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Abstract
Blood flow (BF) due to muscle contractions during exercise providing information about increased oxygen supply 

and energy metabolism, which may be the underlying mechanism of exercise therapy for cardiovascular disease. The 
same mechanism also normalizes the central and peripheral hemodynamics in body. High time resolution Doppler 
ultrasound measurements have been reported to detect not only the beat-to-beat blood velocity profile in the non-
muscular contraction state (basal resting condition), but also alterations in blood velocity profile in exercising limb during 
muscle contractions. During sustained isometric (static) muscle contraction (IMC), the systole-diastolic blood velocity 
profile is not intermittently disturbed due to the absence of fluctuations of intramuscular pressures compared to isotonic 
(dynamic) muscle contractions. This offers the possibilities to evaluate the blood velocity and BF magnitude for each 
beat-to-beat cycle without the influence of rapid changes in intramuscular pressure. Our previous studies demonstrated 
that elevated intramuscular pressure during 10 s-sustained IMC may transiently restrict muscle hyperemia during steady-
state repeated knee extensor exercise at 3 contractions per minute (10 s-IMC and 10 s-muscle relaxation) at 10%, 30%, 
50% and 70% of maximum voluntary contraction. In contrast, the sudden increase in peak BF immediately after the end 
of a IMC steeply declines during the period of 10 s-muscle relaxation. However, there is a lack of information regarding 
the extent to which the beat-to-beat magnitude in BF during IMC and muscle relaxation, even if large differences are 
observed in the BF magnitude between IMC and relaxation phases. We provided that the time-dependent beat-to-beat 
BF magnitude may significantly (P<0.05) linearly correlate for both 10 s-IMC and 10 s-relaxation phase. Furthermore, the 
variation in the acceleration rate of time dependent changes in BF is small in individual subjects below 30% of maximum 
voluntary contraction both IMC and relaxation phase. The present commentary therefore discusses to what extent the 
time-dependence of beat-to-beat magnitude in BF may statistically correlate during repeated IMC and relaxations with 
supplementary consideration of isometric exercise induced BF changes and its evaluation.

rest, synchronized with the heart beat and blood pressure [4]. Based on 
this technique, rapid changes in the blood velocity profiles in the conduit 
artery is measured with muscle contraction and/or muscle relaxation 
in different states of exercise, muscle contraction time/frequency and 
workload, and in relation to vasodilatation/vasoconstriction [9-12].

During rhythmic/dynamic muscle contractions, these oscillations 
are even more pronounced (disturbance of shaped systole-diastolic 
like profile), as they are also influenced by intramuscular pressure 
variations [9]. Therefore, the measurement of blood velocity should 
be done carefully to account for the influence of muscle contraction 
and relaxation duty cycles (changes in the muscle contraction force) 
inducing physiological blood velocity fluctuations (internal variability), 
as well as the alterations in the blood velocity (external variability) due 
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Abbreviations: BF: Blood Flow; IMC: Isometric Muscle Contraction; 
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Introduction
Exercise induced increased blood flow (BF) plays a key role in 

human health, as it increases the availability of oxygen and metabolites 
in skeletal muscles, which are also crucial for exercise tolerance and 
capacity [1-3]. During exercise, the increased limb oxygen uptake is 
directly proportional to the work performed [1,2]. The limb oxygen 
uptake is calculated as the product of exercising arterial BF and the 
arterio-venous oxygen difference to the exercising limb, therefore the 
determination of BF dynamics feeding the contracting muscles can 
contribute to understand the factors, limiting work capacity.

In resistance and/or endurance training, an exercise model with a 
prescription such as muscle contraction intensity, frequency and time 
interval plays a crucial role for alterations in the BF in exercised muscle 
[4-8]. Thus, the evaluation of the time course in BF magnitude, due to 
continuous repeated muscle contractions may potentially yield valuable 
information for the muscle circulation and/or metabolism following 
the exercise therapy.

Ultrasound Doppler devices can provide the measurement of high 
temporal resolution blood velocity. Pulsatile (oscillation) blood velocity 
profile in the conduit artery (in systole and diastole), may be detected at 
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to temporary slight changes in muscle strength, compared to the target 
intensity [6,9].

