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Abstract  
Cardiolocomotor synchronization (CLS) has been well estab-
lished for individuals engaged in rhythmic activity, such as 
walking, running, or cycling.  When frequency of the activity is 
at or near the heart rate, entrainment occurs. CLS has been 
shown in many cases to improve the efficiency of locomotor 
activity, improving stroke volume, reducing blood pressure 
variability, and lowering the oxygen uptake (VO2). Instead of a 
1:1 frequency ratio of activity to heart rate, an investigation was 
performed to determine if different harmonic coupling at other 
simple integer ratios (e.g. 1:2, 2:3, 3:2) could achieve any per-
formance benefits.  CLS was ensured by pacing the stride rate 
according to the measured heartbeat (i.e., adaptive paced CLS, 
or forced CLS). An algorithm was designed that determined the 
simplest ratio (lowest denominator) that, when multiplied by the 
heart rate will fall within an individualized, predetermined 
comfortable pacing range for the user. The algorithm was im-
plemented on an iPhone 4, which generated a ‘tick-tock’ sound 
through the iPhone’s headphones.  A sham-controlled crossover 
study was performed with 15 volunteers of various fitness lev-
els.  Subjects ran a 3 mile (4.83 km) simulated training run at 
their normal pace on two consecutive days (randomized one 
adaptive pacing, one sham). Adaptive pacing resulted in faster 
runs run times, with subjects running an average of 26:03 ± 3:23 
for adaptive pacing and 26:38 ± 3:31 for sham (F = 5.46, p < 
0.05). The increase in heart rate from the start of the race as 
estimated by an exponential time constant was significantly 
longer during adaptive pacing, τ = 0.99 ± 0.30, compared to 
sham, τ = 1.53 ± 0.34 (t = -6.62, p < 0.01). Eighty-seven percent 
of runners found it easy to adjust their stride length to match the 
pacing signal with seventy-nine percent reporting that pacing 
helped their performance. These results suggest that adaptive 
paced CLS may have a beneficial effect on running performance 
and may be useful as a training aid. 
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Introduction 
 
Entrainment (defined here as the process whereby two 
interacting periodic systems, such as the heart, lungs, and 
voluntary musculature, become synchronized) of physio-
logical rhythms has been the subject of increasing investi-
gation (Niizeki, 2004; Nomura et al., 2006). Rhythmic 
entrainment between various organs in the body comes 
about due to the extremely large number of electrical 
connections between them. It has been surmised that the 
greatest question on this topic is not why entrainment 
occurs, but why it is not even more prevalent (Glass, 
2001). For example, researchers have found significant 
coupling between the cardiovascular and respiratory sys-

tems.  The relationship can be identified using an integer 
ratio (Kenner et al., 1976; Schafer et al., 1998; 1999; 
Seidel and Herzel, 1998) and is most prevalent during 
sleep and in a relaxed state, but decreases during exercise 
(Kenwright et al., 2008) and periods of stress or disease 
(Lotric and Stefanovska, 2000).  In general, it has been 
thought that such coupling establishes a feed-forward 
system (Eldridge et al., 1985) of economical co-action 
and thus favors the functional economy of the organism 
(Lotric and Stefanovska, 2000). 

In addition to coupling of internal organs to each 
other, there is an increasing amount of evidence to show 
that coupling can exist between organs and voluntary 
activity as well.  For example, the existence of cardiolo-
comotor synchronization (CLS) has been well established 
for an individual performing a rhythmic activity, such as 
walking (Coleman, 1921; Kirby et al., 1989; Niizeki et al., 
1993; Novak et al., 2007), running (Kirby et al., 1989; 
Nakazumi et al., 1986; Niizeki et al., 1993; Nomura et al., 
2001; 2003; 2006; O'Rourke et al., 1993; Udo et al., 
1990), or cycling (Blain et al., 2009; Kirby et al., 1989).   
Coupling has even been shown to occur by passive me-
chanical oscillation as well (Bhattacharya et al., 1979).  In 
all cases of CLS, the rhythmic activity was tailored such 
that its frequency was at or near the heart rate. It was 
thought that entrainment occurs primarily through a hy-
draulic mechanism, which plays a dominant role in the 
efficiency of heart function (Bhattacharya et al., 1979).  
This conclusion was reached in part because activities that 
involved significant vertical motion (Bechbache and 
Duffin, 1977), like running or passive mechanical oscilla-
tion (Bhattacharya et al., 1979), tended to result in greater 
entrainment compared to walking or cycling (Kirby et al., 
1992; Nomura et al., 2003). In comparison Niizeki (2004) 
showed the use of a thigh-cuff occlusion rhythm to gener-
ate significant entrainment while sitting, which would 
indicate that vertical motion per se may not be necessary 
to induce CLS. 

