-
entary participants in the study, which limits our findings gener-
alized to other populations, such as stroke patients who can also 
benefit from core exercise training [29]. Future research is, there-
fore, needed to investigate its efficacy in the disease population. 
Furthermore, as discussed, the increase in blood flow after training 
can be attributed to many physiological adaptations. We did not 
analyze biomarkers such as nitric oxide, endothelin-1, or catechol-
amine, which could have provided more mechanistic insights into 
the differing training effects of exercise mode on blood flow and 
vascular function. However, we could exclude the potential influ-
ence from the metabolic and physical activity factors as they were 
well controlled pre- and post-training in the present study.

In summary, to our knowledge, this study is the first to demon-
strate core-biased exercise training could enhance not only femoral 
blood flow but also limb muscular fitness in healthy middle-aged 
to older adults. Walking exercise, on the other hand, could exert 
a more pronounced improvement in vascular function after  
short-term exercise training and all of which could have significant 
implications to the public in exercise participation.
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