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Abstract
The objective of the study was to investigate whether the occur-
rence of cardiac–locomotor synchronization (CLS) affects oxy-
gen pulse (O2 pulse, mL/beat) during walking. Twelve healthy
men were studied under two treadmill protocols. The CLS pro-
tocol involved subjects walking at a frequency of their heart rate
(HR) to induce CLS. The free protocol (reference) involved
subjects walking at a self-selected cadence. The treadmill load
was equal between the two protocols and was adjusted so that
the subject’s HR was maintained at approximately 120 bpm.
Electrocardiographic signals, foot switch signals, and oxygen
consumption (VO2) were measured continuously for 10 min
after the heart rate reached a steady state. VO2, O2 pulse, and
mean HR were calculated. VO2 and O2 pulse were significantly
higher in subjects in the CLS protocol compared to those in the
free protocol. However, mean HR was not different between the
two groups. The synchronization strength was significantly
related to the increase in O2 pulse in subjects in the CLS proto-
col compared with those in the free protocol. These results
suggest that the occurrence of CLS enhances O2 pulse by in-
creasing the strength of CLS during walking.

Key words: Heart rate, step rate, coupling, entrainment, oxygen
consumption stroke volume.

Introduction

When humans and other mammals rhythmically exercise,
heartbeats interact with other biological rhythms or exter-
nal rhythms, and synchronization between the heartbeat
and the other rhythms is observed (Glass, 2001). Syn-
chronization between the heartbeat and locomotor activity
rhythms (cardiac–locomotor synchronization; CLS) oc-
curs in humans during walking and running (Kirby et al.,
1989; Niizeki et al., 1993, 1996; Nomura et al., 2001,
2003). CLS has been proposed to be an efficient phenom-
enon for exercising the body (Kirby et al., 1989; 1992)
and is thought to optimize muscle blood flow and mini-
mize cardiac afterload based on the hypothesis that peak
intra-arterial pressure due to cardiac contraction occurs at
the lowest phase of the intramuscular pressure cycle. CLS
also increases stroke volume (SV) associated with in-
crease in venous return by the Frank–Starling law based
on the hypothesis that increase in venous return due to
muscular pump action occurs during cardiac diastole.
Increase in SV results from decrease in peripheral vascu-
lar resistance and changes in pressure in the ascending
aorta caused by vertical body movement during running
(O’Rourke and Avolio, 1992). In fact, Phillips et al.

(2013) reported that CLS provided a performance im-
provement when running long distances. If CLS also has
physiological significance for blood supply to muscles by
cardiac contraction during walking, it could be applied to
rehabilitation program for patients with depressed left
ventricular ejection function and elderly people. However,
few studies have reported the functional significance of
CLS during walking (Niizeki and Saitoh, 2014).

The ratio between oxygen consumption (VO2) and
heart rate (HR) defines the oxygen pulse (O2 pulse),
which is numerically equal to the product of SV and the
arteriovenous oxygen difference (a-vO2 difference), ac-
cording to Fick’s equation (Wasserman et al., 1999). O2
pulse also independently predicts SV during submaximal
exercise in healthy subjects (Bhambhani et al., 1994;
Whipp et al., 1996). Therefore, we examined whether
CLS has physiological significance for blood supply dur-
ing walking, using O2 pulse as an alternative SV index.

Methods

Subjects
Twelve healthy men (mean height: 169.4 cm, range:
1.64.0–1.79 m; weight: 57.9 kg, range: 48.4–68.6 kg; age:
21.2 years, range: 19–25 years) with no history of cardio-
pulmonary diseases participated in this study (Table 1).
Each subject provided an informed consent after being
provided with a verbal explanation of the intent and the
experimental procedures. This study protocol was ap-
proved by the Ethics Committee of the University. Physi-
cal activity as well as alcohol and caffeinated beverage
consumption were prohibited 24 h before testing. Drink-
ing and eating, except water, were also prohibited 3 h
before testing.

Table 1. Subject characteristics (n= 12) and applied tread-
mill load.

