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Heart rate acceleration at relative 
workloads during treadmill 
and overground running 
for tracking exercise performance 
during functional overreaching
clint R. Bellenger1,2*, Rebecca L. Thomson1, Eileen Y. Robertson2, Kade Davison1, 
Maximillian J. nelson1, Laura Karavirta3,4 & Jonathan D. Buckley1

Maximal rate of heart rate (HR) increase (rHRi) as a measure of HR acceleration during the transition 
from rest to exercise, or during an increase in workload, tracks exercise performance. rHRI assessed 
at relative rather than absolute workloads may track performance better, and a field test would 
increase applicability. This study therefore aimed to evaluate the sensitivity of rHRI assessed at 
individualised relative workloads during treadmill and overground running for tracking exercise 
performance. Treadmill running performance (5 km time trial; 5TTT) and rHRI were assessed in 11 
male runners following 1 week of light training (LT), 2 weeks of heavy training (HT) and a 10-day 
taper (T). rHRI was the first derivative maximum of a sigmoidal curve fit to HR data collected during 
5 min of treadmill running at 65% peak HR (rHRI65%), and subsequent transition to 85% peak HR 
(rHRI85%). Participants ran at the same speeds overground, paced by a foot-mounted accelerometer. 
Time to complete 5TTT likely increased following HT (ES = 0.14 ± 0.03), and almost certainly decreased 
following T (ES = − 0.30 ± 0.07). Treadmill and field rHRI65% likely increased after HT in comparison 
to LT (ES ≤ 0.48 ± 0.32), and was unchanged at T. Treadmill and field rHRI85% was unchanged at HT 
in comparison to LT, and likely decreased at T in comparison to LT (ES ≤ − 0.55 ± 0.50). 5TTT was not 
correlated with treadmill or field rHRI65% or rHRI85%. rHRI65% was highly correlated between 
treadmill and field tests across LT, HT and T (r ≥ 0.63), but correlations for rHRI85% were trivial to 
moderate (r ≤ 0.42). rHRI assessed at relative exercise intensities does not track performance. rHRI 
assessed during the transition from rest to running overground and on a treadmill at the same running 
speed were highly correlated, suggesting that rHRI can be validly assessed under field conditions at 
65% of peak HR.

Knowledge of training status in athletes is important in identifying the accumulation of training-induced fatigue 
(i.e. overreaching), and facilitating subsequent adjustments in training load to ensure such fatigue is transient 
and ultimately results in supercompensatory performance improvements (i.e. functional overreaching [FOR])1,2. 
Recently, a novel marker of autonomic heart rate (HR) regulation which reflects HR acceleration during the tran-
sition from rest to exercise or during an increase in workload, termed the maximal rate of HR increase (rHRI), 
has been investigated as a marker of training status, and shown to be sensitive for detecting both acute  fatigue3 
and a state of  FOR4–8 in trained runners and cyclists.

Most recently however, Bellenger et al.7 showed that an individual’s level of physical conditioning may affect 
the sensitivity of rHRI for tracking training-induced changes in exercise performance. Specifically, in an attempt 
to investigate the effect of varying absolute exercise intensities on rHRI assessment and its ability to track changes 

open

1Alliance for Research in Exercise, Nutrition and Activity (ARENA), Sansom Institute for Health Research, University 
of South Australia, Adelaide, SA 5001, Australia. 2South Australian Sports Institute, Adelaide, Australia. 3Polar 
Electro Oy, Kempele, Finland. 4Gerontology Research Center and Faculty of Sport and Health Sciences, University 
of Jyväsky-lä, Jyväskylä, Finland. *email: clint.bellenger@unisa.edu.au

http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-020-71597-4&domain=pdf


2

Vol:.(1234567890)

Scientific RepoRtS |        (2020) 10:14622  | https://doi.org/10.1038/s41598-020-71597-4

www.nature.com/scientificreports/

in exercise performance in response to changes in training load, Bellenger et al.7 assessed rHRI during the transi-
tion from rest to a light intensity running speed (8 km.h−1), and during the subsequent transition from 8 km.h−1 
to a heavier intensity running speed (13 km.h−1). rHRI tracked changes in exercise performance at both 8 km.
h−1 (r = − 0.84) and during the transition to 13 km.h−1 (r = − 0.52), but only in a sub-group of athletes who were 
less well conditioned (i.e. required a longer time to complete a five km time-trial). In this sub-group, the run-
ning speeds elicited ~ 10% higher steady-state HR compared with the better conditioned athletes at both 8 km.
h−1 (~ 65 vs ~ 55% of peak HR) and 13 km.h−1 (~ 85 vs ~ 75% of peak HR). These findings suggested that rHRI 
assessed at individualised relative workloads of 65% and 85% of peak HR, rather than set absolute workloads, 
might elicit an optimal physiological stress that may enable rHRI to more sensitively track changes in exercise 
performance in all athletes. In previous  studies4–7,9, rHRI was assessed at absolute workloads to maximise its 
practical application, since it would be simpler to have all athletes exercise at the same workloads rather than at 
individualised workloads. However, some practicality may need to be traded-off to maximise sensitivity.

In addition, research to date has assessed rHRI using bicycle or treadmill ergometers to better standardise 
exercise  intensity4–7,9. Given that many athletes do not have access to ergometers, and/or perform the majority of 
their training in the field, the development of a field test for the assessment of rHRI would enhance the practical 
application of this parameter for monitoring training status across a broad range of athletes.