This raises the issue of how to optimally determine exercise BF 
during steady-state repeated muscle contractions. In general, an 
optimal/valid BF in a non-exercise limb (for instance, basal resting 
state or non-contractile muscle) may exhibit minimum physiological 
BF variability using samplings of the cardiac beat-by-beat cycle [9,13]. 
However, during isotonic (dynamic) exercise, the muscle contraction-
induced blood velocity profile may be largely influenced by the 
magnitude of intramuscular pressure variation and the superimposed 
influence of perfusion pressure variations [4,9-11].

Thus, the evaluation of time averaged-BF by the ‘net-muscle 
contraction-relaxation duty cycles’ may be required for rhythmic 
muscle exercise (high frequency muscle contractions, typically one 
muscle contraction per second, 60 contractions per minute, cpm) [4,9]. 
However, at lower contraction frequencies, typical of isometric muscle 
contractions (IMC), for instance 10-s IMC and 10-s muscle relaxation 
duty cycle (3 cpm), the blood velocity profile (shaped systole-diastolic 
profile) is not disturbed due to the lower intramuscular pressure 
variation during sustained IMC. This means that a stable beat-to-beat 
blood velocity profile is observed during IMC. In contrast, a rapid 
change in blood velocity increase is seen during muscle relaxation 
representing post muscle contraction hyperemic state [12,14,15].

However, during repeated IMC there is a lack of information for 
time-dependence of beat-to-beat magnitude regarding the extent to 
which the beat-to-beat magnitude in blood velocity/BF may statistically 
fit with correlation coefficients during IMC and muscle relaxation 
for the evaluation of sustained muscle contraction induced limb BF 
alterations at incremental exercise intensity.

The present commentary therefore highlights BF dynamics in 
relation to repeated voluntary IMC at a typical muscle contraction rate 
(10 s-IMC/10 s-muscle relaxation) with supplementary consideration 
of muscle contraction induced BF changes.

Methodology and Result
In one-legged, repeated isometric knee-extensor exercise 

performed by seven healthy male volunteers (mean age ± SD, 26.3 ± 7.6 
years; mean height, 178.1 ± 7.2 cm; mean body weight, 71.1 ± 5.7 kg), 
the exercise is confined to the quadriceps muscle group (Figure 1). The 
muscle contraction rate for knee extensor muscle (mainly quadriceps 
muscle group) is 3 contractions per minute (10 s-on and 10 s-off) at 
10%, 30%, 50% and 70% of maximum voluntary contraction (MVC). 
One legged-knee extensor exercise model allows stable measurements 
of femoral artery blood velocity using Doppler ultrasound [4-6].

The measurement of blood velocity in the femoral artery feeding the 
active thigh muscles using Doppler ultrasound, where BF is calculated 
by the product of blood velocity and cross-sectional area, has been 
validated and shown to produce accurate absolute values both at rest 
and during incremental leg exercise such as rhythmical/dynamic [4] or 
isometric (static) thigh muscle contractions [12]. The minimum value 
of the coefficients of variation (<5%) for the repeated blood velocity 
measurements represented the criteria for quality control of operator 
technique at rest as well as during exercise [9].

The measurement site of the femoral artery was distal to the inguinal 
ligament, but above the bifurcation into the branches of the superficial 
and deep femoral arteries. This location minimizes turbulence from 
the femoral bifurcation and the influence of blood velocity from the 
inguinal region. Furthermore, the changes of the vessel diameter of 
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Figure 1: Repeated transient isometric muscle contractions performed as 10s-voluntary (active) isometric muscle contraction and 10s-muscle relaxation (20 s) for 5 
min at 10%, 30%, 50% and 70% MVC, respectively. The voluntary contraction rhythm was maintained by following the pace of a visible and audible metronome and by 
visualizing the contraction frequency displayed in real time on a monitor. Simultaneous recording of hemodynamic parameters was measured at a steady-state from 3 
min to 5 min. Pre-ex: pre-exercise, %MVC: percentage of maximum voluntary contraction, C: muscle contraction phase, R: muscle relaxation phase. This is adapted 
from Ref. [12], reproduced with permission for unrestricted use from BioMed Central.
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the conduit artery in the target area are mostly unaffected by muscle 
contractions and relaxations [4]. Therefore, changes in blood velocity 
may potentially correspond to changes in BF because BF is calculated by 
the product of mean blood velocity and the stable cross-sectional area 
(the square of the radius multiplied by π) in the artery. The parameters 
(blood velocity, blood pressure, voluntary muscle contraction power, 
and surface electromyography) were simultaneously recorded by beat-
to-beat measurements at pre-exercise and during steady-state exercise 
of between 180 and 300 s of 15 repeated duty cycles at 10%, 30%, 50% 
and 70% MVC, respectively.