Variable Mean (±SD)
Age (year) 21.2 (2.1)
Height (m) 1.69 (.05)
Weight (kg) 57.9 (6.5)
Body mass index (kg/m2) 20.2 (2.1)
Treadmill speed (km/h) 5.7 (.2)
Treadmill grade (%) 3.3 (1.0)
First protocol (CLS/Free) 5/7

Protocols
We determined each subject’s treadmill load (treadmill
speed and grade) at which their HR was maintained at
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approximately 120 beats per min (Table 1). Target heart
rate was derived from the 50-70 percent of estimated
maximal heart rate, which is formula of optimal heart rate
during exercise for heart failure patients in Japan. Sub-
jects walked on a treadmill (Autorunner AR-200, Minato
Medical Science Co. Ltd, Osaka, Japan), and the treadmill
speed was increased gradually in the range which subjects
can walk (limited at 6.0 km/h). When the load was insuf-
ficient, the treadmill grade was increased until the target
HR was achieved. The subjects walked at the determined
treadmill speed and grade for at least 5 min to confirm the
appropriate load.

The subjects then rested at least 15 min during
which they were instrumented for data collection. Elec-
trodes for electrocardiogram (ECG), a foot switch sensor,
and a mask connected to an expired gas analyzer were
placed on the chest, right heel, and face of the subjects,
respectively. Thereafter, the subjects were instructed to
conduct the two treadmill protocols in a random order. In
the first protocol, subjects walked at the frequency of their
HR to induce synchronization between heartbeat and
locomotor activity (CLS protocol). In the other protocol,
subjects walked at their preferred pace (free protocol as
reference data). Both protocols were performed at the
determined treadmill load for each subject for 20 min.
First 10 min was warm-up period. Next 10 min was
measurement period. The treadmill load (treadmill speed
and grade) was fixed while each protocol. Therefore
treadmill load and walking time were equal between the
two protocols. Subjects rested in a sitting position for at
least 15 min between the two protocols.

In the CLS protocol, firstly they walked at each
treadmill load for 5 min. Next, they walked for 5 min with
a buzzer signal, which was generated by an ECG monitor
(Bedside monitor BSM-2400 series Life Scope 1, Nihon
Kohden Corp., Tokyo, Japan). The buzzer sounded with
the occurrence of each R waves, so subject’s heart rate
and the frequency of the buzzer were same. After their
HR reached a steady state, they walked with a buzzer
signal for 10 min. We collected data during the last 10
min of the synchronized walking period.

In the free protocol, firstly they walked at each
treadmill load for 10min. Next, they walked at their pre-
ferred pace for 10 min. We collected data during the last
10 min of the preferred walking period. Because SV and
the a-vO2 difference vary between individuals, depending
on the degree of obesity at rest and submaximal exercise
(Vella et al., 2011), the value at rest was not appropriate
to use as reference data. Thus, we set equal treadmill load
and exercise time for both protocols.

Data collection
The R-R interval (RRI) was measured continuously from
a surface ECG using standard bipolar leads (CM5). The
ECG signal was amplified and filtered to distinguish the
R waves of the QRS complex. We set the filtering fre-
quency band to 10–300 Hz to avoid movement artifacts.
The ECG signal was digitized with a sampling frequency
of 1 kHz using a personal computer-based system (Chart
5 for Windows, AD Instruments, Shanghai, China)
equipped with an analogue-to-digital converter (ML880

PowerLab 16/30, AD Instruments). The heel contact in-
terval (HCI) was also measured by a foot switch sensor
(Inline Foot Contact Sensor, Noraxon) from the right heel.
The foot switch signal was collected with a sampling
frequency of 1.5 kHz using a personal computer-based
system (MyoResearch XP, Noraxon). The ECG and foot
switch signals were reported by separate computers;
therefore, we started maintaining records at the same time.
In addition, subject’s VO2 was measured breath by breath
throughout the exercise period from expired gases with an
AE-300S aero monitor (Minato Ikagaku Co., Tokyo,
Japan) and calculated on a personal computer.

Data analyses
We translated the RRI and HCI data into text files and
opened them as worksheets in Microsoft Office Excel
2007 (Redmond, WA, USA). Each successive HCI signal
was halved to estimate the foot switch data for both legs.
The time at which each R-wave occurred and the onset of
each step cycle were calculated by adding the first onset
time and the interval times. To obtain the relative phase
relationship between cardiac and locomotor rhythms (φr,h),
the time (tr) at which the rth R-wave occurred in a one-
step cycle was calculated from the onset of the step cycle,
where tr is the time of the rth marked event. We then set
the onset of the step cycle as Th. The relative phase (φr,h)
of the rth heartbeat in the one-step cycle was calculated as
follows:

where r and h are integers (Figure 1).