Consequently, the primary aim of this study was to evaluate whether rHRI assessed at individualised relative 
workloads can track changes in performance resulting from transient fatigue and subsequent supercompensa-
tion. In addition, this study aimed to validate a field test for the assessment of rHRI. Given the aforementioned 
research by Bellenger et al.7, it was hypothesised that rHRI assessed at individualised relative workloads would 
track changes in performance more sensitively than rHRI assessed at absolute workloads demonstrated in previ-
ous rHRI  research4–6, and that rHRI assessed during overground running would track performance as sensitively 
as treadmill running.

Methods
participants. Fifteen male runners were recruited from running and triathlon clubs in Adelaide, South Aus-
tralia. Participants were eligible for inclusion if they displayed no known signs or symptoms of cardiometabolic 
disease, were currently completing 40 km or more of running per week, self-reported as injury free in the three 
months prior to undertaking the study, and could complete a five kilometre treadmill time trial (5TTT) in less 
than 23 min. Ethical approval was approved by the University of South Australia’s Human Research Ethics Com-
mittee in accordance with the Declaration of Helsinki, and volunteers provided written informed consent prior 
to participating.

experimental overview. Two pre-study familiarisation sessions allowed participants to be habituated with 
the testing procedures, and determine their peak HR during a 5TTT. Given that rHRI was to be determined at 
relative running speeds based upon percentages of peak HR, familiarisation sessions also allowed for evaluation 
of these speeds. Specifically, participants ran at three different speeds based on perception of their current physi-
cal fitness for 4 min each. Steady-state HR (mean HR over the final 60 s) for each workload was plotted against 
the corresponding running speed, and the equation for the regression line representing this relationship was 
determined. Using the peak HR obtained during 5TTT, the absolute HRs (bpm) at 65% and 85% of peak HR 
and the corresponding running speeds required to elicit these HRs were calculated. This process was repeated 
during both familiarisation sessions and the data were averaged. The running speeds were fixed for each testing 
visit thereafter, such that running speeds were constant within individuals, but differed between individuals, in 
order to elicit a similar relative physiological stress across all participants. rHRI (assessed while running at these 
speeds on a treadmill and during overground running) and 5TTT performance were measured after one week 
of light training (LT—baseline), two weeks of heavy training (HT—overreached state) and 10 days of taper (T—
recovered and adapted state). Assessments occurred at the same time of day on the day after completion of the 
final training session for each training phase (i.e. 24 h) and the order of assessments of overground or treadmill 
running was randomised. Participants were instructed not to complete any exercise on the days they were to be 
tested, and were encouraged to maintain their daily routine (including diet and hydration) throughout the study. 
Environmental conditions (ambient temperature, airflow and precipitation) were controlled in the laboratory 
setting, however ambient temperature was not able to be controlled during field test rHRI assessment.

Assessments. During experimental testing visits, participants completed three submaximal running tasks; 
one for the calibration of a foot-worn accelerometer (Polar s3 + stride sensor, Polar Electro Oy, Kempele, Fin-
land) used to pace overground running, and two for the assessment of rHRI at 65% and the transition to 85% of 
peak HR when running both on a treadmill and overground (Fig. 1).

Calibration of the foot-worn accelerometer required participants to run continuously for 6 min on a calibrated 
treadmill (Trackmaster TMX425CP, Full Vision Inc., Newton, KS, USA) at the two speeds determined during 
familiarisation to elicit 65% and 85% of peak HR (3 min at each speed). The accelerometer provided instantane-
ous running speed feedback via wireless transmission to a HR monitor (RS800CX, Polar Electro Oy, Kempele, 
Finland). The distance covered in each 3 min period was recorded from the treadmill’s control panel, and 
compared to the distance covered in each period according to the accelerometer. A correction factor (treadmill 
distance divided by accelerometer distance) was then applied to the accelerometer via software available in the 
HR monitor in order to calibrate it against the treadmill.

Following calibration of the accelerometer, participants ran continuously for a total of 10 min to determine 
rHRI at each of the two speeds designed to elicit 65%  (rHRI65%) and the transition to 85%  (rHRI85%) of peak HR 
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(5 min at each speed) on a treadmill and in the field (overground running). The order in which treadmill and 
field assessments occurred was randomised at baseline, and this order was held constant at each visit thereafter.

During treadmill-derived rHRI, participants were instructed without warning to begin exercise to avoid an 
anticipatory rise in  HR10. At exercise onset, they lowered themselves onto the already moving treadmill belt and 
ran at the initial speed for 5 min, before the treadmill speed was increased for the next 5 min.

Field-derived rHRI was obtained while running continuously for 10 min (5 min at each speed) around an 
indoor stadium which had a wooden parquetry floor. Plastic cones denoted an approximate 85 m oval-shaped 
running track with running speed governed by the accelerometer, which was paired with a wrist-worn HR moni-
tor and programmed to sound an audible beep if actual running speed varied from the target speed by more 
than ± 0.5 km.h−1. The field test was programmed as an exercise mode within the HR monitor, and audible beeps 
also indicated when to start the exercise task, when to transition from the initial speed to the second speed and 
when to cease exercise.