Statistical analysis in the BF kinetics between IMC and 
relaxation phase

Statistical analysis with a linear fitting regression correlation coefficient 
(r) and P value was examined for the time course in beat-to-beat 
measurements of BF (time from initial beat on the x axis, both BF on the 
y axis) during IMC and muscle relaxation phases, respectively (Microsoft 
Excel 2010). The  acceleration rate of time-dependent  changes in BF  was 
also determined by the gradient of the regression line (Slope in Figure 2). 
Distribution of  the  acceleration rate  of changes in BF between IMC and 
relaxation was represented by box and whisker plots.
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Figure 2: Simultaneous recording of blood velocity/flow and hemodynamic parameters during isometric exercise. Repeated isometric muscle contraction may indicate 
the clear blood velocity profile at each beat corresponding to the cardiac systole-diastole. The blood velocity/flow was determined by the cardiac beat-by-beat cycle 
(*). The acceleration rate of time-dependent changes in blood flow (BF) was also determined by the gradient of the regression line (Slope: ⊿BF/⊿t). t: time, EMGs: 
surface electromyography. This is adapted from Ref. [12], reproduced with permission for unrestricted use from BioMed Central.
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Discussion
Our previous studies have demonstrated the difference in the time 

course of the magnitude of the blood velocity/flow between IMC and 
relaxation phases during steady-state isometric knee extensor exercise 
[12]. In isometric (static) exercise at 3 cpm (10 s-on and 10 s-off), the 
blood velocity profile presents a clear systolic and diastolic-like profile 
(blood pressure curve-like) in Figure 2. This is due to non-oscillation 
of the blood velocity profile (a non-disturbed blood velocity profile), 
lacking rhythmical vessel compression even under 10 s-sustained IMC. 
As shown in Figure 2, changes in beat-to-beat blood velocity/flow may 
be lower during 10 s-sustained IMC (the dotted arrow in blue color in 
Figure 2), although a gradual but non-significant BF increase was seen 
during 10 s-sustained IMC [12].

In contrast, the variations in blood velocity/flow evaluated by beat-
to-beat cycle were significantly higher in 10 s-muscle relaxation than in 
10 s-IMC at 10-70% MVC (see*, the comparison in net 1-10th beat-to-
beat blood velocity/flow magnitude between IMC and relaxation phase 
in Figure 2 at 50% MVC). This result suggests that during 10 s-muscle 
relaxation the time course of the beat-to-beat blood velocity/flow 
magnitude may markedly change, due to the post-muscle contraction 
hyperemic response following the end of muscle contraction (the dotted 
arrow in red color in Figure 2). Thus, the magnitude of blood velocity/
flow and the difference in blood velocity/flow variations between IMC 
and relaxation may represent characteristics of exercise hyperemia. 
However, there is still a lack of specific information regarding the 
dynamics of time-dependence of beat-to-beat blood velocity/flow from 
the physiological aspect evaluated by the statically correlation.

Using Doppler ultrasound, to understand the time course in blood 
velocity/flow pattern between IMC and relaxation may offer insights for 
the evaluation of peripheral muscle BF during repeated IMC through 

physical and exercise therapy. Following the additional analysis using 
our previously-published data [12], the time-dependent beat-to-beat 
BF magnitude may significantly linearly correlate for both 10 s-IMC 
and 10 s-relaxation phase at incremental workloads (Table 1).

