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Abstract
Background  Renal blood flow (RBF) decreases with exercise, but this change is only temporary, and habitual exercise may 
be an effective method to improve renal function. The kidney shows structural and functional changes with aging, but it is 
unclear how aging affects the hemodynamic response of the kidneys to exercise. Therefore, we evaluated the differences in 
the hemodynamic response of the kidneys to high-intensity exercise between younger and older men.
Methods  Sixteen men (8 young and 8 older) underwent an incremental exercise test using a cycle ergometer with a 1-min 
warm up followed by exercise at 10–20 W/min until the discontinuation criteria were met. Renal hemodynamics were 
assessed before exercise, immediately after exercise, and at 60-min after exercise using ultrasound echo.
Results  High-intensity exercise significantly reduced RBF in both groups (younger: ∆  – 53 ± 16%, p = 0.0005; older: 
∆  – 53 ± 19%, p = 0.0004). In the younger group, RBF returned to the pre-exercise level 60-min after exercise (∆  – 0.4 ± 5.7%, 
p > 0.9999). In contrast, RBF 60-min after exercise was significantly lower than that before exercise in the older group 
(∆  – 24 ± 19%, p = 0.0006). The older group had significantly lower RBF than younger adults 60-min after exercise (423 ± 32 
vs. 301 ± 98 mL/min, p = 0.0283).
Conclusions  Our findings demonstrate that RBF following high-intensity exercise recovered 60-min after exercise in younger 
group, whereas RBF recovery was delayed in the older group.
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Introduction

It is known that exercise increases blood flow to the skin 
and skeletal muscles, and that blood flow is reduced to the 
internal organs, including the kidney. Decreased renal blood 
flow (RBF) during exercise enhances the glomerular perme-
ability and the filtration rate [1], resulting in a decrease in 
glomerular filtration rate (GFR) and transient proteinuria 
[1, 2]. Post-exercise proteinuria is one of the most common 
signs observed after strenuous exercise, proteinuria indicates 
kidney damage and is used to predict progression to chronic 
kidney disease (CKD) [3]. Moreover, elevated biomarkers 
of kidney damage following exercise could be caused by 
higher intensity and prolonged duration of exercise, resulting 
in reduced RBF via enhanced sympathetic-nervous-system 
and body temperature, hypohydration [4]. Among them, it 
is speculated that the decrease in RBF play a central role 
against the elevated biomarkers of kidney damage after 
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exercise. Therefore, we considered that the assessment of 
renal hemodynamic response to exercise is important.

In healthy individuals, all bodily functions decline in 
a linear fashion starting from the age of 30 years [5], and 
kidney function is no exception [6]. In the kidneys, esti-
mated GFR (eGFR), which is an indicator of renal function, 
decreases by 0.41% per year with aging [7]. This age-related 
decrease in eGFR is associated with changes in renal hemo-
dynamics. Aging is associated with a decrease in resting 
RBF [8]. In fact, RBF decreases by approximately 10% per 
decade after the age of 30 years [9]. Furthermore, there is the 
potential that aging can affect renal hemodynamics during 
exercise as well as at rest [10]. For the relationship between 
aging and exercise-induced changes in renal hemodynam-
ics, previous study [7] reported that the older individual, the 
greater the impairment in renal function after exercise. In 
contrast, another study reported that the effects of exercise 
on the kidney decrease with aging [11], the effect of aging 
on the recovery of renal hemodynamics after high-intensity 
exercise is not well understood.

The traditional method used to assess RBF is para-amino-
hippuric clearance (CPAH) [1, 2, 12]. Although this method 
provides useful information, it is invasive and requires blood 
and urine sampling. Therefore, we used ultrasound echo 
[13–15], which is non-invasive and can quickly evaluate 
RBF. Ultrasound echo also places less strain on participants 
than the traditional method. Additionally, ultrasound echo 
allows for changes in other renal hemodynamic parameters, 
such as blood flow velocity (BFV) and cross-sectional area 
(CSA), to be assessed following exercise. It would be of 
considerable clinical importance to determine the changes 

in renal hemodynamic parameters following exercise using 
ultrasound echo.