After 5 min of rest, rHRI assessments were followed by a 5TTT where the time taken to run five kilometres 
on a motorised treadmill was recorded as the measure of exercise performance. Participants chose their preferred 
starting speed during familiarisation which remained constant across visits. Participants were blinded to run-
ning time and speed, but could see the distance covered and were free to adjust the treadmill speed as desired 
to complete five km in the fastest time possible. Reliability of 5TTT in a separate group of trained runners was 
determined to be excellent (CV = 1.3%11).

To assist in confirming a state of functional overreaching, participants completed a Daily Analysis of Life 
Demands for Athletes (DALDA) questionnaire throughout the training intervention. The DALDA is a subjective 
measure of training tolerance scored on a three point scale (worse than normal, normal, better than normal), 
and is sensitive to perturbations in various parameters (e.g. diet, social/work life, sleep, fatigue, muscle soreness, 
etc.) resulting from periods of overload training in  athletes12,13.

rHRi calculation. RR intervals were recorded for maximal HR curve resolution during rHRI testing. A 
5-component sigmoidal curve was fit (Eq. 1) to the HR data recorded during the 30 s preceding exercise onset 
(or preceding the change in speed when determining  rHRI85%), and throughout the subsequent 5 min of steady-
state exercise.

where

defines a logistic weighting function varying smoothly between 0 and 1, centered about d so long as c and e are 
of the same sign, and where the mean curvature of f is given by

rHRI  (bpm.s-1) was the first derivative maximum of this curve (Eq. 2) obtained using the Solver function in 
Excel (Microsoft Corporation, NY, USA).

(1)ŷ = a +
b

1+ fx · ec(d−x′) +
(

1− fx
)

· ee(d−x′)

fx =
1

1+ e−Cf (d−x′)

C =
2 · c · e

c + e

Figure 1.  Training intervention and testing protocol flowchart. min minute, rHRI65% maximal rate of heart 
rate increase assessed at a running speed eliciting ~ 65% of peak HR (5 min in duration); rHRI85%, maximal rate 
of heart rate increase assessed at a running speed eliciting ~ 85% of peak HR (5 min in duration), 5TTT  5-km 
treadmill time-trial.
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where a = lower HR plateau, b = range of HR response, c = upper curvature parameter, d = time at which half of 
the range of HR response was attained, e = lower curvature parameter.

Pre-exercise HR (mean HR during the 30 s prior to exercise), steady-state HR (mean HR during the final 
60 s of exercise) and change in HR (steady-state HR minus pre-exercise HR) were also calculated during rHRI 
assessment.

training intervention. The training intervention used in this study has been described  elsewhere12 but 
briefly, LT was designed to allow participants to be rested and recovered from any pre-study training prior to 
undergoing HT, which was designed to induce fatigue from which participants would not recover prior to test-
ing on the day following the final training session (i.e. a state of overreaching). The subsequent T was designed 
to allow recovery and adaptation to training to occur. HR data were recorded at 15 s intervals during training 
for determination of training load using TRIMP (arbitrary units [AU])14 (duration in minutes multiplied by % 
of peak HR), and training intensities were based on percentages of peak HR determined during familiarisation.

Statistical analysis. Data were analysed using PASW Statistics 18.0 (SPSS, Chicago, IL, USA) and pre-
sented as mean ± SD, and ES with 90% confidence intervals. Data were log transformed before analysis to reduce 
bias from non-uniformity of  error15. Outcome measures were compared using repeated measures analysis of 
variance with Bonferroni post-hoc comparison and statistical significance set at P < 0.05. Data were also ana-
lysed using magnitude-based  inferences15, with changes in variables after each training period analysed using 
a modified statistical  spreadsheet16, which calculated ES between time-points of interest using pooled standard 
 deviation17. Threshold values for ES statistics were ≤ 0.2 (trivial), > 0.2 (small), > 0.6 (moderate), > 1.2 (large), > 2.0 
(very large), and > 4.0 (extremely large)15. Probabilities to establish whether the true differences were lower, 
similar, or higher than the smallest worthwhile change were also calculated. Chances of higher or lower differ-
ences were evaluated qualitatively as: < 1%, almost certainly not; 1–5%, very unlikely; 5–25%, unlikely; 25–75%, 
possibly; 75–95%, likely; 95–99%, very likely; and > 99%, almost certain. If the chance of higher and lower dif-
ferences was > 5%, the true difference was assessed as unclear. Within-subject correlations between rHRI and 
performance across testing time-points were evaluated using univariate analysis of  covariance18, with r values 
evaluated as: 0.0–0.1, trivial; 0.1–0.3, small; 0.3–0.5, moderate; 0.5–0.7, large; 0.7–0.9, very large; 0.9–1.0, nearly 
perfect. Multiple linear regression was utilised to evaluate the effect of changes in HR variables (i.e. the math-
ematically modelled a, b, c, d and e constants, pre-exercise HR, steady-state HR, change in HR and peak HR) on 
changes in rHRI. Absolute agreement between treadmill and field-derived measures was determined through 
limits of agreement  analysis19, while relative agreement was determined using the intra-class correlation (ICC), 
with ICCs evaluated using the aforementioned classifications.