A synchronization index, λ, was calculated to
quantify the strength of phase locking between the heart-
beats and the step cycle as follows:

where N indicates the number of consecutive data samples. The λ
value was calculated from 60-point (approximately 30 s) windows
with a sliding window of 10 points. The mean λ value was calculat-
ed by averaging the entire measurement period in each protocol.
The fractional points were rounded down when the point of the rela-
tive phases was insufficient at the end of the calculations. The λ val-
ue is restricted to the unit interval 0 ≤ λ ≤ 1 and is maximal for
strong phase locking between the two rhythms and is minimal for
weak or no phase locking.

Furthermore, a surrogate data technique was ap-
plied to determine the probability of entrainment between
the cardiac and locomotor rhythms (Seidel and Herzel,
1998; Nomura et al., 2001). Surrogate data were generat-
ed by randomly shuffling the original order of the HCI,
which was not halved. The successive RRI remained the
same as for the actual data. A new relative phase between
the two rhythms was created as compared with the origi-
nal data after random shuffling of the HCI order. The
phase relationships between the heartbeat and locomotor
activity rhythm were destroyed because of the random
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Figure 1. The computational theory used to calculate the relative phase relationship between the heartbeat and
locomotor activity rhythms (φ

r,h
). The square waves are step signals. Elevation of the wave indicates heel contact. The waves

at the bottom of the panel are electrocardiogram signals. The sharply elevated wave is the R wave.

order of the HCI. If the two rhythms had an exact phase
relationship, a similar relative phase to the original rela-
tive phase occurred in the surrogate data. By computing
multiple trial-shuffled estimates (100 shuffles), a distribu-
tion of values under the null hypothesis was obtained
(Niizeki, 2005). The average λ value from the original
data was compared with that of the surrogate data calcu-
lated from an identical choice in the observation window.

We calculated the mean HR, standard deviation of
HR (SDHR), mean step rate (SR), standard deviation of
SR (SDSR), VO2, and O2 pulse as mean values for 10 min
in each protocol to investigate the CLS physiological
response. HR, SDHR, SR, and SDSR were calculated
with the RRI data and HCI data, respectively. The O2
pulse value was obtained by dividing mean VO2 by mean
HR.

Statistical anlyses
Values are shown as means ± standard deviations. The λ
values were compared between the two protocols using
the paired t-test to determine whether phase synchroniza-
tion significantly occurred during the CLS protocol. In
addition, the λ values from the original and surrogate data
in both protocols were compared using paired t-tests to
determine whether phase synchronization occurred by
entrainment. Mean HR, SDHR, mean SR, SDSR, VO2,
and O2 pulse were compared between the two protocols
using paired t-tests to examine the effect of inducing CLS
on the physiological data during walking. Furthermore,
we investigated the relationship between the changes in λ
value and O2 pulse in the CLS protocol compared with
that in the free protocol using Pearson’s product–moment
correlation coefficients. All statistical analyses were per-
formed using the SPSS version 19 for Windows software
(SPSS Japan, Inc., Tokyo, Japan). P < 0.05 was consid-
ered to be statistically significant.

Results

Figure 2 shows representative RRI (Figure 2A, A’) and
HCI (Figure 2B, B’) time series, and the trace of λ value
(Figure 2C, C’) recorded from one subject while he per-
formed CLS protocol (Figure 2A, B, C) and free protocol
(Figure 2 A’, B’, C’) for last 10min.

Figure 2. Representative time series variation of cardiac
rhythm, locomotor rhythm, and λ value in one subject.
Shown are the time series of R-R interval (RRI) (A, A’), heel contact
interval (HCI) (B, B’) and the trace of the λ value (C, C’) during CLS
protocol (A, B, C) and free protocol (A’, B’, C’).
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Table 2. Comparison of physiological data during walking between the CLS and the free protocols. Data are
expressed as mean (± standard deviation).

Variables CLS protocol Free protocol
Oxygen consumption (ml∙kg-1∙min-1) 29.2 (5.3) * 28.3 (4.9)
Oxygen pulse (average difference) (ml/beat) 14.2 (2.7) (3.04) * 14.0 (2.7) (3.06)
Mean heart rate (beat/min) 118.4 (5.5) 117.2 (7.6)
Standard deviation of heart rate 2.85 (.70) * 3.34 (.71)
Mean step rate (step/min) 118.7 (4.5) 122.9 (6.4)
Standard deviation of step rate 3.04 (.49) 2.71 (1.87)
In the CLS protocol, subjects walked at the pace of their heart rate rhythm to induce phase synchroniza-
tion between the heartbeat and locomotor activity. In the free protocol, subjects walked at their preferred
pace. * p < 0.05 compared with the free protocol

The mean λ value in the CLS protocol increased
significantly compared with that in the free protocol (0.56
± 0.18 vs 0.08 ± 0.08, p < 0.05) and from the surrogate
data (0.56 ± 0.18 vs 0.25 ± 0.09, p < 0.05), indicating that
phase synchronization was the result of heartbeat en-
trainment by locomotor activity. The mean λ value in the
free protocol was not different from the surrogate data
(0.08 ± 0.08 vs 0.07 ± 0.07, not significant), indicating
that phase synchronization did not occurred in the free
protocol.