Therefore, we hypothesized that older adults would have 
delayed recovery of RBF. Hence, we aimed to determine 
whether renal hemodynamics following high-intensity exer-
cise differs between younger and older adults using ultra-
sound echo.

Materials and methods

Participants

Eight younger and eight older men were enrolled in this 
study (Table 1). Each participant met all eligibility require-
ments and underwent a complete medical examination, 
including electrocardiography. The inclusion and exclusion 
criteria are whether the presence of serious or progressive 
disorders, relatively preserved renal function (eGFR ≥ 60 ml/
min/1.73 m2), and age 18 years or older. We approached 
those who have previously participated in studies conducted 
by our laboratory and who met above criteria. Participants 
avoided strenuous exercise the day before testing and fasted 
for eight hours prior to testing (water consumption was 
permitted). Sample size was calculated using G × power 
version 3.1.9 software (Dusseldorf University, Düsseldorf, 
Germany) considering the effects of aging on renal hemo-
dynamics during high-intensity exercise based on a previous 
study [10] to generate a power of 80% and an alpha risk 
of 5%. A sample size of eight (younger) and eight (older) 
participants was estimated to be statistically appropriate. 

Table 1   Participant 
characteristics

Values represent means ± standard deviation. n is number of subjects. eGFR estimated glomerular filtration 
rate, VO2peak peak oxygen consumption. P value was calculated by the unpaired Student’s t test

Younger group Older group P value

n 8 8
Age, yr 23 ± 2 70 ± 4  < 0.01
Height, m 1.72 ± 0.05 1.68 ± 0.08 n.s
Weight, kg 65.9 ± 9.2 68.2 ± 4.3 n.s
Body Mass Index, kg/m2 22.2 ± 2.5 24.4 ± 2.3 n.s
Systolic blood pressure, mmHg 106 ± 6 135 ± 18  < 0.01
Diastolic blood pressure, mmHg 71 ± 5 82 ± 7  < 0.01
Mean blood pressure, mmHg 82 ± 4 100 ± 9  < 0.01
Pulse pressure, mmHg 36 ± 7 53 ± 17  < 0.05
eGFR, ml/min/1.73m2 98 ± 8 75 ± 15  < 0.01
VO2peak, ml/kg/min 44.1 ± 7.1 23.3 ± 6.6  < 0.01
Smoking status, n (%) 0 (0) 0 (0)
Medication
Angiotensin II receptor blocker, n (%) 0 (0) 4 (50)
Statin, n (%) 0 (0) 2 (25)
Calcium channel blocker, n (%) 0 (0) 3 (38)
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Although the older group included subjects from our previ-
ous study [14], the purpose of that study was to examine the 
relationship between RBF and exercise-intensity, whereas 
the purpose of this study was to identify differences in 
renal hemodynamic responses following exercise between 
younger and older adults. Therefore, this does not constitute 
duplicate publication.

Experimental trial

All participants underwent an incremental exercise test using 
the ramp load method and a cycle ergometer (Lode; Corival, 
The Netherlands), as described previously (Fig. 1) [13, 
14]. After a 1-min warm up, the exercise load was gradu-
ally increased by 10–20 watts per minute. Considering the 
safety of the participants, the exercise ended according to 
the exercise discontinuation criteria outlined in the Ameri-
can College of Sports Medicine guidelines [16]. Respiratory 
gas was measured using the mixing chamber method and 
mass spectrometry equipment for biogas analysis (ARCO-
2000 MET; Arco System, Kashima, Japan). Peak oxygen 

uptake was calculated from the data obtained during exer-
cise. Renal hemodynamics were assessed before (Pre) and 
immediately after (Post 0) exercise, 60-min after exercise 
(Post 60), using ultrasound echo (Aplio 300; Toshiba Medi-
cal Systems, Tokyo, Japan). Blood samples were collected 
at Pre and Post 0.

