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ABSTRACT  

Heart rate is a conventional indicator of exercise intensity. Diverse studies 

have reported results of the comparison between the heart rate responses 

attained during running overground and on a treadmill; non-unanimous 

conclusions have emerged. The intention of this study was to compare the 

exercise intensity through heart rate between progressive running tests 

performed on track and level-grade treadmill. The heart rate responses of 

twelve highly trained male athletes were analyzed (Age = 24.3±2.7 years). 

The running protocol had initial and final speeds of 11 km·h−1 and 

18 km·h−1, and increments of 0.5 km·h−1 every 200 m. Two tests were 

performed: on an outdoor 400 m track, and a level-grade motorized 

treadmill under laboratory conditions. An innovative data analysis 

approach was proposed, by using a linear mixed-effects model, with the 

Test and Speed stage and their interaction as fixed factors, and the Subject 

as a random factor; a suitable correlation structure was also specified. The 

statistical significance level was set at p < 0.05. The difference between tests 

was not significant (F = 0.06, p = 0.81). The interaction effect between the 

Test and Speed stage was also not significant (F = 1.32, p = 0.19). Exercise 

intensity as measured by heart rate showed similar mean responses in 

track and level-grade treadmill running across a wide range of speeds in 

well-trained athletes. 
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I. INTRODUCTION 

Field and treadmill running tests are commonly performed for submaximal and maximal testing. Running 

protocols have been designed to be carried out outdoors and under laboratory conditions, generally 

involving the use of a track and a motorized treadmill, respectively. The results of these evaluations are 

used for diagnostic testing, to adjust exercise prescriptions, and to monitor training adaptations (American 

College of Sports Medicine, 2014; Gibson et al., 2019).  

Treadmill running is frequently assumed to replicate overground running (Miller et al., 2019). This 

running condition facilitates the accurate adjustment of the kinematic parameters and offers a suitable 

environment for workload monitoring. Motorized treadmills have been extensively used for the clinic, 

training, athletic performance testing, and research purposes; a variety of outcome measures has been 

studied: physiological measures (heart rate, oxygen uptake, and blood lactate concentration), perceptual 

measures (rating of perceived exertion and preferred running speed), and performance measures (time trial, 

maximal sprint speed, maximal aerobic speed) (Miller et al., 2019).  

Heart rate is a conventional indicator of physical workload, and has been used in sports medicine and 

related fields as a key physiological measure to estimate exercise intensity (American College of Sports 

Medicine, 2014; Kenney et al., 2019). Heart rate probably represents the most popular method to prescribe 

aerobic exercise intensity (Reuter & Dawes, 2016). The measurement of the cardiac response by heart rate 

monitors is typically used to quantify the extent of physical workload in training and testing procedures, 

given its non-invasive nature and easy implementation. The examination of the heart rate behavior across 

different levels of graded exercise allows for a more accurate selection of workload intensities according 

to specific aims. Furthermore, mathematical equations have been generated to calculate the target heart rate 

as a function of the desired percentage of exercise intensity, and physical activity intensity levels have also 

been defined based on the heart rate reserve and the maximal heart rate (American College of Sports 

Medicine, 2014; Kenney et al., 2019). 
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Diverse studies have reported results of the comparison between the HR responses attained during 

running overground and on level-grade treadmill (Brookes et al., 1971; Ceci & Hassmén, 1991; Chu et al., 

2010; Di Michele et al., 2009; Jones & Doust, 1996; Köklü et al., 2020; Kunduracioglu et al., 2007; Maksud 

et al., 1971; McMurray et al., 1988; Miller et al., 2019; White et al., 1998; Yngve et al., 2003). Athletes 

and non-athletes have been evaluated, and constant and progressive incremental protocols have been 

proposed. Statistical methods ranging from the simple paired t-test to multi-way analyses of variance 

accounting for repeated measures have been applied (Montgomery, 2013; SAS Institute Inc., 1999; Van 

Belle et al., 2004). Unfortunately, non-unanimous conclusions have emerged. 