Beat-to-beat dynamics during IMC phase

Regarding the phase of IMC, the time course in beat-to-beat BF 
dynamics showed a “positive” almost-linear correlation, featuring a 
slight increase except for 10% MVC in subject 5, and both 50% and 70% 
MVC in subjects 6 and 7 at all target workloads (Table 1). Interestingly, 
although some mechanical extravascular compression remains with 
increasing intramuscular pressure, the time course of beat-to-beat 
BF displayed slight vasodilation in time with no observed reduction 
of BF, as a function of mechanical arterial obstruction at incremental 
workload.

As seen in Figure 3, the range (distribution) for the increase rate 
of changes in BF between the 25th and 75th percentiles were small at 
both 10% (11.8-22.1 ml/60·s2) and 30% MVC (31.2-44.6 ml/60·s2) 
during IMC, which means the variation for the increase rate of BF was 
similar range in individual subjects below light exercise intensity. The 
significant difference in increase rate of changes in BF (the absolute 
value) might be represented between 10% and 30% MVC because of 
subject 5 with low value of correlation coefficient.

Regarding moderate exercise intensity the increase rate of changes 
in BF was large at both 50% MVC (14.9-33.4 ml/60·s2) and 70% MVC 
(1.0-31.8 ml/60·s2), however medians is almost similar (range, 14.7-33.8 
ml/60·s2) among 10% and 70% MVC during IMC.

Beat-to-beat dynamics during muscle relaxation phase

Conversely, a close relationship in beat-to-beat BF during muscle 
relaxation phase with ‘negative’ linear fitting was evident among 

10 s isometric muscle contraction phase

 Number 
of subject

10%MVC 30%MVC 50%MVC  70%MVC
Slope 

(ml/60·s2)
Number 
of beat r P value Slope 

(ml/60·s2)
Number 
of beat r P value Slope 

(ml/60·s2)
Number 
of beat r P value Slope 

(ml/60·s2)
Number 
of beat r P value

1 22.7 10 0.976 <0.001 35.6 9 0.995 <0.001 15.9 9 0.961 <0.001 14.7 9 0.92 <0.001
2 9.2 10 0.85 <0.01 21 10 0.961 <0.001 14.6 9 0.943 <0.001 11.5 9 0.973 <0.001
3 43.6 7 0.962 <0.001 63.2 8 0.819 <0.05 34.9 8 0.833 <0.05 78.8 9 0.956 <0.001
4 19.6 9 0.666 <0.05 33.4 9 0.902 <0.001 44.9 9 0.904 <0.001 34.1 11 0.876 <0.001
5 7.6 9 0.58 ns 47.6 9 0.894 <0.01 22 9 0.843 <0.01 24.9 8 0.89 <0.01
6 20.3 12 0.693 <0.05 33.8 13 0.777 <0.01 28.7 14 0.401 ns -28.9 12 0.55 ns
7 20.5 8 0.983 <0.001 30.5 8 0.952 <0.001 9.9 9 0.54 ns -2.5 9 0.345 ns

 10 s muscle relaxation phase 

 Number 
of subject

10%MVC 30%MVC 50%MVC  70%MVC
Slope 

(-1 × ml/60·s2)
Number 
of beat r P value Slope 

(-1 × ml/60·s2)
Number 
of beat r P value Slope

(-1 × ml/60·s2)
Number 
of beat r P value Slope 

(-1 × ml/60·s2)
Number 
of beat r P value

1 93 10 0.99 <0.001 140.4 10 0.991 <0.001 200.2 12 0.975 <0.001 195.3 12 0.98 <0.001
2 83.3 10 0.973 <0.001 196.6 11 0.994 <0.001 263.7 11 0.97 <0.001 215.1 9 0.972 <0.001
3 88.3 8 0.983 <0.001 201.7 9 0.987 <0.001 331.6 10 0.974 <0.001 182.9 10 0.988 <0.001
4 81.4 8 0.988 <0.001 207.8 10 0.951 <0.001 270.5 10 0.931 <0.001 99.5 12 0.778 <0.01
5 58.8 9 0.957 <0.001 253.2 9 0.992 <0.001 208.2 10 0.999 <0.001 288 9 0.997 <0.001
6 99.5 13 0.988 <0.001 186 14 0.964 <0.001 60 14 0.902 <0.001 -107.8 14 0.813 <0.001
7 64.2 8 0.984 <0.001 220.4 8 0.995 <0.001 102.3 9 0.933 <0.001 127.2 10 0.948 <0.001