Results
participants. Fourteen of the 15 recruited participants completed the study (age 35.8 ± 10.0 years; height 
1.78 ± 0.09 m; body mass 77.3 ± 10.0 kg); one participant was unable to tolerate the demands of HT and withdrew 
from the study. Three of the 14 completed participants were considered to be acutely fatigued, but not over-
reached, as they did not experience a decline in 5TTT performance after  HT20, and were excluded from further 
analysis so as not to attenuate the true effect of HT on variables of interest in those participants experiencing 
FOR, as recommended by Bellenger et al.21. A sub-group analysis was not performed on these three participants 
given the small sample size. Thus, data for 11 participants were included for analysis (age 37.5 ± 8.2 years; body 
mass 78.5 ± 10.3 kg; self-reported weekly running distance 46.2 ± 16.8 km in the previous six months).

Effect of training on running performance. Daily TRIMP almost certainly increased from 2,740 ± 301 
AU at LT to 5,182 ± 890 AU at HT (ES ± 90% confidence interval = 3.85 ± 0.77; P < 0.001) and then almost cer-
tainly decreased to 2,028 ± 407 AU from HT to T (ES = − 5.78 ± 0.71; P < 0.001). The time taken to complete 5TTT 
was 19:35 ± 2:21 min:s at LT, which very likely increased to 19:56 ± 2:21 min:s at HT (ES = 0.14 ± 0.03; P < 0.001), 
and then almost certainly decreased to 19:09 ± 2:13 min:s from HT to T (ES = − 0.30 ± 0.07; P < 0.001). Overall, 
these changes resulted in a very likely improvement in running performance from LT to T (− 00:26 ± 0:20 min:s; 
ES = −  0.17 ± 0.07; P = 0.005; Fig.  2a). Peak HR during 5TTT was 184 ± 11  bpm at LT, and almost certainly 
decreased to 176 ± 9 bpm at HT (ES = − 0.75 ± 0.24; P = 0.001), before almost certainly increasing to 184 ± 8 bpm 
at T (in comparison to HT; ES = 0.72 ± 0.22; P < 0.001; Fig. 2b).

Effect of training on subjective training tolerance. The number of ‘worse than normal’ scores on the 
DALDA was 1.3 ± 1.0 units at LT. This value almost certainly increased to 7.3 ± 3.4 units at HT (ES = 2.54 ± 0.62; 
P = 0.001), before almost certainly decreasing to 2.2 ± 2.1 units at T (ES = − 2.16 ± 0.64; p = 0.004; Fig. 2c).

Effect of training on HR parameters. HR parameters are shown in Table 1. Notably, treadmill and field-
derived  rHRI65% very likely increased after HT in comparison to LT (ES = 0.33 ± 0.21; P = 0.18 and ES = 0.48 ± 0.32; 
P = 0.17, respectively). Pre-exercise HR during all assessments of rHRI likely to almost certainly decreased at HT 
in comparison to LT (ES ≤ − 0.62 ± 0.29; P ≤ 0.05), and then likely to very likely increased at T in comparison to 
HT during treadmill-derived  rHRI65% (ES = 0.79 ± 0.47; P = 0.03) and  rHRI85% (ES = 0.40 ± 0.40; P = 0.33), and 
field-derived  rHRI65% (ES = 0.86 ± 0.60; P = 0.08). Steady-state HR during all assessments of rHRI very likely 

(2)x =
b × (c + e)

8
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to almost certainly decreased after HT in comparison to LT (ES ≤ − 0.70 ± 0.29; P ≤ 0.008). At T, steady-state 
HR during  rHRI85% assessment likely to very likely remained decreased in comparison LT (ES ≤ − 0.50 ± 0.41; 
P ≤ 0.15). Differences between treadmill and field-derived  rHRI65% and  rHRI85% (and their associated pre-exer-
cise and steady-state HRs) in response to training were unclear (ES ≤ 0.42 ± 0.51; P ≥ 0.08).

Figure 2.  Percentage change in (a) time to complete 5TTT, (b) peak HR during 5TTT and (c) DALDA ‘worse 
than normal’ score from LT. Data are mean ± 90% confidence level. DALDA daily analysis of life demands for 
athletes questionnaire, HR heart rate, HT heavy training, LT light training, T tapering, 5TTT  5-km treadmill 
time-trial. Grey shaded areas represent the smallest worthwhile change. Dashed circle, very likely chance of 
practically meaningful difference in value from LT; continuous circle, almost certain chance of practically 
meaningful difference in value from LT; continuous rectangle, almost certain chance of practically meaningful 
difference in value from HT; *significantly different (P < 0.05) from LT; #significantly different (P < 0.05) from 
HT.

Table 1.  Effect of training on heart rate parameters. bpm.s-1 beats per minute per second, HR heart rate, 
HT heavy training, LT light training, rHRI65% maximal rate of heart rate increase assessed at a running 
speed eliciting ~ 65% of peak HR, rHRI85% maximal rate of heart rate increase assessed at a running speed 
eliciting ~ 85% of peak HR, T tapering. *Significantly different (P < 0.05) from LT. # Significantly different 
(P < 0.05) from HT. a Practically meaningful difference from LT. b Practically meaningful difference from HT.