Assessment of renal hemodynamics

Renal hemodynamics were assessed using pulsed Doppler 
with a 3.5-MHz convex electronic scanning probe from an 
ultrasound system, as described previously [13]. We meas-
ured RBF, BFV, CSA, peak systolic flow velocity (PSV) and 
end-diastolic flow velocity (EDV) using the pulse Doppler 
method. Furthermore, Renal pulsatility index (rPI) and resis-
tive index (rRI) were calculated as follow [17, 18]:

Sample analysis

Blood samples were collected from the antecubital vein 
on the morning after the participants had fasted for eight 
hours, and adrenaline, noradrenaline, cystatin-C, and cre-
atinine concentrations were measured. Each blood sample 
was centrifuged for 10-min at 1750 × g at 4 °C. The samples 
were stored at  – 80 °C until analysis. The blood analysis was 
performed by a commercial blood analysis company (LSI 
Medience Corp., Tokyo, Japan, SRL Inc., Tokyo, Japan). 
Additionally, eGFR with serum cystatin-C or creatinine and 
filtration fraction (FF) as an indicator of renal function and 
hemodynamics were calculated, as described previously 
[15].

Statistical analysis

The results are presented as the mean ± standard deviation. 
The participant characteristics were evaluated using the 
unpaired Student’s t test. A two-way linear mixed model 
was used to examine any differences in the dependent vari-
ables over time (Pre, Post 0, Post 60) and between groups 
(younger or older) with random effects to control for par-
ticipant in the repeated measures design. From the results 
of the linear mixed models, estimated marginal means using 
Bonferroni’s adjustment for multiple comparisons were used 
to test for differences between younger and older groups at 
the measurement time points. To determine the factors that 
affected the change in RBF following exercise, the associa-
tions between the changes in RBF and renal hemodynamic 
parameters from Pre to Post 60 were evaluated using the 

rPI = (PSV − EDV)∕BFV

rRI = (PSV − EDV)∕PSV

warm-up
(10wattts)

Incremental exercise test

Resting

End of exercise

Recovery phase

Pre Post 0 Post 60

ECG, respiratory gas
monitoring throughout exercise

Renal hemodynamic evaluation

Blood sampling ECG: electrocardiography

Fig. 1   Experimental protocol. All participants performed an incre-
mental exercise test using the ramp load method and a cycle ergom-
eter. The assessment of renal hemodynamic was conducted in Pre, 
Post 0 and Post 60. Blood samples were collected in Pre and Post 
0. Pre, before exercise; Post 0, immediately after exercise; Post 60, 
60-min after exercise
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linear regression analysis. Statistical analyses were per-
formed using Prism version 9.5.1 (GraphPad Software, San 
Diego, CA, USA), and a p value of < 0.05 was considered 
statistically significant.

Results

In both groups, there was no significant difference in RBF 
at Pre, RBF at Post 0 decreased significantly from Pre 
(Fig. 2A, p = 0.0004). In the younger group, RBF returned 
to its pre-exercise level at Post 60, and there was no signifi-
cant difference compared with the value at Pre (p > 0.9999). 
RBF at Post 60 was significantly lower than the Pre value 
in the older group (p = 0.0006). Furthermore, RBF in the 
older group was significantly lower than in the younger 
group at Post 60 (p = 0.0283) and the reduction in RBF in 
the older group was greater than younger group (Fig. 2D, 
p = 0.0288). Regarding CSA that constitutes RBF, there was 

no significant difference in the CSA between the younger 
and older groups at Pre, although maximal exercise signifi-
cantly reduced the CSA in both groups (Fig. 2B, p < 0.0001). 
At Post 60, the CSA in both groups remained significantly 
lower than at Pre (p < 0.05), although the reduction in CSA 
was more pronounced in the older group than in the younger 
group (Fig. 2E). Maximal exercise had no effect on the BFV, 
which is another component of RBF in both groups. Further-
more, the BFV in the older group was significantly lower 
than in the younger group (Fig. 2C, F).