A crucial issue in research studies aiming to contrast the exercise intensity between overground running 

and treadmill running is to avoid or minimize the risks of intensity bias, environmental bias, and statistical 

bias. This is, to ensure that the physical workload is effectively matched between conditions, that the indoor 

and outdoor meteorological parameters are reasonably similar, and that data are analyzed by a proper 

statistical model (Miller et al., 2019). Moreover, a major statistical aspect in study designs that involve 

repeated measures over time, i.e., longitudinal data analysis, is the modelization of the covariance structure 

of the data as a function of the process that generates them. Suitable research designs and appropriate 

statistical techniques are then required. The intention of this investigation was to compare the exercise 

intensity as measured by HR throughout the same progressive incremental running protocol between tests 

carried out on track and level-grade motorized treadmills in well-trained athletes. 

 

II. METHODS 

A. Participants 

The HR responses of twelve healthy, highly trained, and experienced male endurance athletes were 

analyzed. The participants voluntarily agreed to take part in the study, and consent was obtained from them 

after a detailed explanation of the purposes and procedures. The research was carried out on the basis of 

the ethical principles of the Declaration of Helsinki of the World Medical Association (World Medical 

Association, 2013). The age and basic anthropometric characteristics of the subjects, as well as indirect 

estimations of maximal oxygen uptake (eV̇O2max) obtained from the Cooper test (Cooper, 1968; Saghiv & 

Sagiv, 2020) are summarized in Table I. 

 
TABLE I: MORPHO-FUNCTIONAL CHARACTERISTICS OF THE PARTICIPANTS 

 mean ± SD 

Age (years) 24.3±2.7 

Weight (kg) 69.3±4.6 

Height (m) 1.75±0.06 

Body mass index (kg·m−2) 22.7±1.2 

eV̇O2max (ml·kg−1·min−1) 65.4±2.8 

SD: standard deviation. eV̇O2max: estimated 

maximal oxygen uptake. 

B. Study Design 

A cross-over longitudinal design was implemented to study the exercise intensity as measured by HR in 

a progressive incremental running protocol performed in two test conditions: on a 400 m running track, and 

on a level-grade motorized treadmill. The running protocol had initial and final speeds of 11 km·h−1 and 

18 km·h−1, and increments of 0.5 km·h−1 every 200 m (15 speed stages), covering a distance of 3 kilometers 

in 12 minutes and 42 seconds. The range of speeds was determined with the purpose of encompassing a 

reasonably wide extent of typical training and testing intensities for competitive athletes. Short-wave 

telemetry devices were used to assess HR (Polar Accurex NV; Polar Electro Oy, Kempele, Finland). 

Operational reasons did not allow for randomizing the temporal order of the tests in track and treadmill. 

The subjects suspended high-intensity activities during the testing period. Prior to both evaluations, the 

participants completed a specific warm-up routine.  

C. Track Test 

The track tests were performed on an outdoor 400 m running track. With the aim of controlling the 

running speed, checkpoints were located every one hundred meters along the track, where test assistants 

with a running pace chart and a digital chronometer were positioned. Two extra test assistants were 

positioned in two of these checkpoints (separated by two hundred meters from each other) to collect the 

HR data, which were orally informed by the runners. The subjects were evaluated in pairs (two hundred 

meters apart from each other), and the twelve tests were completed in one 2-hour morning session. An 

identical habituation trial was performed seven days before, with the purpose of familiarizing the 

participants with the task; they were further instructed to adjust softly the running speed when required, 

avoiding abrupt accelerations and decelerations. Stable meteorological conditions were observed during the 
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testing session, with sunny weather and nearly no wind (daily average values: temperature = 20.4 °C, 

relative humidity = 58%, atmospheric pressure = 1015.8 hPa, and wind speed = 13.3 km·h−1).  

D. Treadmill Test 

The treadmill tests were carried out under laboratory conditions, with negligible variations in the room 

temperature (around 21 °C). The running protocol was performed using a level-grade motorized treadmill 

(Technogym Run Race HC 1200; Technogym SpA, Gambettola, Italy). In order to manage the increments 

in the treadmill belt speed, collect the HR data, and supervise the testing protocol, a total of four qualified 

personnel took part in the evaluation process. The twelve tests were completed six days after the track tests, 

in two successive 2-hour morning sessions. 

E. Statistical Analysis 

Data of age, basic anthropometric characteristics, and eV̇O2max of the participants were summarized as 

mean ± standard deviation (SD). A line chart was produced to illustrate the HR behavior along the running 

tests on the track and treadmill. The HR data were analyzed by means of a linear mixed-effects model, with 

Test (track and treadmill) and Speed stage (1st to 15th) and their interaction as fixed factors, and the Subject 

as a random factor. A suitable correlation structure was specified for the observations of the same subject 

within the same test. In order to take into account, the unevenly spaced time points of data collection, an 

exponential spatial correlation structure was used (Pinheiro & Bates, 2000; Verbeke & Molenberghs, 2009). 