Exercise mode HR parameter LT HT T

Treadmill

rHRI65%  (bpm.s-1) 5.22 ± 3.34 6.41 ± 4.37a 5.83 ± 3.83

rHRI65% pre-exercise HR (% peak HR) 39.7 ± 3.8 36.4 ± 3.5a* 39.6 ± 3.9b#

rHRI65% steady-state HR (% peak HR) 66.7 ± 3.2 64.2 ± 3.2a* 65.2 ± 3.4a

rHRI85%  (bpm.s-1) 0.91 ± 0.27 0.85 ± 0.25 0.77 ± 0.26a

rHRI85% pre-exercise HR (% peak HR) 66.8 ± 3.0 64.5 ± 3.7a* 66.0 ± 3.5b

rHRI85% steady-state HR (% peak HR) 84.5 ± 1.9 81.2 ± 2.2a* 82.3 ± 2.3a,b

Field

rHRI65%  (bpm.s-1) 4.93 ± 3.14 6.29 ± 3.00a 5.44 ± 2.99

rHRI65% pre-exercise HR (% peak HR) 40.6 ± 3.4 35.9 ± 3.8a* 38.9 ± 2.6a,b

rHRI65% steady-state HR (% peak HR) 64.7 ± 2.3 61.8 ± 1.7a* 63.3 ± 2.9a

rHRI85%  (bpm.s-1) 1.62 ± 1.31 1.20 ± 0.58 1.06 ± 0.39a

rHRI85% pre-exercise HR (% peak HR) 65.2 ± 2.1 62.4 ± 2.2a* 63.4 ± 2.9a

rHRI85% steady-state HR (% peak HR) 85.8 ± 4.6 81.9 ± 4.7a* 83.2 ± 4.1a
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Agreement between treadmill and field-derived HR parameters. Agreement between treadmill 
and field-derived HR parameters are shown in Table  2. Treadmill-derived  rHRI85% was likely lower than its 
field-derived measure at LT, HT and T (ES ≤ − 0.67 ± 0.53; P ≤ 0.14). Limits of agreement analysis indicated that 
the precision of the difference between treadmill and field-derived measures of  rHRI65% and  rHRI85% (minimum 
of ± 67.9%) was greater than the coefficient of variation for rHRI assessment in general (i.e. 6.0%5), such that 
a practically meaningful difference between these measures may be evident. The ICC as a measure of relative 
agreement between treadmill and field-derived measures was large to very large across LT, HT and T (r ≥ 0.63) 
for  rHRI65%, and trivial to moderate (r ≤ 0.42) for  rHRI85%.

Treadmill-derived steady-state HR (during  rHRI65%) and pre-exercise HR (during  rHRI85%) were likely to 
very likely higher than their field-derived measures at LT, HT and T (ES ≥ 0.52 ± 0.41; P ≤ 0.06). Limits of agree-
ment for the difference between treadmill and field-derived pre-exercise and steady-state HR during  rHRI65% 
and  rHRI85% was greater than the coefficient of variation for these parameters (i.e. 3.3% for pre-exercise HR and 
1.4% for steady-state HR [in the present cohort]), such that a practically meaningful difference between treadmill 
and field-derived measures may be evident. ICCs ranged from small to very large (r = 0.18–0.89).

Correlations between variables of interest. Multiple linear regression showed that 94 ± 16% (P < 0.001) 
of the variance in treadmill-derived  rHRI65% change between LT and HT was explained by a model including 
changes in the parameters utilised to calculate rHRI (i.e. the e, c and b constants from a 5 component sigmoi-
dal curve model; beta ± 90% confidence interval = 6.92 ± 1.61; P < 0.001, 7.25 ± 2.60; P = 0.001 and 0.13 ± 0.06; 
P = 0.005, respectively). However, 81 ± 23% (P = 0.001) of the variance in  rHRI65% change between LT and HT 
was explained by a model including changes in the e and c constants only (7.33 ± 2.28; P = 0.001 and 4.67 ± 3.24; 
P = 0.045, respectively), and 68 ± 26% (P = 0.002) of the same variance was explained by a model including 

Table 2.  Agreement between treadmill and field-derived HR parameters. Analysis performed on raw data. 
bpm.s-1 beats per minute per second, HR heart rate, HT heavy training, ICC intra class correlation, LOA 
limits of agreement, LT light training, T tapering, rHRI65% maximal rate of heart rate increase assessed at a 
running speed eliciting ~ 65% of peak HR, rHRI85% maximal rate of heart rate increase assessed at a running 
speed eliciting ~ 85% of peak HR. # Significant difference (P < 0.05). a Likely chance of practically meaningful 
difference in value between treadmill and field assessments.

HR parameter Variable LT HT T

rHRI65%  (bpm.s-1)

ICC 0.69 0.63 0.82

Bias (field–treadmill) absolute − 0.29 − 0.12 − 0.39

Bias (field–treadmill) % − 5.50 − 15.73 − 2.04

LOA absolute  ± 5.82  ± 7.26  ± 5.50

LOA %  ± 67.87  ± 112.39  ± 89.14

rHRI85%  (bpm.s-1)

ICC − 0.05 0.42 − 0.19

Bias (field–treadmill) absolute 0.66a 0.33a 0.30a

Bias (field–treadmill) % 93.55* 44.64* 58.90*

LOA absolute  ± 2.65  ± 1.02  ± 0.95

LOA %  ± 392.22  ± 135.98  ± 171.48

rHRI65% pre-exercise HR (% peak HR)