There were no significant differences in PSV between the 
younger and older groups (Fig. 3A, p = 0.248), and maximal 
exercise had no effect on PSV in both groups (p = 0.199). 
In the older group, EDV was significantly lower than in the 
younger group (Fig. 3B, p = 0.011), and maximal exercise 
had no effect on EDV in both groups (p = 0.129). There 
was no significant difference in rPI between the younger 
and older groups (Fig.  3C, p = 0.104), although rPI in 
both groups decreased at Post 60 compared with at Pre 

Fig. 2   Changes in renal blood flow (A), cross-sectional area (B), 
and blood flow velocity (C) in Pre and Post 0, Post 60 in younger 
(■) and older (□) groups. The change from Pre to Post 0 and to 
Post 60 in renal blood flow (D), cross-sectional area (E), and blood 
flow velocity (F) in younger (●) and older (○) groups. Data are the 
mean ± standard deviation. **p < 0.01 vs. Pre. # p < 0.05 vs. younger 

group. Younger group: Pre, n = 8; Post 0, n = 8; Post 60, n = 8; older 
group: Pre, n = 8; Post 0, n = 8; Post 60, n = 8. Pre before exercise, 
Post 0 immediately after exercise, Post 60 60-min after exercise. 
Open circles represent individual data (Fig. A–C). Thick lines indi-
cate the mean (Fig. D–F). Multiple pairwise comparisons were cor-
rected using the Bonferroni method
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(p = 0.033). In the older group, rRI was significantly higher 
than in the younger group (Fig. 3D, p = 0.024). The rRI 
in both groups decreased at Post 60 compared with at Pre 
(p = 0.001).

In both groups, maximal exercise increased the catecho-
lamine concentration (Fig. 4A, p = 0.002; Fig. 4B, p < 0.001) 
and the FF (Fig. 4D, p < 0.001), and decreased the eGFR 
(Fig. 4C, p < 0.001).

In the younger group, ∆RBF showed no associations 
with ∆BFV (p = 0.4107), ∆CSA (p = 0.4745), ∆PSV 
(p = 0.9702), ∆EDV (p = 0.329), ∆rPI (p = 0.542), or ∆rRI 
(p = 0.4651) (Fig. 5A-F). However, ∆RBF was positively 
associated with ∆BFV (p = 0.0298), ∆EDV (p = 0.0166), 
and negatively associated with ∆rPI (p = 0.0163) and ∆rRI 
(p = 0.0694), but it did not show an obvious association with 
∆CSA (p = 0.7961) or ∆PSV (p = 0.0919) in the older group.

A condition-by-time interaction effect was observed 
regarding systolic blood pressure (SBP) (p = 0.0095). SBP 
at Post 0 increased significantly from Pre in both groups 
(p < 0.0001). SBP at Pre was lower in the younger group 
than in the older group (p = 0.0005); however, SBP at Post 0 
did not differ between groups. There was a condition-by-time 
interaction effect regarding heart rate (HR) (p = 0.0052). HR 

at Pre did not differ between groups; however, HR at Post 
0 was higher in the younger group than in the older group 
(p < 0.0001). HR at Post 0 increased significantly from Pre 
in both groups (p < 0.0001).

Discussion

This study was conducted to examine the differences in the 
renal hemodynamic response to exercise between younger 
and older adults using ultrasound echo. The most note-
worthy finding of this study was that the decrease in RBF 
immediately after exercise was not different across groups, 
but that 60-min after exercise, RBF remained significantly 
decreased from baseline only in older adults, not in younger 
adults. High-intensity exercise cannot be recommended for 
older adults according to our finding. However, our study 
indicated moderate-intensity exercise causes no decrease in 
RBF [15] and physical activity associated with renal func-
tion decline [19], suggesting exercise can be recommended 
for older adults. However, the exercise-intensity should be 
considered.

