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In locomotion, previous studies have identified a phenomenon known as cardiac locomotor synchronization (CLS), characterized by the phenomenon where heartbeats consistently occur at a specific time within the locomotor cycle. While the physiological significance of CLS is well recognized, its kinematic benefits remain uncertain. Therefore, this study aimed to elucidate the kinematic benefits of CLS under regular walking. Smoothness of walking and local dynamic stability was assessed through the RMS of center of mass acceleration (RMS-CoMacc) and maximum Lyapunov exponent (maxL). It was hypothesized that stronger CLS would lead to reduced RMS-CoMacc and maxL. Thirteen participants performed a 10-minute walk at 5.0 km/h. The electrocardiogram and the motion capture data were recorded. To evaluate the CLS, phase coherence (λ) between cardiac and walking step rhythm was computed. The high and low-phase coherence was defined as λ ≥ 0.1 (λhigh) and λ < 0.01 (λlow); corresponding RMS-CoMacc and maxL values were compared for each state. Although the λhigh was significantly higher than λlow, no significant differences in RMS-CoMacc and maxL were observed between the high and low states. The relatively weak CLS observed herein might not have led to a reduction in RMS-CoMacc and maxL. In addition, regular walking speed might be a velocity at which it is challenging to generate intervention effects. Hence, the CLS appears to have negligible impact on the smoothness of walking or local dynamical stability at a 5.0 km/h.
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INTRODUCTION
The cardiac locomotor synchronization (CLS) refers to the phenomenon where synchronization occurs between heartbeats and the locomotor cycle. Although the CLS offers physiological advantages (Kirby et al., 1989; Niizeki, 2005; Niizeki and Saitoh, 2014; Takeuchi et al., 2014), the potential contribution of CLS to kinematic stability remains unclear. Further clarifying the kinematic benefits can offer additional insights into the significance of CLS.
Quantitative methods used to assess CLS during walking and running include analyzing the R-wave of heartbeats in conjunction with the timing of heel strikes and muscle activity during gait (Nomura et al., 2006; Takeuchi et al., 2014). CLS refers to the phenomenon where heartbeats consistently occur at a specific time within the locomotor cycle. Both phase synchronization and frequency synchronization have been extensively studied. Unlike frequency synchronization, which aligns only the frequencies of two signals, phase synchronization also aligns their timing, signifying a more robust state of synchronization. This study’s CLS is predicated on phase synchronization. Researches have been shown that CLS is associated with a decrease in oxygen intake during walking (Takeuchi et al., 2014) or CLS occurs by avoiding the peak of intramuscular pressure (Niizeki, 2005). However, synchronization between the systolic part of the cardiac cycle and the locomotor cycle might make it difficult to obtain the physiological benefits of CLS. Synchronizing foot strikes during running with the systolic phase is known to result in higher heart rates than during diastole (Nomura et al., 2006; Constantini et al., 2018). While the physiological aspects of CLS are well recognized, its kinematic benefits remain uncertain. Furthermore, it is worth noting that CLS does not consistently occur but appears to synchronize under specific conditions. Niizeki (2005) found that CLS was only observed when applying 120 mmHg pressure, simulating walking blood flow patterns by using cuff pressure on the thigh (Niizeki, 2005). Nomura et al. (2006) induced CLS by subjecting individuals to an exercise load that elevated heart rate to 160 beats per minute while running (Nomura et al., 2006). Takeuchi et al. (2014) induced CLS with an exercise load that raised the heart rate to 120 beats per minute during walking, ensuring that the heart rate matched step frequency (Takeuchi et al., 2014). However, the walking conditions in this research correspond to fast walking loads. According to Waters et al. (1988), walking speed and heart rate during adult fast walking were 6.62 km/h (male), 5.94 km/h (female), 122.08 beats/min (male), and 127.34 beats/min (female), respectively. Thus, CLS during walking was examined under high exercise loads. Recent reports have described naturally occurring CLS (de Carvalho et al., 2020; Rosato et al., 2024). Specifically, this natural coupling occurs over a wider range of step rates than previously observed in laboratory settings (Rosato et al., 2024), suggesting that CLS could contribute to physiological benefits during regular walking. Although the physiological benefits of CLS are well-documented, it’s uncertain if these benefits improve kinematic aspects like walking stability. Clarifying CLS’s kinematic impact at natural walking speeds could unveil new roles for CLS in regular walking. Understanding the kinematic significance of CLS during regular walking is understudied.