Table 2 shows the comparison of the physiological
responses during walking between the CLS and free pro-
tocols. Despite an identical treadmill load during the two
protocols, VO2, and O2 pulse during the CLS protocol
were significantly higher than those during the free proto-
col, respectively. SDHR was significantly lower in the
CLS protocol. Mean HR, mean SR, and SDSR were not
significantly different between the two protocols.

Figure 3 shows the relationship between the differ-
ence in λ value (Δ λ value, range 0.16–0.66) and the dif-
ference in O2 pulse in the CLS and free protocols (Δ O2
pulse, range, −0.08–0.51). A correlation analysis revealed
a significant relationship between the Δ λ value and Δ O2
pulse (r = 0.70, p < 0.05), indicating that as the subjects
walked with increasing synchronization strength between
heartbeat and locomotor activity during the CLS protocol,

they showed increased O2 pulse values in the CLS proto-
col compared with normal walking at the same treadmill
load.

Discussion

The main finding of the present study was that O2 pulse
increased with the synchronization strength between the
heartbeat and locomotor activity during walking. Fur-
thermore, the synchronization strength of the CLS proto-
col was significantly greater than that of the surrogate
data and the free protocol, indicating that the difference in
physiological data between the two protocols could show
a physiological response when CLS occurs. These results
suggest that CLS could increase O2 pulse during walking.
VO2 and O2 pulse increased significantly during the CLS
protocol compared with those during the free protocol,
despite an identical treadmill load (Table 2). In addition, a
strong positive correlation was observed between Δ O2
pulse and Δ λ value (Figure 3), indicating that the increase
in O2 pulse is related to the occurrence of CLS. Although
Δ O2 pulse was small as a mean value, it was different for
each subject and related to Δ λ value (Figure 3). Ciske et
al. (1986) showed that 4 weeks of aerobic training signifi-
cantly increased 0.9-ml/beat O2 pulse at a fixed treadmill
load (speed, 1.7 mile/h; grade, 10%) in patients with

Figure 3. The relationship between the Δ λ value and Δ O
2

pulse. An increase in Δ O
2

pulse with the Δ λ value was de-
termined by Pearson’s product–moment correlation coefficient. λ, synchronization index. Black circle, subject who performed the
CLS protocol as the first protocol. White circle, subject who performed the free protocol as the first protocol
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coronary heart disease. Sullivan et al. (1989) showed that
digoxin administration increased 1.6-ml/beat O2 pulse at
submaximal exercise in patients with heart failure. In the
present study, Δ O2 pulse was 0.51 ml/beat in the subject
whose Δ λ value was the highest. Therefore, CLS could
have an effect of the half of aerobic training or third effect
of digoxin administration on O2 pulse. However in the
present study, it was unclear what affected increase in O2
pulse, such as an increase in SV, an increase in a-vO2
difference, or both. Research in similar subjects who were
induced with CLS during running (Dhindsa et al., 2012)
has demonstrated an increase in SV with subsequent in-
crease in the cardiac output. In the present study the main
factor for the increase in O2 pulse also may be increase in
SV.