One potential method of action for CLS is related 
to the phase relationship between heart beat and muscle 
contraction (Nomura et al., 2006; Udo et al., 1990). The 
cardiac cycle may be timed to deliver blood when the 
intramuscular pressure is not maximal (i.e. when the mus-
cle is relaxed) (Kirby et al., 1989; Niizeki, 2004; Udo et 
al., 1990), and the cardiac rhythm is influenced from a 
neural circuit arising from peripheral inputs (Niizeki et 
al., 1993). 

It has also been shown that respiratory rate may be 
entrained by locomotor rhythms.  This entrainment gener-
ally occurs at an integer ratio (Iscoe and Polosa, 1976) 
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and is more significant when the exercise increases in 
intensity (Bernasconi et al., 1995; Bernasconi and Kohl, 
1993; Jasinskas et al., 1980) and when the locomotor 
rhythm is paced (Bechbache and Duffin, 1977; 
Bernasconi and Kohl, 1993). Also, the coupling seems to 
be more prevalent in more experienced runners 
(McDermott et al., 2003). Interestingly, during walking 
and running this entrainment is more affected by stride 
rate instead of work rate (Raβler and Kohl, 1996), and 
tends to decrease in the presence of CLS (Niizeki et al., 
1993). There is a definite cardio-respiratory entrainment, 
as has been shown through respiratory-sinus arrhythmia 
(RSA) (Blain et al., 2009; Nomura et al., 2001; Schafer et 
al., 1999), which may also be a contributing factor for the 
existence of CLS. Oxygen uptake has been shown to be 
significantly lowered during running when cardio-
respiratory entrainment occurs (Bernasconi and Kohl, 
1993), but is not significantly affected during walking, 
likely due to the lowered energy expenditure during walk-
ing (Raβler and Kohl, 1996). 

Cardiolocomotor synchronization has been shown 
to improve the efficiency of locomotor activity.  In a 
seminal paper by Coleman (1921) a man always became 
breathless when halfway up a hill, but was able to climb 
without breathlessness when he timed his steps with his 
heart beat, additionally the increase in blood pressure was 
only half as great. Economy of locomotor activity is 
measured as the amount of oxygen required for a particu-
lar activity (VO2) (Conley and Krahenbuhl, 1980).  
O’Rourke et al. (1992) noted that the natural stride rate of 
highly competitive runners was very close to their exer-
cise heart rate.  Oxygen uptake has been shown to be 
significantly less when CLS occurs than when it does not 
(Udo et al., 1990), along with an increase in  stroke vol-
ume (Zhang et al., 2002). It has also been shown that 
blood pressure varies during running, and that the fre-
quency of variation is equal to the difference between 
heart rate and stride rate (O'Rourke et al., 1993; Palatini et 
al., 1989). However, a more stable blood pressure may 
allow for more efficient blood perfusion to the muscles 
(Palatini et al., 1989), which would also contribute to an 
improvement in efficiency during CLS. 

As mentioned earlier, all studies of CLS for run-
ners conducted thus far involve creating a scenario where 
the stride rate and the heart rate are almost identical.  
However, the natural stride rate and heart rate during 
running may not have a 1:1 ratio. The purpose of the 
present study was to investigate the potential performance 
benefit of harmonic coupling other than a 1:1 ratio result-
ing from runners using an audio pacing signal to allow 
them to match their stride to the simplest integer ratio of 
the heart rate (e.g., 1:2, 2:3, 3:2) in which the pacing 
signal falls within an individualized comfortable range for 
each test subject (i.e. adaptive paced CLS, or forced 
CLS). A generally accepted range from 160 to 190 steps 
per minute is expected, though this may vary between 
individuals, depending on fitness level, stride length, and 
average running speed (Cavanagh et al., 1977; Cavanagh 
and Williams, 1982; Heiderscheit et al., 2011). 