Kinematic stability is one of the kinematic advantages. One proposed method for quantifying the kinematic stability of walking involves measuring the root mean square (RMS) of upper body acceleration (Mizuike et al., 2009; Iosa et al., 2012; Senden et al., 2012). This metric provides insights into the smoothness of walking motions. Previous studies have demonstrated that the RMS of upper body acceleration can efficiently identify instabilities in walking. Research has shown that in healthy young adults, walking under unstable conditions leads to an increase in the RMS of upper body acceleration (Menz et al., 2003). Among elderly individuals, there exists a moderate significant correlation between the RMS of upper body acceleration and a subjective measure of fall risk, such as the Tinetti scale (Senden et al., 2012). Furthermore, there is a notable increase in RMS as stroke severity escalates (Mizuike et al., 2009; Iosa et al., 2012). Thus, upper body acceleration is strongly correlated with unstable walking. Apart from upper body acceleration measurements, the maximum Lyapunov exponent (maxL) was utilized. By quantifying maxL, the local stability of a dynamical system can be evaluated by determining whether the trajectory distances on an attractor diverge or converge. Studies have identified a relationship between maxL and the actual stability of walking (Lockhart and Liu, 2008; Bruijn et al., 2012). Specifically, simulations using walking models and comparisons between elderly individuals with and without fall histories have highlighted a correlation between maxL and fall risk (Lockhart and Liu, 2008; Bruijn et al., 2012). Consequently, maxL is considered a reflection of actual walking instability in research settings. Therefore, the combination of RMS of upper body acceleration and maxL facilitates the examination of the kinematic advantages of walking from the aspects of walking smoothness and local dynamical stability.
The present study investigated the kinematic advantages of CLS during regular walking. Previous studies have shown that preferred walking involves minimizing energy expenditure and improving the stability of head and joint movements, suggesting a complementary relationship between physiological and kinematic factors (Holt et al., 1995). Intramuscular pressure and contractile force are directly related (Sleboda and Roberts, 2020). During walking, intramuscular pressure in the soleus muscle peaks in the late stance phase (Ballard et al., 1998). Without phase synchronization, relatively random systole could lead to variable intramuscular pressures, increasing fluctuations in propulsive force from ankle plantar flexion and potentially destabilizing the walking. However, phase synchronization might stabilize walking by reducing these intramuscular pressure fluctuations across gait cycles. As such, it was hypothesized that stronger CLS would lead to reduced RMS values of upper body acceleration and maxL. Examining this hypothesis can elucidate the kinematic benefits of CLS during normal walking and reveal new aspects of its significance.
METHODS
Participants
Seven men (age: 23 ± 2 years, height: 172 ± 5 cm, weight: 68 ± 7 kg [average ±standard deviation]) and six women (age: 24 ± 4 years, height: 158 ± 4 cm, weight: 53 ± 9 kg) participated in the study. All participants had no muscular or neurological disorders. Before participation, participants provided written informed consent to participate in the study after receiving a detailed explanation of the study’s purpose, as well as the potential benefits and risks involved. Experimental procedures were conducted in accordance with the principles outlined in the Declaration of Helsinki and received approval from the Local Ethics Committee of the Faculty of the Graduate School of Human Development and Environment at Kobe University (approval number: 661-2).