The mean synchronization index during the CLS
protocol was 0.56 ± 0.18. This value was different for
each subject (range, 0.16–0.83) but was significantly
greater compared with that in the surrogate data. The lack
of strong synchronization between the heartbeat and lo-
comotor activity may have occurred because of multiple
factors associated with the cardiac activity. Two factors
appear to affect the cardiac activity (Nomura et al., 2006).
The first is that a peripheral neural circuit with ascending
signals from mechanoreceptors within active skeletal
muscle may modulate the heartbeat interval (Legramante
et al., 2000; McWilliam and Yang, 1991; Niizeki, 2005).
The second is a non-neural mechanism such as the intrin-
sic property of the heart without modification of the auto-
nomic nervous activity (Bernardi et al., 1990; Casadei et
al., 1996; Kohl et al., 1999; Simmons et al., 1997). Novak
et al. (2007) reported that cardiac–locomotor entrainment
is enhanced in elderly people. They hypothesized that the
muscle forces generated during the gait cycle may exert a
greater effect on the cardiac cycle with the attenuation of
autonomic feedback mechanisms due to aging. Blain et al.
(2009) showed that cycling continuously modulates the
cardiac chronotropic response to exercise and that a work-
load increase during intense exercise further accentuates
synchronization between the cardiac and locomotor
rhythms. It appears that the strength of CLS is associated
with the balance of neural and non-neural mechanisms
and depends on the exercise intensity. In the present study,
SDHR was significantly lower in the CLS protocol, which
was similar result of previous study (Niizeki et al. 1993).
However we set the treadmill load at a level to maintain
the subject’s HR at approximately 120 beats per min. This
treadmill load may have been insufficient for inducing
CLS in several subjects. Difference of relative exercise
intensity for each subject would cause the variability in λ
value between subjects.

Numerous studies (Kirby et al., 1989; Niizeki,
2005; 1993; Nomura et al., 2006) have proposed that CLS
optimizes blood flow to contracting muscles and mini-
mizes the energy cost of cardiac muscle contraction. For
example, Niizeki (2005) reported that simulated CLS by
rhythmic cuff occlusion of the thigh improves muscle
perfusion. In addition, Kimura et al. (2010) found that
CLS attenuates systolic blood pressure and cardiac after-
load and increases SV, as shown by an electrical muscle
stimulation experiment. However, direct reliable evidence

for CLS during exercise is rare. Donville et al. (1993)
showed evidence for CLS during cycling and concluded
that any functional significance of CLS is unrelated to
metabolic efficiency. However, their method of analyzing
synchronization was not based on phase synchronization
but on frequency synchronization, which is inappropriate
for analyzing biological rhythms (Rosenblum et al., 1998;
Schäfer et al., 1999). In addition, Nomura et al. (2003)
found that during running, CLS likely results from en-
trainment, whereas during cycling, it results from chance,
occurring when the cardiac rhythm approached the loco-
motor rhythm. Therefore, the results of Donville et al.
(1993) may have lower reliability. In recent years, Dhind-
sa et al. (2012) showed evidence for CLS during running
and demonstrated that SV and cardiac output were elevat-
ed when heart rates and step rates were synchronized. The
SV and cardiac output were calculated with beat-by-beat
analysis, but the method of analyzing synchronization was
not based on phase synchronization. In the present study,
we showed the physiological responses of CLS were
based on phase synchronization during walking. These
results support the physiological significance of CLS as
proposed by previous studies.

Four limitations of the present study should be
mentioned. First, we did not measure the SV and a-vO2
difference. Therefore it was unclear what affected in-
crease in O2 pulse in the present study. Second, we were
unable to validate the effect of respiratory rhythm on the
relationship between cardiac and locomotor rhythms.
Respiration could indirectly influence the occurrence of
CLS in two ways. Respiratory sinus arrhythmia modu-
lates the heartbeat through neural effects (Schafer et al.,
1998), and ventilation modulates venous return through
movement of the diaphragm (Miller et al., 2005). Further
study is required to test these respiratory effects. Third,
we were unable to validate instant CLS responses. One
sample value was actually quite far from the correlation
line (Figure 3) suggesting that O2 pulse did not increase
despite the occurrence of CLS in that case. Thus, we need
to analyze beat-by-beat CLS physiological responses.
However, O2 pulse values were calculated from two pa-
rameters, which were sampled at different frequencies. In
addition, computation of the synchronization strength
required a number of relative phase relationships between
cardiac and locomotor rhythms. Therefore, we used the
mean for the last 10 min in each protocol. As a result, the
beat-by-beat CLS physiological response during exercise
was unclear. Forth, our results should be carefully applied
to other subjects because they were obtained in healthy
young males.

Conclusion

Our findings provide the first evidence that CLS increases
O2 pulse during walking. We believe that our results
could have important implications for investigating other
CLS physiological responses during exercise.
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Key points

 Twelve healthy men walked at a frequency of their
heart rate (CLS protocol) and at a self-selected ca-
dence (free protocol).

 Walking at the frequency of heart rate would indu-
ce the CLS by entrainment.

 Oxygen pulse was significantly higher in subjects
in the CLS protocol compared to those in the free
protocol.

 The occurrence of CLS enhances oxygen pulse by
increasing the strength of CLS during walking.
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