Heart rate variability occurs naturally both at rest 
and during exercise (Blain et al., 2009). Therefore, when 

providing an adaptive pacing signal, the pacing frequency 
was based on a time-averaged heart rate value instead of a 
point measurement. Time-averaging prevents moment-to-
moment variations in pacing frequency (and therefore 
stride rate), which may be difficult for a runner to follow. 
An added benefit of adaptive paced CLS may be a reduc-
tion in heart rate variability, due to the entrainment effect 
of a relatively constant stride rate at a simple integer ratio 
of the heart rate. A constant stride rate and reduced HR 
variability may both help increase the overall efficiency 
of the heart and voluntary musculature involved in run-
ning, thereby improving performance. 
 
Methods 
 
The algorithm 
An algorithm was implemented that dynamically adjusted 
an auditory pacing signal based on heart rate as measured 
by a portable heart rate monitor (Wahoo Fitness® Run 
Pack for iPhone, #WFFISICAHR). Given a particular 
heart rate, the algorithm determined the simplest integer 
ratio (i.e. pace factor) that, when multiplied by the heart 
rate, would give a pacing frequency that fell in the ac-
ceptable pacing range. The acceptable pacing range was 
defined by a high and low pacing rate, within which the 
subject was easily able to match the pacing frequency 
while maintaining a comfortable speed.  The pacing range 
was unique to each subject and determined through a test 
and adjustment phase before beginning the run. During 
the run, the algorithm updated the pace factor and pacing 
frequency once every 15 seconds.  The inputs to the algo-
rithm were: 
 

• Normal Pacing Rate (NP) – The stride rate that the 
subject would use in the absence of any pacing 
signal to maintain a comfortable speed. 

• High Pacing Rate (HP) – The highest pacing fre-
quency that the subject could easily maintain.  
Above this rate, the subject reported that s/he was 
forced to dramatically shorten his/her stride length 
to keep the pace and maintain a comfortable speed. 

• Low Pacing Rate (LP) – The lowest pacing fre-
quency that the subject could easily maintain.  Be-
low this rate, the subject reported that s/he was 
forced to dramatically lengthen his/her stride 
length to keep the pace and maintain a comfortable 
speed. 

• Heart Rate (HR) – The average heart rate since the 
previous time the algorithm was run. 

• Pace Factor (A/B) – The current pacing factor used 
to set the pacing frequency.  A is the numerator 
and B is the denominator.  The factor was initial-
ized to unity before the run began.  

 

The algorithm outputs were: 
 

• Updated Pace Factor (A/B) 
• Pacing Frequency (PF) - Updated pacing fre-

quency, based on HR and the new A/B. 
 

The algorithm is shown in Equation 1. The purpose 
was to update the pacing frequency and pace factor based 
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on the average heart rate over the prior 15 seconds.  First, 
the algorithm checked to see if the pacing frequency cal-
culated from the current pace factor (A/B) multiplied by 
the heart rate HR fell in the acceptable pacing range.  If 
so, then the pacing frequency was updated and the pace 
factor remained the same.  If not, the algorithm attempted 
to find the pace factor with the smallest denominator that 
fell in the acceptable range.  Once that occurred, the algo-
rithm selected the numerator that resulted in a pacing 
frequency PF as close as possible to the normal stride rate 
(NP) of the individual. 

The result of the algorithm was a pace factor that 
was the simplest integer ratio possible that, when multi-
plied by the heart rate, resulted in a pacing frequency that 
was in the acceptable range and as close as possible to the 
normal stride rate of the subject. 
 
The iPhone application 
An application on the iPhone 4 was created, which com-
municated wirelessly with a Wahoo Fitness ® heart moni-
tor torso strap. It calculated the heart rate based on input 
from the torso strap, then calculated the pace factor and 
pacing frequency according to the algorithm previously 
described. During a run, the algorithm was run every 15 
seconds, and various metrics (heart rate, pace factor, pac-
ing frequency) were recorded to a log file that could be 
downloaded. 

The   application   generated   a   ‘tick-tock’  sound  

through the iPhone’s headphones. The volume could be 
adjusted to maximize comfort for the subject. The iPhone 
was carried in an armband during the run. 
 