Experimental setup
Participants completed a 10-minute treadmill walk at 5.0 km/h. The 5.0 km/h was selected because preliminary experiments confirmed that at this pace, the ratio of the RR interval to step time closely approached 1:1, and participants were able to comfortably walk for a duration of 10 min. They were instructed to refrain from consuming alcohol and caffeine, as well as engaging in heavy physical exercises, starting from the evening prior to the measurements. Initially, the experiments began with determining each participant’s preferred cadence. Starting at 110 steps/min, the cadence was incrementally increased by 1 step/min every 2 steps until participants were instructed to stop the treadmill upon reaching a comfortable cadence. Subsequently, the procedure was repeated starting at 130 steps/min, with the cadence decreasing by 1 step/min every 2 steps until participants reached another comfortable cadence, at which point the treadmill was stopped. The optimal cadence was calculated as the average of the two determined cadences. Thereafter, participants completed a 1-minute treadmill walking exercise at their preferred cadence, regulating their respiration by inhaling and exhaling every 2 steps. During all walking tasks during the experiment, participants matched the metronome sound to the left and right heel contact. Following the treadmill walking exercise, participants rested for 5 min during which they were instructed to inhale and exhale at 2-second intervals. It has been reported that both cardiorespiratory and respiratory-locomotor coupling were extended when breathing rate was fixed to steps (Perry et al., 2020). For this reason, breathing rate was fixed to steps in this study. After the rest period, participants walked for 10 min, maintaining their gaze forward and avoiding unnecessary head movements.
Data collection
To collect kinematic data, reflective markers were attached to 24 anatomical landmarks over the entire body. The position coordinate values were recorded using a three-dimensional motion capture system with 12 cameras (OptiTrack Flex 3, NaturalPoint, Inc., Corvallis, OR, United States), operating at a sampling frequency of 100 Hz. A gait cycle was defined as right heel contact to the next heel contact. Each step was defined as the moment of heel contact with the corresponding ipsilateral heel.
For electrocardiogram (ECG) data collection, the three electrodes were attached to two rib sites and the space between the clavicles. To reduce motion artifacts, the electrode cables were fixed to the participants using surgical tape. ECG signals were amplified and filtered using a band-pass filter ranging from 0.5 to 120 Hz (EBA-100, Unique Medical, Tokyo, Japan). Electrical signals were sampled at a frequency of 2,000 Hz and stored on a PC hard disk via an analog-to-digital converter (cDAQ-9179, National Instruments, Austin, TX, United States). Following measurements, a Butterworth high-pass filter was applied to eliminate residual motion artifacts (Cutoff frequency = 10 Hz).
CLS analysis
The analysis of CLS proceeded through the following steps: first, extraction of cardiac and locomotor rhythms, followed by computation of normalized relative phase, calculation of phase coherence, and comparison with surrogate data. The cardiac rhythm was represented by the RR intervals derived from the ECG, while the locomotor rhythm was represented by the heel strikes of the left and right feet. The first 60 s of data were designated as the adaptation period, and only data recorded after this period were used for analysis. The R-waves were detected using the findpeaks function in MATLAB 2017b (MathWorks, Natick, MA, United States). The [image: image] th normalized relative phase within a given locomotor rhythm is expressed as follows (Takeuchi et al., 2014):
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where [image: image] denotes the time at which the [image: image] th peak of the R-wave occurs, while [image: image] represents the interval between the [image: image] th heel strike. A time series data visualizing the timing of the R-wave within the locomotor cycle is referred to as a phase synchronization plot. The plot was generated by plotting [image: image] as a time series (Figure 1). In the phase synchronization plot, the values of [image: image] align parallelly, indicating consistent occurrence of heartbeats relative to the locomotion cycle. To evaluate phase synchronization between cardiac and locomotor rhythm, phase coherence (λ) was calculated from the normalized relative phase using the following equation:
[image: image]
[image: Figure 1]FIGURE 1 | Representative examples of a phase synchronization plot ([image: image]), phase coherence ([image: image]), RMS of vertical CoM acceleration (RMS-CoMacc-VT), and maximum Lyapunov exponent (maxL). (A) The upper plot displays the phase synchronization plot. Parallel segments in which [image: image] s values are aligned indicate moments when the R-wave consistently occurs within the relative phase. For instance, between 370 and 400 s, [image: image] is approximately 0.65, indicating that R-waves predominantly appear at approximately 65% of the interval between steps. The λ and maxL values are calculated by shifting the window by 5 steps over 60-step intervals; therefore, data near 0 and 510 s are not displayed. For example, the initial λ and maxL values are computed from steps one to 60 but are represented by the 30-step mark for convenience. The magenta horizontal line on the phase coherence plot indicates a λ value of 0.1. (B) Examples of low and high phase coherence. The blue relative phase is spread across the entire phase, indicating low phase coherence. In contrast, the red relative phase is concentrated around 0.55 within the phase, indicating high phase coherence.