The variance components were estimated with the restricted maximum likelihood method (REML). The 

log-likelihood ratio statistic was also calculated to assess the goodness of fit. Statistical significance was 

set at the 0.05 probability level. The R software environment version 4.0.4 was employed for the analyses 

(R Core Team, 2021). 

 

III. RESULTS 

The HR difference between track and treadmill running was not statistically significant (F = 0.06, p = 

0.81). The mean HR response (± standard error) averaged over the fifteen speed stages was 165.2±2.4 

beats·min−1 on track, and 165.5±2.4 beats·min−1 on the treadmill. Moreover, the interaction effect between 

the factors Test and Speed stage was also not statistically significant (F = 1.32, p = 0.19). It was observed 

that the mean differences between track and treadmill across the fifteen speed stages were, in absolute 

values, less than 2 beats·min−1 (from −1.8 to 1.6 beats·min−1). The mean HR responses with their 

corresponding 95% confidence intervals (95% CI) in all the speed stages for the track and treadmill are 

reported in Table II. The average HR behavior throughout the running protocol in both test conditions is 

depicted in Fig. 1.  

 
TABLE II: MEAN HEART RATE (95% CI) IN TRACK AND TREADMILL IN THE FIFTEEN SPEED STAGES 

Speed Track Treadmill 

11.0 136.6 (131.5 to 141.7) 138.0 (132.9 to 143.1) 

11.5 145.1 (140.0 to 150.2) 144.9 (139.8 to 150.0) 

12.0  147.7 (142.6 to 152.7) 147.8 (142.7 to 152.8) 

12.5  153.3 (148.3 to 158.4) 152.1 (147.0 to 157.2) 

13.0  156.6 (151.5 to 161.7) 158.3 (153.2 to 163.3) 

13.5  161.1 (156.0 to 166.2) 161.7 (156.6 to 166.7) 

14.0  163.1 (158.0 to 168.2) 164.4 (159.3 to 169.5) 

14.5  167.3 (162.2 to 172.3) 167.7 (162.6 to 172.7) 

15.0  171.0 (165.9 to 176.1) 172.1 (167.0 to 177.2) 

15.5  172.8 (167.8 to 177.9) 172.3 (167.3 to 177.4) 

16.0  174.3 (169.2 to 179.3) 176.1 (171.0 to 181.2) 

16.5 177.5 (172.4 to 182.6) 178.8 (173.7 to 183.8) 

17.0 180.6 (175.5 to 185.7) 179.9 (174.8 to 185.0) 

17.5  184.3 (179.3 to 189.4) 183.0 (177.9 to 188.1) 

18.0  186.7 (181.6 to 191.7) 185.1 (180.0 to 190.2) 

Heart rate values expressed in beats·min–¹. Speed expressed in km·h−1. 

 

The exponential spatial correlation structure used to model the covariation between the observations of 

the same subject within the same test provided a significantly better fit than the independent structure (log-

likelihood ratio statistic = 216.06, p < 0.0001). The variance estimate of the random effect (Subject) was 

also of statistical significance (59.99, p = 0.01).  
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Fig. 1. Heart rate behavior in track and treadmill across the running speeds. 

 

IV. DISCUSSION 

Many maximal and submaximal running-based protocols of exercise testing have been designed to be 

carried out in the field and on the treadmill under laboratory conditions. The exercise intensity is often 

supposed to be equivalent in both situations, and HR is a conventional and extensively used measure to 

asses it (American College of Sports Medicine, 2014; Gibson et al., 2019; Kenney et al., 2019; Miller et 

al., 2019). 

Different authors have analyzed comparatively the HR responses obtained when running overground and 

on a level-grade treadmill. Some of them proposed constant speed protocols, and others implemented 

variable speed protocols. On one hand, some studies found no significant differences. And on the other 

hand, other works reported significant differences; however, the direction of these differences was not the 

same in all cases. 