Table 1: The acceleration rate of time-dependent changes in beat-to-beat exercising blood flow (BF) between isometric muscle contraction and relaxation phase.  The 
acceleration rate of time-dependent changes in BF was also determined by the gradient of the regression line (Slope: ⊿BF/⊿t in Figure 2). Statistical analysis with a linear 
fitting regression correlation coefficient (r), and P value was examined for the time course in beat-to-beat measurements of BF (time from initial beat on the x axis, BF on 
the y axis) during isometric muscle contraction and muscle relaxation phases, respectively (Microsoft Excel 2010). A P value<0.05 was considered statistically significant. 
ns: not significance, %MVC: percentage of maximum voluntary contraction. This is our original unpublished data newly analyzed by the source in Ref. [12], reproduced with 
permission for unrestricted use from BioMed Central.
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subjects. High correlation coefficients with P values below 0.001 
(except for subject 4 at 70% MVC in P<0.01 and subject 6 at 70% 
MVC representing positive linear correlation) were determined in 
beat-to-beat BF magnitude for the linear fitting correlation during 
10 s-muscle relaxation (Table 1). At least, for the repeated isometric 
exercise at steady-state presented in this study, this correlation suggests 
that a momentary peak BF (maximum vasodilation at the first beat 
corresponding to ‘1’ during relaxation phase as in Figure 2) immediately 
after the end of muscle contraction (corresponding to the start of muscle 
relaxation) will regularly/steeply decline to the pre-exercise state until 
next muscle contraction, although this was not seen in subject 6 at 
70% MVC (Table 1). The distribution for the decline rate of changes 
in BF between 25th percentile and 75th percentiles is very small; at both 
10% (68.5-91.9 ml/60·s2) and 30% MVC (188.6-217.2 ml/60·s2) during 
muscle relaxation compared to both 50% and 70% MVC, which means 
the variation in the decline rate of BF is small in individual subjects 
below 30% MVC. Furthermore, the decline rate of changes in BF was 
significant (P<0.05) higher both 30% and 50% MVC than 10% MVC, 
however the medians is similar range (182.9-208.2 ml/60·s2) among 
30% and 70% MVC during muscle relaxation.

For moderate exercise intensity at 50% and 70% MVC as shown in 
Figure 3, the range for the rate of changes in BF was large both IMC 
and relaxation of which may be related to the individual difference for 
the release of vasoactive substances with muscle contraction against the 
muscle contraction intensity [16].

Conclusion
Since there is a large difference in single blood velocity/flow value 

between first and last beats in muscle relaxation phase, which may 
represent the time course in beat-to-beat BF kinetics being steeply 
decline in linear manner; the short temporal time averaged-BF at least 
below 10 s may potentially be over or under-estimated in the muscle 
relaxation phase compared to IMC phase at relatively moderate exercise 
intensity with a typical muscle contraction rate (10 s-IMC/10 s-muscle 

relaxation). Therefore, the beat-to-beat BF magnitude describing 
the linear fitting correlation may contribute to the supplementary 
consideration for the estimation of time-averaged BF value at the 
target point and/or comprehensive BF between the IMC and relaxation 
phases.

The exercise-induced muscle hyperemia has been controlled by an 
inter-play between both “feedback” and “feedforward” vascular control 
which include central mechanisms (neural and hormonal factors) [17-
19], as well as local mechanisms involving the myogenic activity [20], 
and mediators derived from the endothelium [21], muscle fibers [22] 
and/or muscle mechanical factors [12]. Therefore, the characteristics 
in the beat-to-beat BF magnitude between IMC and relaxation would 
be one of helpful information for the cardiovascular adjustment during 
repeated exercise and its evaluation in relation to the integrated applied 
physiology and/or the physical exercise therapy.
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