The λ value is constrained to a range of 0 ≤ λ ≤ 1, being maximal for stronger phase locking between the two rhythms and minimal for weaker or no phase locking. The λ values over intervals of 60 steps were calculated by incrementally shifting the window by 5 steps each time, thereby capturing the strength of phase synchronization as time series data (Figure 1). In the calculation of the maxL, a minimum of 50 steps is required to account for the effect of experimental noise (Mehdizadeh and Sanjari, 2017). To match the minimum number of steps required for the maxL, the time window for phase synchronization was also set to 60 steps.
To confirm whether the observed CLS occurred by chance, a surrogate data technique was utilized (Nomura et al., 2001). This involved generating surrogate data by randomly shuffling the original order of the step time intervals, leaving the values unchanged and removing only the time series correlation. RR interval intervals were not randomly shuffled. Subsequently, relative phase and phase coherence using surrogate data (λsur) were calculated, and the average λ and λsur were compared.
Kinematic data analysis
To evaluate walking smoothness and local dynamical stability, the RMS of the center of mass acceleration (RMS-CoMacc) and maxL were calculated. The center of mass position was calculated using the positional coordinate values of the reflective markers. The center of mass acceleration (CoMacc) was obtained by taking the second-order derivative of the center of mass position. RMS-CoMacc was calculated in three-dimensional direction (AP: anteroposterior, VT: vertical, ML: mediolateral). When CLS occurs, it is anticipated that the variability of intramuscular pressure between gait cycles decreases. Since intramuscular pressure directly affects muscle contraction force (Sleboda and Roberts, 2020), CLS might influence force output through modulation of intramuscular pressure. Consequently, acceleration—which can reflect force output—was selected as an indicator for stability assessment.
The maxL was derived from the three-dimensional position coordinates of the body’s center of mass (CoM). The state space was constructed using these coordinates. Following recommendations against using a redundant state space that incorporates both position and velocity (Gates and Dingwell, 2009), our analysis focused exclusively on using the positional coordinates of the CoM. The average exponential rate of divergence of neighboring trajectories in the state space was quantified using maxL (Rosenstein et al., 1993). This involved calculating the Euclidean distances between each point in the state space and its nearest neighbor, a process repeated for all data points in the state spaces. The divergence was then calculated as a function of time using the following equation:
[image: image]
where [image: image] represents the Euclidean distance between the jth pair of nearest neighbors after i discrete time steps, Δt denotes the sampling period of the time series data, and [image: image] denotes the average overall values of j. The maxL was estimated from the slope of the linear fits to the curve and defined as the slope of the linear fits to the divergence curve between 0 and 1 strides (Dingwell and Marin, 2006; Kibushi et al., 2019). A negative maxL indicates convergence among the trajectories of an attractor, whereas a positive maxL indicates divergence. Similar to λ, over intervals of 60 steps, RMS-CoMacc and maxL were calculated by incrementally shifting the window by 5 steps each time, capturing the RMS-CoMacc and maxL as time series data (Figure 1).