Initially, Brookes et al. (1971) contrasted the HR values gathered from three male runners who run 

overground (road) and on a level-grade motorized treadmill at four speeds (9.6, 12.9, 16.1, and 19.3 

km·h−1), which resulted in non-statistically significant differences. Also, Maksud et al. (1971) analyzed the 

HR changes that fifteen male college students showed when running on a 140-yard banked indoor track 

and on a level-grade motorized treadmill at three speeds (11.3, 16.1 and 19.3 km·h−1). Sample differences 

of no statistical significance were found between the two experimental conditions. Afterward, McMurray 

et al. (1988) and White et al. (1998) compared the HR responses of trained runners (8 males, and 12 males 

and 6 females, respectively) during overground (track) and level-grade motorized treadmill running using 

constant workload protocols (16.1 km at 70% V̇O2max, and 60 min at 75% V̇O2max, respectively). The first 

of these works found no significant results, and significantly lower HR changes were registered in the 

overground running in the second work (p < 0.05). As well, Yngve et al. (2003) (n = 28; 14 males and 14 

females) and Chu et al. (2010) (n = 26; all males) assessed the HR responses of young adults by means of 

constant speed protocols, which consisted of 5 min run and 20 min run, respectively, in both cases at 

individually selected speeds. Yngve et al. (2003) did not find statistically significant differences between 

overground (indoor track) and level-grade motorized treadmill. On the contrary, Chu et al. (2010) detected 

significantly higher HR values (p < 0.05) in overground running (outdoor track). 

Alternatively, Ceci and Hassmén (1991) measured the physiological strain produced during running on 

a flat motorized treadmill and an outdoor 500 m track in eleven physically active men aged between 33 and 

65 years; two tests sessions were performed separated by a mean time of 27 days. The two running 

conditions were compared at three subjective intensity levels based on the Rating of perceived exertion 

(Borg, 1962; Borg, 1970; Robertson & Noble, 1997). Among other findings, they reported higher HR values 

for track in both test sessions at the three levels of exercise (p < 0.001). On the other hand, in an attempt to 

establish the treadmill gradient that better reflects the energy cost of outdoor running, Jones and Doust 

(1996) found no significant differences when comparing the HR measurements collected in motorized 

treadmill tests at 0% (flat) and 1% grades with the ones obtained in a level road test. A series of six running 

speeds were considered, and the subjects under study were nine trained male runners (24.9±5.2 years); the 

range of speeds was from 2.92 to 5.00 m·s−1 (10.5 to 18.0 km·h−1), which was almost identical to the one 

proposed in the present study. As well, using a similar incremental running protocol, Kunduracioglu et al. 
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(2007) examined the HR responses that twenty-two young male football players (17.9±0.8 years) showed 

on an artificial turf 120 m hexagonal track and a zero-grade motorized treadmill. The players revealed 

significantly higher HR values in track (p < 0.001) at speeds equal to or greater than 12 km·h−1. In addition, 

no statistically significant results were found when assessing the HR differences between track and 

treadmill at a fixed blood lactate concentration of 4 mmol·L−1. Conversely, Di Michele et al. (2009) found 

significantly lower HR values (p < 0.05) in a multistage running test performed on a 250 m oval circuit that 

was traced upon a synthetic turf pitch, in comparison to the same test carried out on a motorized treadmill 

at level grade and under laboratory conditions, evaluated at three lactate thresholds (2, 3 and 4 mmol·L−1). 

As well, the HR values in these two running conditions showed no significant differences when compared 

with the ones obtained by an identical test carried out on a 250 m oval circuit traced upon natural grass. 

Significant differences were also detected at the speed stages (8, 10, 12, and 14 km·h−1), but only between 

the synthetic turf and natural grass conditions (p < 0.05). The subjects examined were eighteen young male 

football players (17.4±0.8 years). And more latterly, Köklü et al. (2020) also analyzed the HR responses of 

male football players (n = 19; 17.6±1.1 years) by means of a two-part incremental running test, with speeds 

of 8, 10, 12, and 14 km·h−1 in the first part, and from 15 km·h−1 and with increments of 1 km·h−1 until 

volitional exhaustion in the second part. Three experimental conditions were compared: motorized 

treadmill running under laboratory conditions, field running with 180-degree change of direction every 100 

meters, and field running on a circular 100 m track. The field tests were performed on an artificial grass 

pitch. Significantly higher HR values were observed in the field tests only at the 12 km·h−1 stage (p < 0.05). 