Subjects 
Fifteen volunteers (8 men, 7 women), who regularly ran 
mid- to long-distances, participated in the study.  The 
subjects’ physical characteristics were (mean ± sd): age, 
men: 22.6 ± 10.5, women: 18.4 ± 4.3 years; height, men: 
1.74 ± 0.08, women: 1.56 ± 0.03 m; weight, men: 66.8 ± 
10.4, women: 53.7 ± 7.2 kg. The number of times subjects 
ran per week was 3.2 ± 2.5, with an average distance per 
run of 4.64 ± 3.08 miles (7.46 ± 4.96 km). Two subjects 
regularly ran while listening to music. None regularly 
used a heart rate monitor. To participate in the study, 
subjects were required to be able to run 3 miles (4.83 km) 
on an oval track without stopping, and be able to wear a 
heart monitor. All subjects signed an informed consent 
before being enrolled in the study.  If subjects were under 
18 years old, a parental signature was also required. The 
study was reviewed and approved by an Institutional 
Review Board (IRB). 
 
Procedures 
The study design was an adaptive and a sham arm cross-
over. Subjects were instructed to perform a simulated 
training run of 3 miles (4.83 km) (12 laps on a ¼ mile 
oval track) at their normal speed, while wearing the heart 

 
 

 
 
 

                              Equation 1. The algorithm.  
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monitor strap and the iPhone in the armband on the right 
arm. For adaptive pacing, subjects were told to adjust 
their footfalls to be in time with the auditory pacing signal 
played through headphones.  For sham pacing, the iPhone 
application was set to generate a pacing sound at 120 
beats per minute (b·min-1), independent of the heart rate, 
which is slower than a normal running pace.  Subjects 
were told to ignore the pacing sound and to run at their 
normal stride rate. The reason for the 120 b min-1sound 
was to control for a potential distractive effect of a rhyth-
mic beat, independent of any benefits of CLS.  Subjects 
ran the 3-miles on each of two consecutive days, one 
adaptive and one sham. The adaptive day was randomized 
in blocks of four to the first or second day with equal 
probability. Runs were performed at approximately the 
same time each day. 

In addition to the iPhone and heart monitor strap, 
all subjects wore a pedometer to record the number of 
steps taken on the two days.  Subjects ran alone to prevent 
any competition from affecting the results.  Subjects were 
only informed of the lap number. Subjects were not al-
lowed to wear a watch and were not informed of any 
interim lap times. 

Settings for normal, high, and low pacing rate were 
determined at the track before the run on the first day.   
The same parameters were loaded on the second day as 
well. To find the pacing rates, the iPhone application was 
placed in simulation mode, which generated a preset fixed 
pacing frequency independent of heart rate. To find the 
normal pacing rate, pacing frequency was set to an initial 
estimate of 180 steps per minute, based on a generally 
accepted population average (Daniels, 2005). Each sub-
ject ran approximately 50 metres, matching his/her stride 
to the pacing beat, to determine if a particular frequency 
matched his/her normal stride rate, or if it was too low, or 
too high. If necessary, the application pacing frequency 
was adjusted based on the subject’s feedback, and the 
subject ran another 50 metres to see if the new pacing 
frequency was appropriate. Iterations continued until the 
right frequency was found. This iterative procedure was 
also used to determine the high and low pacing rates.  
Note that the accuracy of parameters was not critical to 
achieve effective pacing, since the parameters only de-
fined a comfortable zone.  Subjects were required to rest 
for at least 5 minutes after finding their pacing rate pa-
rameters before being allowed to start the 3-mile run. 

To determine any potential performance benefit for 
adaptive paced CLS, run times (the time required for a 
subject to complete 3 miles) were evaluated for all sub-
jects comparing the adaptive pacing to the sham condi-
tion.  In  addition,  the  increase  in the subject’s heart rate  

after the start of the run was estimated by finding the time 
constant of  a  decaying  exponential  with  the best least- 
squares fit to the heart rate data (i.e. HRinit + (HRss - 
HRinit)(1 – e-t/τ), where HRinit is the initial heart rate at the 
start of the run, HRss is the steady-state heart rate, t is 
time, and τ is the time constant). 

Temperature (21.7 ±1.9°C adaptive, 21.9 ± 1.9°C 
sham), and wind speed (less than 1 km/hr for all days) 
were recorded on each test day to ensure similar condi-
tions for both adaptive and sham trials.  All subjects ran at 
approximately the same time on each day. 

Subjects were interviewed following the second 
day of running and asked about the adaptive pacing.  
Eighty-seven percent found it easy to adjust their stride 
length to match the pacing signal with seventy-nine per-
cent reporting that pacing helped their performance.   
 