Statistics
The λ was defined as the high state for λ ≥ 0.1 (λhigh) and the low state for λ < 0.01 (λlow). When determining the threshold, the minimum threshold was chosen that was significantly different from the surrogate data and resulted in an average synchronization duration of over 60 s across participants. The λsur was categorized into λsur_high and λsur_low corresponding to the values of λhigh and λlow, respectively. Similarly, RR intervals, step length, step time, RMS-CoMacc, and maxL were also categorized. Categorized RR intervals, step length, step time, and RMS-CoMacc were averaged within each interval of 60 steps. For each defined state, variables, such as RR intervals, step length, step time, RMS-CoMacc, and maxL were computed. The normality of the data was then assessed using the Shapiro–Wilk test. Upon confirming the normal distribution of the data, a paired t-test was used to compare the mean values of the RR intervals, step length, step time, RMS-CoMacc, and maxL across different states. Another paired t-test was conducted to compare the average λhigh/λlow and λsur_high/λsur_low. Cohen’s d was used to interpret effect sizes, with values considered small (0.2 < d < 0.5), moderate (0.5 < d < 0.8), and large (d > 0.8). In addition, Bayesian paired t-test was performed to quantify the evidence in favor of the null-hypothesis (H0) and alternative hypothesis (H1). As the Bayes factor (BF10) deviates from 1, which indicates equal support for H0 and H1, more support is gained for either H0 or H1 (van Doorn et al., 2021). For the evidential strength of H1, BF10 was interpreted as weak (1.00–2.99), moderate (3.00–9.99), and strong (10.00>) (van Doorn et al., 2021). For the evidential strength of H0, BF10 was interpreted as weak (0.33–0.99), moderate (0.10–0.32), and strong (<0.09) (van Doorn et al., 2021). Statistical analyses were performed using JASP version 0.14.1.0 (JASP Team, 2020), with a significance level set at 0.05.
RESULTS
There was no significant difference observed in the average RR interval between the states (Table 1). Compared to surrogate data, the λhigh was significantly higher than λsur_high, and the λlow was significantly lower than λsur_low (Table 1). When comparing the high and low states, λhigh was significantly higher than λlow (Table 1, p < 0.001, t = 16.312, d = 5.437). Average synchronization duration and its standard deviation in the high state was 68 ± 41 s. Each participant’s data on the relative phase and synchronization duration time in strong phase synchronization is represented in Supplementary Material. While step length and step time are significantly lower in the high state (Table 2), the differences are negligible so they can be considered practically equivalent. Furthermore, no significant differences were found in RMS-CoMacc and maxL between the high and low conditions (Table 2).
TABLE 1 | Descriptive statistics in RR interval, [image: image] and [image: image].
[image: Table 1]TABLE 2 | Descriptive statistics in step time, step length, RMS-CoMacc, maxL.
[image: Table 2]DISCUSSION
This study aimed to determine if RMS-CoMacc and maxL are reduced when phase synchronization between cardiac and locomotor rhythm is strong under regular walking speed. Although λhigh is significantly higher than λlow, no significant differences in RMS-CoMacc and maxL can be observed between the high and low states (Table 1). This indicates that at a 5 km/h, strongness of phase synchronization between cardiac and locomotor rhythm does not affect the smoothness of walking or local dynamic stability. This novel finding marks the first investigation into the kinematic significance of CLS.
In this study, the average value of λhigh was 0.15, lower than the value reported in previous research involving forced synchronization, where λ reached 0.56 (Takeuchi et al., 2014). The relatively weak CLS observed in this study may not have reduced RMS-CoMacc and maxL. Compared to surrogate data, λhigh was significantly higher than λsur_high (Table 1), indicating a weak synchronization state rather than an asynchronous state. Furthermore, previous research has shown that walking with relatively strong CLS results in lower oxygen intake compared to regular walking (Takeuchi et al., 2014). Considering the complementary nature of physiological and kinematic constraints (Holt et al., 1995), it is conceivable that the CLS observed in our study has negligible effects, both physiologically and kinematically. Therefore, the CLS observed at 5.0 km/h is weak, and the benefits of CLS are minimal, potentially lacking significant kinematic effects. To elucidate the kinematic significance, it may be necessary to compare walking with strong CLS to regular walking. Regarding the regulation of CLS, conflict theories have been suggested. Kawahara et al. revealed that the modulation of the CLS originates from the mesencephalic locomotor region in the central nervous system (Kawahara et al., 1993; Kawahara et al., 1994). Conversely, it has been reported that CLS can occur when muscles are passively compressed, indicating that the central nervous activity and afferent nerve activity might be unnecessary (Niizeki, 2005; Niizeki and Saitoh, 2014). Furthermore, the activity of afferent fibers of groups III and IV within skeletal muscles has been shown to mediate the regulation of RR intervals (McWilliam and Yang, 1991). Thus, it may be necessary to modulate muscle activity to induce strong CLS.