Fig. 3   Changes in peak systolic 
flow velocity (A), end-diastolic 
flow velocity (B), renal pulsatil-
ity index (C), renal resistive 
index (D) in Pre and Post 0, 
Post 60 in younger (■) and 
older (□) groups. Data are the 
mean ± standard deviation. * 
p < 0.05, ** p < 0.01 vs. Pre. 
Younger group: Pre, n = 8; 
Post 0, n = 8; Post 60, n = 8; 
older group: Pre, n = 8; Post 0, 
n = 8; Post 60, n = 8. Pre before 
exercise, Post 0 immediately 
after exercise, Post 60 60-min 
after exercise. Renal pulsatility 
index (peak systolic flow veloc-
ity – end-diastolic flow velocity) 
/ blood flow velocity, Renal 
resistive index (peak systolic 
flow velocity – end-diastolic 
flow velocity) / peak systolic 
flow velocity. Open circles rep-
resent individual data. Multiple 
pairwise comparisons were 
corrected using the Bonferroni 
method
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The reduction in RBF with exercise is generally consid-
ered a physiological response [2]. To perform and sustain 
exercise, active skeletal muscles need to be supplied with 
oxygen, which increases cardiac output. However, as there 
is a limit to the increase in cardiac output, blood flow is 
increased to active skeletal muscles, which have a higher 
demand for oxygen, and is decreased to other inactive skel-
etal muscles and internal organs, especially the kidneys, 
rather than the blood flow being equally distributed to the 
organs and tissues. Therefore, the reduction in RBF with 
exercise is a transient physiological response that recov-
ers sometime after exercise. However, few studies have 
focused on the recovery in RBF following exercise [12, 
20]. One study [12] determined CPAH as an indicator of 
RBF, and examined the variations in CPAH during heavy 
exercise on a bicycle ergometer and during recovery. CPAH 
decreased significantly after heavy exercise and returned 
to near pre-exercise levels 30-min after exercise. Moreo-
ver, Suzuki and colleagues repeatedly measured RBF fol-
lowing rigorous cycling using radionuclide angiography 
with technetium-99 m phytate. Relative to the pre-exercise 
value, RBF decreased by 53.4% immediately after rigor-
ous cycling, and remained 17.5% and 21.1% at 30- and 

60-min into the recovery period, respectively [20]. These 
previous studies were conducted in healthy young males 
and reported that the reduction in RBF was restored to 
pre-exercise levels 60-min after exercise, which is con-
sistent with our findings and suggests that RBF decreases 
immediately after exhaustive exercise but returns to the 
pre-exercise level 60-min after exercise in younger adults. 
Conversely, in this study, RBF in the older group did not 
return to the pre-exercise level 60-min after exercise, 
which was different to the younger group. Furthermore, 
previous studies have evaluated RBF following exercise 
using CPAH and technetium-99 m phytate, but the influ-
ence of exercise on renal hemodynamics has not yet been 
clarified. In this study, we evaluated not only RBF, but 
also other renal hemodynamic parameters using ultrasound 
echo, and determined the detailed renal hemodynamic 
response to exercise. Focusing on the changes in BFV 
and CSA, the older group consistently showed a lower 
BFV than the younger group. By contrast, the CSA showed 
similar changes and remained significantly lower at Post 
60 than at Pre in both groups. However, CSA recovery was 
more delayed in the older group than the younger group 
(Fig. 2E). These observations imply that the differential 

Fig. 4   Changes in adrena-
line (A), noradrenaline (B), 
estimated GFR (C), filtration 
fraction (D) in Pre and Post 
0 in younger (■) and older 
(□) groups. Data are the 
mean ± standard deviation. 
Younger group: Pre, n = 8; 
Post 0, n = 8; older group: Pre, 
n = 7; Post 0, n = 7. Pre before 
exercise, Post 0 immediately 
after exercise. GFR glomerular 
filtration rate. Open circles rep-
resent individual data. Multiple 
pairwise comparisons were 
corrected using the Bonferroni 
method
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response of CSA to exercise may influence renal hemody-
namics in the recovery phase.

The constriction and dilation of resistance vessels in vari-
ous parts of the body regulate blood flow during exercise. 
The degree of constriction and dilation of resistance ves-
sels during exercise is determined by vasoactive substances, 
such as vasoconstrictors and vasodilators. Several factors 
influence the peripheral circulation during exercise, one 
of which is aging [10]. Previous investigation on changes 
in the responsiveness of vasoactive substance with aging 
demonstrated that the renal vasoconstrictor response to 
angiotensin II was not modified by age, although the vaso-
dilator response to acetylcholine administration worsened 
with age [21]. Aging is also associated with a reduction 
in the endothelium-dependent vasodilatory response [22] 
mediated by endothelium-derived nitric oxide, which is a 
critical vasodilator that regulates vascular resistance and 
tissue perfusion [23]. Previous study [24] demonstrated 

that intravenous administration of an amino acid with a 
vasodilatory effect produced an increase in RBF, but the 
effect of intravenous amino acid administration on RBF 
disappeared in the impaired kidney [25]. Other study [26] 
examined the renal hemodynamic response to amino acid 
infusion in younger and older adults. Renal vascular resist-
ance decreased after amino acid infusion in the younger 
adults, but the same was not consistently observed in the 
older adults, suggesting that the response to vasodilators is 
reduced in older adults. According to these observations, 
it is possible that the delayed recovery of RBF in the older 
group is caused by a diminished vasodilator response lead-
ing to a sustained regression of the CSA following exercise.