ICC 0.76 0.89 0.84

Bias (Field–Treadmill) Absolute 0.91 − 0.45 − 0.78

Bias (Field–Treadmill) % 2.63 − 1.19 − 1.58

LOA Absolute  ± 5.08  ± 3.66  ± 4.10

LOA %  ± 13.70  ± 10.19  ± 10.67

rHRI85% pre-exercise HR (% peak HR)

ICC 0.68 0.74 0.67

Bias (field–treadmill) absolute − 1.57a# − 2.13a# − 2.56a#

Bias (field–treadmill) % − 2.25a# − 3.15a# − 3.76a#

LOA absolute  ± 4.48  ± 4.85  ± 5.57

LOA %  ± 6.26  ± 6.97  ± 8.08

rHRI65% steady-state HR (% peak HR)

ICC 0.62 0.28 0.59

Bias (field–treadmill) absolute − 1.92a# − 2.40a# − 1.90a

Bias (field–treadmill) % − 2.76a# − 3.56a# − 2.79a

LOA absolute  ± 5.20  ± 6.13  ± 5.91

LOA %  ± 7.34  ± 9.38  ± 8.77

rHRI85% steady-state HR (% peak HR)

ICC 0.18 0.38 0.58

Bias (field–treadmill) absolute 1.28 0.71 0.90

Bias (field–treadmill) % 1.54 0.87 1.08

LOA absolute  ± 8.94  ± 8.18  ± 6.31

LOA %  ± 10.71  ± 10.41  ± 7.77
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changes in the e constant only (7.42 ± 2.80). Similarly, changes in the e (4.48 ± 0.69; P < 0.001), c (3.25 ± 0.87; 
P < 0.001) and b (0.03 ± 0.01; P = 0.001) constants accounted for 98 ± 10% (P < 0.001) of the variance in treadmill-
derived  rHRI85% change between LT and HT, while changes in the e (3.92 ± 1.11; P < 0.001) and c (3.98 ± 1.39; 
P = 0.002) constants alone accounted for 92 ± 18% (P < 0.001) of the variance, and changes in the e constant alone 
accounted for 71 ± 24% (5.27 ± 1.84; P = 0.001) of the variance in this parameter.

Within-subject analysis (using LT, HT and T) revealed that 5TTT was not correlated with either  rHRI65% or 
 rHRI85% when derived from treadmill or field exercise tasks (r ≤ 0.19; P ≥ 0.37).

Discussion
This study aimed to determine whether rHRI assessed at relative workloads could track changes in exercise 
performance resulting from overload training and subsequent taper. Additionally, a field-based protocol for 
the assessment of rHRI was evaluated by extending the treadmill methodology to a novel overground running 
protocol. In contrast to previous research which had assessed rHRI at absolute workloads, rHRI assessed at rela-
tive workloads of 65% of peak HR and the transition from 65 to 85% peak HR did not track training-induced 
changes in performance when assessed during either treadmill or overground running. However, there was large 
to very large correlation (relative agreement) between treadmill and field-derived measures of  rHRI65%, but poor 
relative and absolute agreement between treadmill and field-derived measures of  rHRI85%, suggesting that rHRI 
can be assessed in the field when transitioning from rest to a moderate exercise intensity.

Based on recent findings of Bellenger et al.7, where rHRI assessed at the same absolute workload tracked exer-
cise performance more strongly in less fit athletes, in whom the same absolute load represented a higher relative 
load, it was hypothesised that assessing rHRI at relative rather than absolute exercise intensities would improve 
the sensitivity of rHRI for tracking changes in exercise performance. However, rHRI assessed at 65% peak HR 
and the transition from 65 to 85% peak HR did not track these changes as anticipated. Of particular interest, was 
the finding of increased  rHRI65% following HT, which is in direct contrast to previous research showing a slowing 
in rHRI in response to training-induced  fatigue4–8. Given that the initial and rapid increase in HR during the 
transition from rest to exercise primarily results from withdrawal of parasympathetic  modulation22, it may be 
hypothesised that the apparent increase in resting parasympathetic modulation following HT (as evidenced by 
the reduced pre-exercise HR) contributed to the unexpected increase in  rHRI65%. This appears to be supported 
by the earliest research on rHRI, where small to moderate reductions in rHRI (ES − 0.33 to − 0.65) following a 
period of HT occurred in the absence of any change in pre-exercise HR (ES − 0.05 to 0.14)4,5. In other studies, 
rHRI has been slowed (ES − 0.407) or remained unchanged (ES 0.066) following HT, despite small reductions 
in pre-exercise HR (ES − 0.40 to − 0.43). Interestingly however, small to moderate increases in rHRI (ES 0.33 
and 0.48 in the present study, and ES 0.64 in Bellenger et al.7) occurred concurrently with moderate to large 
reductions in pre-exercise HR (ES − 0.82 to − 1.32). Together, these data suggest that overreaching interventions 
inducing larger reductions in pre-exercise HR result in faster rHRI. Unfortunately, it is difficult to explain why 
the discrepancy in these magnitudes of change in pre-exercise HR has occurred, since the training interventions 
utilised in these studies to induce a state of overreaching have been similar. While the magnitude of performance 
decrement in response to these interventions has been somewhat varied (ES − 0.14 to − 0.75), there is no pattern 
to suggest that studies inducing a greater amount of fatigue (i.e. a greater performance decrement) resulted in a 
greater reduction in pre-exercise HR.