The potential impact of weak CLS on kinematic benefits requires an examination of the underlying causes of this phenomenon. One potential reason for the observed weak CLS in this study could be the relatively low exercise load. This research aimed to elucidate the kinematic significance of CLS under conditions resembling daily walking, employing a lower exercise load than previous studies. For example, previous studies set the heart rate at 160 bpm during running (Nomura et al., 2006) and at 120 bpm during walking (Takeuchi et al., 2014), both significantly higher than the 94 bpm observed in this study. Despite anticipating natural synchronization with an average Step: RR ratio close to 1:1, the λ value was lower in our study than in previous studies with higher exercise loads. Prior studies examining CLS under relatively low exercise loads have similarly observed weak CLS. For example, Donville et al. (1993) investigated the effect of CLS on oxygen intake during pedaling at the preferred cadence and heat rate of 1:1, finding no physiological benefits among participants (Donville et al., 1993). Niizeki (2005) reported that CLS does not occur at low cuff pressures (Niizeki, 2005), supporting the notion that weak CLS may be induced at lower exercise loads. Additionally, Blain et al. (2009) showed that a workload increase during intense exercise further accentuates CLS (Blain et al., 2009). Therefore, naturally inducing phase synchronization at optimal walking speeds may prove challenging, potentially diminishing both physiological and kinematic benefits.
Walking speed may correlate with weak CLS. The regular or self-selected pace may be a threshold where improvements in kinematic stability become difficult to achieve. Healthy individuals typically exhibit minimal room for improvement in their regular walking speed. Research indicates that kinematic stability is superior at preferred speeds compared to other walking speeds. For instance, the symmetry of lumbar acceleration patterns (Harmonic ratio) is optimal at the preferred walking (Latt et al., 2008). In addition, trunk kinematic variability between strides is minimized at the preferred speed (Dingwell and Marin, 2006), suggesting consistent kinematic stability around the preferred walking speed. Additionally, energy consumption is most efficient at the usual or self-selected walking speed (Cavagna et al., 1976). In a study examining whether biofeedback targeting soleus muscle activity reduces RMS-CoMacc during walking at a 4.5 km/h, only marginal reduction was observed (Kibushi et al., 2024). While further investigation is needed to confirm whether the impact of biofeedback improves at different speeds, this previous study highlights a situation where intervention effects diminish at the preferred walking speed. The preferred speed may pose challenges in detecting intervention effects, potentially contributing to the unchanged smoothness of walking or local dynamic stability.
This study encompasses several limitations. First, the findings are restricted to walking speeds of 5 km/h. Therefore, since this study did not examine lower or higher speeds, further investigation into the effects of different speeds is required. Second, the observed CLS was weak. It exhibited lower phase coherence compared to the data from the previous study, which was conducted under strictly controlled tasks in this study. While this study elucidated the kinematic stability under weak CLS during regular walking, the kinematic stability under stronger CLS remains unclear. Further examination of the effects of forcibly induced synchronization is necessary. The third limitation is the lack of analysis of oxygen intake. While this study successfully elucidated the kinematic significance as its prime objective, it remains unclear whether the weak CLS observed provides physiological advantages. Fourth, the small sample size limits the ability to conclusively determine whether conclusions vary by gender. It is necessary to increase the sample size and devise a method to enforce synchronization at the same walking speed for further verification.
CONCLUSION
This study aimed to elucidate the kinematic benefits of CLS during regular walking. However, a comparative analysis between high- and low-phase coherence states, focusing on RMS-CoMacc and maxL, found no significant differences. Hence, CLS appears to have negligible impact on the smoothness of walking or local dynamical stability at a speed of 5.0 km/h.
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