Statistical analysis 
Shapiro-Wilk test for the normality of data distribution 
was used for the running time variables.  None of them 
was statistically significant (P varied between P = 0.21 
and P = 0.86) indicating that they do not reject the null 
hypothesis that the data came from a normally distributed 
population. Significant outliers for other variables (Mean 
Heart Rate and Number of Steps) were also tested and 
removed from further statistical analysis. Analysis of 
variance with repeated measures (ANOVA) was used to 
test the treatment effect on running time at each consecu-
tive distance check points, i.e. first, second, and third 
mile, respectively. Effect of treatment by distance interac-
tion was also tested followed by a post-hoc t-test to de-
lineate any group difference at each check point. Criterion 
of smaller than 5% type I error (p < 0.05) was used to 
determine the statistical significance to reject the null 
hypotheses for all tests.   
 
Results 

 
Two cases were rejected from the final analysis due to 
unavailability of data - caused by a poor connection of the 
pulse rate sensor during the run. One case was later re-
jected as an outlier that caused significant kurtosis in data 
distribution.  Using the remaining data from 12 subjects, 
the following results were obtained: 

Environmental conditions were nearly identical for 
both days, and so were not considered a factor. The re-
sults of each trial are given in Table 1. 

None of the demographic data (height, body mass) 
had a significant effect on run time. In addition, the order 
of adaptive and sham days did not affect run time. Adap-
tive pacing resulted in faster run times compared to 

 
Table 1.  Results for 12 subjects showing cumulative run times in minutes (min) and seconds (s), heart rate (HR) 
variation coefficient, the exponential time constant for the increase in heart rate, and the number of steps taken 
during the run for adaptive and sham condition.  All values are expressed as mean (±SD) as applicable. 

 Sham Adaptive P value 
1st mile time (min:s) 8:28 (1:08) 8:29 (1:18) .87 
2nd mile time (min:s) 17:41 (2:28) 17:25 (2:34) .08 
3rd mile time (min:ss) 26:38 (3:31) 26:03 (3:23) .02 
HR variation coefficient .03 .01 .09 
Time constant .99 (.30) 1.53 (.34) .00 
Number of steps  3 770 (673) 4 001 (517) .40 
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Figure 1. A representative example of the subject’s heart rate during sham versus adaptive pacing. 
 
sham  (F = 5.46, p < 0.05), as well as a significant interac-
tion between treatment and run time at the different check 
points (F = 5.08, p < 0.05). Overall, adaptive pacing re-
sulted in a 35 second decrease in run time, with subjects 
running an average of 26:03 ± 3:23 for adaptive pacing 
and 26:38 ± 3:31 for sham (p < 0.05). Ten out of 12 sub-
jects improved their time using adaptive pacing. Those 
who did improve showed an average 49 second faster 
time.    

A post-hoc t-test revealed that only the time at 
third mile check point was significantly different between 
treatment conditions (t = 2.77, p < 0.05), showing that 
adaptive pacing resulted in overall faster run times com-
pared with the sham condition. Times at the first and 
second mile did not show any statistical difference be-
tween adaptive and sham, although the second mile data 
showed a trend for improvement with adaptive pacing.  

The increase of heart rate from the beginning of the 
run until the point where the heart rate reached a steady-
rate point was evaluated by identifying the time constant 
with the best least squares fit of a decaying exponential to 
the heart rate data. In every case, the subject’s heart rate 
increased faster during sham versus adaptive pacing.  
Figure 1 shows a representative example. The time con-
stant was found to be significantly greater for the increase 
in heart rate with adaptive running pace guidance as com-
pared with sham (t = 6.62, p < 0.01). The correlation 
between run time and the time constant for the increase in 
heart rate showed a positive trend, but did not attain sta-
tistical significance (p > 0.05). 

The heart rate variation coefficient was measured 
as the standard deviation divided by the mean heart rate 
following the point when the heart rate reached a gener-
ally steady-rate condition. Looking at the standardized 
heart rate variation during this period, 79% of subjects 
had a lower HR variation when using adaptive pacing. 
Overall, the HR variability showed a 40% reduction for 
adaptive pacing, 3.24 ± 1.59 s, compared to sham, 5.36 ± 

3.88 s. However, this difference did not reach statistical 
significance (p > 0.05), and also did not show any signifi-
cant relationship with run time. 