rRI [17] and rPI [18] are used as indicators of pulsatility 
and vascular compliance [27]. Detailed renal hemodynamic 
parameters were evaluated to examine other factors associ-
ated with changes in RBF following high-intensity exercise. 
In this study, there were no associations between ∆RBF and 

Fig. 5   The associations between 
the change of RBF (∆RBF) 
from Pre to Post 60 and the 
changes of renal hemodynamic 
parameters (A: ∆BFV, B: 
∆CSA, C: ∆PSV, D: ∆EDV, 
E: ∆rPI, F: ∆rRI) from Pre to 
Post 60 in younger (filled circle, 
n = 8) and older groups (open 
circle, n = 8). BFV blood flow 
velocity, CSA cross-sectional 
area, PSV peak systolic flow 
velocity, EDV end-diastolic flow 
velocity, rPI renal pulsatility 
index, rRI renal resistive index. 
Renal pulsatility index (peak 
systolic flow velocity – end-
diastolic flow velocity) / blood 
flow velocity, Renal resistive 
index (peak systolic flow veloc-
ity – end-diastolic flow velocity) 
/ peak systolic flow velocity
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renal hemodynamic parameters in younger adults, whereas 
∆RBF was positively associated with ∆BFV and ∆EDV, and 
negatively associated with ∆rPI and ∆rRI in older adults, 
suggesting that older adults with a lower ∆BFV or ∆EDV, or 
a higher ∆rPI or ∆rRI, demonstrate more delayed recovery 
in RBF. It has been indicated that the factors that reduce 
pulsatility exert almost all of their effects downstream of 
where rRI and rPI are usually measured [27]. Moreover, any 
changes in velocity in the larger arteries primarily reflect 
changes in the total arteriolar conductance. Therefore, an 
elevation in interstitial pressure leads to a decrease in arte-
riolar conductance and a reduction in the mean velocity of 
the large arteries. Specifically, the reduction in velocity is 
most marked at diastole. The EDV value depends on the 
diastolic arterial pressure and arteriolar conductance, and 
previous study showed that renal capillary wedge pressure 
(the combination of renal interstitial and venous pressure) 
and peripheral resistance contribute to EDV and rRI [28]. 
Moreover, Halimi et al. assessed the influence of PSV and 
EDV on rRI. They found that EDV (but not PSV) was asso-
ciated with rRI [29]. Therefore, it is suggested that older 
adults with higher rRI (or rPI) via a slower BFV (especially 
EDV) following exercise have lower vascular compliance, 
resulting in delayed RBF recovery.

This study has several limitations that should be noted. 
Firstly, one of the main limitations of this study is the 
relatively small sample size, which should be considered 
when interpreting the results. Second, there was a lack of 
blood indicators in the recovery phase, so the mechanisms 
that control the renal hemodynamics in the recovery phase 
remain unclear. Third, we did not measure albuminuria or 
acute kidney injury (AKI) biomarker. Thus, future research 
should evaluate albuminuria and AKI biomarker. Finally, we 
included only younger and older adults with relatively well-
maintained renal function. It is considered that the response 
to exercise could differ between individuals with normal 
renal function and those with reduced renal function. There-
fore, similar research should be conducted in non-dialysis 
CKD patients in the future.

Conclusions

This study is the first to show differences in the renal hemo-
dynamic response following high-intensity exercise. We 
utilized ultrasound echo to understand the influence of 
exercise on renal hemodynamics and provided novel evi-
dence that RBF recovers 60-min after exercise in younger 
adults, whereas RBF recovery was delayed in older adults. 
The use of ultrasound echo allowed detailed information 
on the intrarenal hemodynamic response to exercise to be 
obtained, while minimizing the burden on the subjects. 
Therefore, non-invasive observation of renal hemodynamic 

changes following exercise using ultrasound echo may be 
clinically useful.
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