The present study also demonstrated (through multiple linear regression) that 94–98% of the change in rHRI 
following HT may be attributed to the concurrent changes in the b (range of HR response), c (upper curvature 
parameter) and e (lower curvature parameter) constants in a 5-compontent sigmoidal curve model, which is intu-
itive considering these variables are utilised to calculate rHRI. Of particular interest however, was that changes 
in the c and e constants combined, or the e constant alone, were the primary determinants of rHRI (accounting 
for 67–92% of the change in rHRI). Mathematically, the c and e constants represent curvature parameters of the 
modelled HR response at the onset of exercise. Theoretically, the c curvature parameter represents the initial and 
rapid acceleration in HR at the onset of exercise, perhaps indicative of the rapid withdrawal of parasympathetic 
modulation that is known to occur at exercise  onset22, while the e curvature parameter represents the subsequent 
slower acceleration in HR as exercise intensity increases, which may be more reflective of increased sympathetic 
 modulation22. The physiological meaning of changes in these curvature parameters following training however, 
is presently unknown, but elucidation of their meaning may provide a foundation for greater understanding of 
how rHRI is modulated in response to exercise training.

The current study also investigated the potential for rHRI assessed through a field test to track changes in 
exercise performance. While precision of bias (i.e. limit of agreement analysis) suggested that the absolute dif-
ferences between values of treadmill and field-derived  rHRI65% may be large enough to be considered practically 
meaningful, the large to very large ICCs, indicating good relative agreement between methods, suggested that 
the training response was similar between the two assessment conditions. With regard to  rHRI85%, precision of 
bias again suggested practically meaningful differences between measures, however trivial to moderate ICCs 
also suggest that the between-participant ordering of values was not consistent for each assessment condition. 
Together, these results suggest that the present study’s field test assessment of  rHRI65% is valid, but the assess-
ment of  rHRI85% is not.

It is not immediately clear why field-derived  rHRI65% was more valid than field-derived  rHRI85%, however 
may be explained by limitations of this study. Specifically, the accelerometer utilised has the potential to pro-
vide running speed feedback in real-time, but only after it has been accurately calibrated. Unfortunately, only 
a single calibration factor may be entered to the accelerometer, however two running speeds were required to 
be calibrated in the present study, and due to the difference in stride characteristics at these different speeds, 
two different calibration factors were also required. Thus, in order to run the two-stage test continuously, the 
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average of the two calibration factors was applied, meaning that both speeds may have been slightly different to 
those ran during treadmill assessment of rHRI. Consequently, since the present study’s field test assessment of 
 rHRI65% demonstrated acceptable relative agreement, but  rHRI85% did not, it may be postulated that field-derived 
 rHRI85% was more impacted upon by the average calibration factor than field-derived  rHRI65%. Future research 
may investigate alternative means for field-based assessments of rHRI.

Additionally, it should be acknowledged that while the indoor stadium provided controlled conditions with 
regard to airflow (speed and direction) and precipitation, the ambient temperature was not controlled by ther-
mostat. Thus, while the relatively short duration of the study (~ 5 weeks) allowed each participant to be tested 
in a similar season of weather, the presence of extreme changes in weather conditions may have affected physi-
ological measures during the assessment of field-derived rHRI.

conclusion
In contrast to previous rHRI research which has shown that rHRI assessed at absolute exercise intensities tracks 
exercise performance, the present study failed to identify within-subject correlations between exercise perfor-
mance and rHRI assessed at relative exercise intensities. This suggests that assessment of rHRI using relative 
exercise intensities may not be appropriate for tracking exercise performance. Future research may investigate the 
physiological meaning of the curvature parameters calculated in rHRI quantification, since this would provide 
a foundation for greater understanding of how rHRI is modulated in response to exercise training. Addition-
ally, the present study found that rHRI assessed when transitioning from rest to running overground and on a 
treadmill at the same running speed were highly correlated, suggesting that rHRI can be validly assessed under 
field conditions.

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding 
author on reasonable request.

Received: 22 January 2020; Accepted: 13 August 2020

References
 1. Buchheit, M. Monitoring training status with HR measures: do all roads lead to Rome?. Front. Physiol. 5, 1–19 (2014).
 2. Meeusen, R. et al. Prevention, diagnosis, and treatment of the Overtraining Syndrome: Joint consensus statement of the European 

College of Sport Science and the American College of Sports Medicine. Med. Sci. Sports Ex. 45, 186–205 (2013).
 3. Thomson, R. L., Rogers, D. K., Howe, P. R. C. & Buckley, J. D. Effect of acute exercise-induced fatigue on maximal rate of heart 

rate increase during submaximal cycling. Res. Sports Med. 24, 1–15 (2015).
 4. Nelson, M. J., Thomson, R. L., Rogers, D. K., Howe, P. R. C. & Buckley, J. D. Maximal rate of increase in heart rate during the 

rest-exercise transition tracks reductions in exercise performance when training load is increased. J. Sci. Med. Sport. 17, 129–133 
(2014).

 5. Bellenger, CR, Thomson, RL, Howe, PRC., Karavirta, L & Buckley, JD. Monitoring athletic training status using the maximal rate 
of heart rate increase. J. Sci. Med. Sport. 19, 590–595 (2015).