On average, runners took 3 633 ± 756 steps during 
sham compared to 3 913 ± 556 steps for adaptive pacing 
(NS).   
 
Discussion 
 
The present study gave evidence to support the hypothesis 
that adaptive paced CLS may provide a performance 
improvement when running long distances.  In general, 
subjects ran 3 miles (4.83 km) during a simulated training 
run in a faster time using adaptive pacing  compared with 
a self-selected pace. Run times did not reach statistical 
significance until the third mile, which would indicate a 
potential benefit for longer runs, where cardiac efficiency 
plays a greater role. Subjects generally reported that run-
ning was easier when using adaptive pacing.  Interest-
ingly, some subjects who did not improve their run time 
thought that adaptive pacing improved performance; with 
a feeling of “more energy.” Some subjects did report 
difficulty with the system. Three said the earphones kept 
falling out. Two thought the pacing signal was annoying. 

Although running speed was very similar for the 
first mile, adaptive vs. sham, in every case heart rate rose 
more slowly while being paced, inferring that the heart 
may have been operating more efficiently during pacing. 
The heart rate variability during the run was generally 
lower while being paced (though not at a level to reach 
statistical significance), which may have had beneficial 
effects for sustained blood perfusion and oxygen uptake 
(O'Rourke et al., 1993; Palatini et al., 1989) 

In general, the steady-rate heart rate for most run-
ners fell close to their normal stride rate, so the algorithm 
often set the pacing frequency equal to the heart rate (i.e. 
ratio = 1:1) during this period. This lends support to the 
concept  that CLS may be a naturally occurring phenome- 
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non.   
It has been shown in earlier studies that heart rate 

variability (HRV) is affected by CLS (Blain et al., 2009).  
Although not statistically significant, the reduction of 
heart rate variability in the current study serves as evi-
dence of the presence of CLS, which may increase the 
cardiac efficiency of the runner, helping to improve per-
formance. When running with an optimized pacing signal 
that was kept constant over the short term, the stride rate 
of the runners was kept steady, encouraging CLS. 

The sham condition involved playing a pacing 
sound that was independent of the subject’s heart rate at a 
frequency outside a normal stride rate, and subjects were 
told to ignore the pacing sound. The sham was designed 
to control for any effect the sound itself may have had on 
the subject, such as a distracting effect.  Therefore, the 
pacing on sham day should be equal to the subject’s nor-
mal pace. In future studies, it would be interesting to 
provide pacing at the subject’s normal pace frequency and 
have them match that.  However, during adaptive pacing, 
the mean steady-rate heart rate (182 ± 15 b·min-1) and 
average steady-rate pace frequency (181 ± 8 steps per 
minute) were very close to the sham values, so one would 
expect the performance of a subject running normally 
versus being paced at the same frequency would be iden-
tical, irrespective of any distracting effects of the pacing 
sound. 

Runners took more steps when being paced com-
pared with normal running. Since their steady-rate stride 
rates were similar, the difference in total number of steps 
may have been due to subjects running with a lower stride 
rate (i.e., a longer stride) at the start of the run when not 
being paced. It has been found in earlier studies that an 
optimal stride length exists to minimize oxygen uptake 
(Cavanagh and Williams, 1982), and that the more elite 
runners tend to have faster stride rates (Cavanagh et al., 
1977). Therefore, increasing the stride rate of subjects 
may have a beneficial effect on performance due to a 
possible improvement in mechanical efficiency 
(Heiderscheit et al., 2011).  However, stride rate was not 
correlated with run time, and that could have been due to 
the small sample size. 
 
Conclusion 
 
The results of the present study suggest that adaptive 
paced CLS may have a beneficial effect on running per-
formance. This conclusion was based on improved sub-
maximal run times, larger time constant in the increase in 
heart rate, and a trend toward reduced heart rate variabil-
ity. Additional studies should be performed that account 
for factors independent of CLS. Although not correlated 
with run times, adaptive pacing tended to have a higher 
stride rate versus sham. An increased stride rate may lead 
to improved performance, although this was not observed 
in the present study.   
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Key points 
 
• Sham-controlled crossover study using 15 experi-

enced runners running 3 miles (4.83 km). 
• Adaptive CLS pacing resulted in statistically signifi-

cant 35 second average decrease in run-time (p < 
0.05). 

• Increase in heart rate during the run was signifi-
cantly slower during adaptive pacing (p < 0.01). 
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