 6. Bellenger, C. R. et al. The effect of functional overreaching on parameters of autonomic heart rate regulation. Eur. J. Appl. Physiol. 
117, 541–550 (2017).

 7. Bellenger, C. R. et al. Optimization of maximal rate of heart rate increase assessment in runners. Res. Q. Exerc. Sport. 89, 322–331 
(2018).

 8. Nelson, M. J. et al. Maximal rate of heart rate increase correlates with fatigue/recovery status in female cyclists. Eur. J. Appl. Physiol. 
117, 2425–2431 (2017).

 9. Thomson, R. L., Rogers, D. K., Howe, P. R. C. & Buckley, J. D. Effect of acute exercise-induced fatigue on maximal rate of heart 
rate increase during submaximal cycling. Res. Sports Med. 24, 1–15 (2016).

 10. Krogh, A. & Lindhard, J. The regulation of respiration and circulation during the initial stages of muscular work. J. Physiol. 47, 
112–136 (1913).

 11. Fuller, J. T., Thewlis, D., Tsiros, M. D., Brown, N. A. T. & Buckley, J. D. The long-term effect of minimalist shoes on running per-
formance and injury: Design of a randomised controlled trial. BMJ Open. 5, 1–9 (2015).

 12. Bellenger, C. R. et al. Contextualising parasympathetic hyperactivity in functionally overreached athletes with perceptions of 
training tolerance. Int. J. Sports Physiol. Perf. 11, 685–692 (2016).

 13. Halson, S. L. et al. Time course of performance changes and fatigue markers during intensified training in trained cyclists. J. Appl. 
Physiol. 93, 947–956 (2002).

 14. Banister, EW. Modeling elite athletic performance in Physiological testing of the high performance athlete (ed. MacDougall, JD, 
Wenger, HA & Green HJ) 403–424 (Human Kinetics, 1991).

 15. Hopkins, W. G., Marshall, S. W., Batterham, A. M. & Hanin, J. Progressive statistics for studies in sports medicine and exercise 
science. Med. Sci. Sports Ex. 41, 3 (2009).

 16. Hopkins, W. G. Spreadsheets for analysis of controlled trials, with adjustment for a subject characteristic. Sport Sci. 10, 46–50 
(2006).

 17. Cohen, J. Statistical power analysis for the behavioral sciences (Sage Publications, 2010)
 18. Bland, J. M. & Altman, D. G. Calculating correlation coefficients with repeated observations: Part 1: correlation within subjects. 

BMJ 310, 446 (1995).
 19. Bland, J. M. & Altman, D. G. Statistical methods for assessing agreement between two methods of clinical measurement. Int. J. 

Nurs. Stud. 47, 931–936 (2010).
 20. Le Meur, Y. et al. Maximal exercise limitation in functionally overreached triathletes: role of cardiac adrenergic stimulation. J. 

Appl. Physiol 117, 214–222 (2014).
 21. Bellenger, C. R. et al. Monitoring athletic training status through autonomic heart rate regulation: a systematic review and meta-

analysis. Sports Med. 46, 1461–1486 (2016).
 22. White, D. & Raven, P. Autonomic neural control of heart rate during dynamic exercise: revisited. J. Physiol. 592, 2491–2500 (2014).



9

Vol.:(0123456789)

Scientific RepoRtS |        (2020) 10:14622  | https://doi.org/10.1038/s41598-020-71597-4

www.nature.com/scientificreports/

Acknowledgements
This work was supported by a Linkage Grant from the Australian Research Council (LP140101013, 2013), who 
had no involvement in the study’s design, nor the collection, analysis and interpretation of data, the writing of 
the report, and the decision to submit the article for publication. The authors also thank Polar Electro Oy for 
providing the HR monitors for the study, and the South Australian Sports Institute for providing facilities for data 
collection. Researcher Bellenger was supported by an Australian Postgraduate Award and research scholarship 
from the South Australian Sports Institute.

Author contributions
C.B., R.T., K.D., L.K. and J.B. conceived and designed the research project. C.B. conducted experiments, analysed 
data and wrote the manuscript. C.B., R.T., E.R., K.D., M.N., L.K. and J.B. read and approved the manuscript.

competing interests 
The University of South Australia has had a patent on the rHRI technology described in this manuscript granted 
in the United States of America (US2013/0172764/A1), and patents are pending in Australia and Europe. 
Researchers Bellenger, Nelson, Davison and Buckley are employees of the University, and Thomson is an affiliate 
of the University. Researcher Karavirta was an employee of Polar Electro Oy at the time of the study. Researcher 
Robertson declares to have no competing interest.

Additional information
Correspondence and requests for materials should be addressed to C.R.B.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2020

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Heart rate acceleration at relative workloads during treadmill and overground running for tracking exercise performance during functional overreaching
	Anchor 2
	Anchor 3
	Methods
	Participants. 
	Experimental overview. 
	Assessments. 
	rHRI calculation. 
	Training intervention. 
	Statistical analysis. 

	Results
	Participants. 
	Effect of training on running performance. 
	Effect of training on subjective training tolerance. 
	Effect of training on HR parameters. 
	Agreement between treadmill and field-derived HR parameters. 
	Correlations between variables of interest. 

	Discussion
	Conclusion
	References
	Acknowledgements