With a different approach, a systematic review published by Miller et al. (2019) compilated thirty-four 

cross-over studies carried out on adults where physiological, perceptual, and performance data collected 

during overground and treadmill running were compared. As part of the same work, they as well presented 

the results of a meta-analysis based on those studies. Pooled results indicated that during submaximal 

running there was a reduction, though not statistically significant, of the heart rate response on level-grade 

motorized treadmill compared to overground (3 beats·min−1, p = 0.546). Pooled results also showed that 

near-maximal treadmill running (≥ 80% V̇O2max) at 0% grade reduced significantly the heart rate response 

with respect to overground running (3 beats·min−1, p = 0.011). And at maximal intensity, the difference 

between the two running conditions was even lower and of no statistical significance (1 beat·min−1, p = 

0.518). 

On the other hand, potential non-equivalences in energy cost between treadmill and overground 

locomotion may likely have a noteworthy effect on the cardiac response. The comparison between these 

two running conditions has also been approached in the literature from a mechanical point of view. To this 

respect, Van Ingen Schenau (1980) reviewed many research papers about differences in kinematics or in 

energy consumption. Using theoretical energy calculations, he showed that, as long as the treadmill supplies 

a stable speed, there are no such mechanical differences. And more recently, Van Hooren et al. (2020) 

carried out a systematic review and meta-analysis based on thirty-three cross-over studies, concluding that 

“Spatiotemporal, kinematic, kinetic, muscle activity, and muscle-tendon outcome measures are largely 

comparable between motorized treadmill and overground running.” (p. 786). 

The standardized environment of the laboratory treadmill tests, which are not altered by meteorological 

or terrain conditions, makes them ideal for the assessment of variables related to exercise intensity. 

However, despite some confounding factors that may affect the outcomes, such as the ambient temperature 

or the wind speed, field tests are also employed; a standardized environment is frequently tacitly assumed. 

In addition, specific kinematic and dynamic aspects of field and treadmill running that might have influence 

are also often discarded. In the present study, there was not found a statistically significant difference 

between the mean HR responses obtained using the same running protocol in an outdoor 400 m track and 

in a level-grade motorized treadmill. Such difference (averaged over the fifteen speed stages) was less than 

0.3 beats·min−1 (p = 0.81). Furthermore, the level of exercise intensity seemed not to affect the magnitude 

of this difference, which throughout all the speed stages showed a fluctuation of less than 2 beats·min−1. 

Said in more formal terms, the interaction effect between the Test and Speed stage was of no statistical 

significance (p = 0.19). It is worthwhile to mention that the absence of statistically significant HR 

differences between the overground and level-grade treadmill conditions was the result most frequently 

found in the reviewed literature. Special care was taken to minimize different forms of possible bias in the 

study design. The environmental bias was limited by the fact that the indoor and outdoor meteorological 

parameters were reasonably comparable in the track and treadmill tests. The intensity bias was 

straightforwardly restricted; the running speed stages and the distance covered were matched by means of 

using identical protocols in both test conditions. And in order to avoid statistical bias as far as possible, a 

suitable statistical model was adjusted, using modern techniques to accurately portray the data-generating 

process. 

The type of design implemented in this research enabled us to assess comparatively the heart rate 

responses observed during running on a track and level-grade treadmill for more than twelve minutes and 

throughout fifteen increasing levels of exercise intensity. As well, estimates of physical workload by using 
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heart rate are provided as a function of running speed, which becomes valuable information and offer key 

guidance for athletes, trainers, and health and sports professionals in general involved in aspects related to 

cardiorespiratory endurance. On the other hand, the longitudinal nature of the data entailed a scenario of 

correlation between the subsequent observations of the same subject over time, which is also referred to as 

intra-individual correlation (Liu, 2015). The statistical model applied captured this correlation structure, as 

well as control for the covariation between measures of the same subject in the two test conditions (Pinheiro 

& Bates, 2000). Ignoring these covariations represents a violation of the assumption of independence 

between observations, and may lead to spurious inference results (Weber & Skillings, 2000). Nevertheless, 

a longitudinal data structure with shorter time or space intervals between measurements may possibly 

provide more accurate and trustworthy results. It is also worth mentioning that although the subjects under 

study were highly trained and experienced runners, the strategy used in the track test to adjust the 

established running speeds is a limitation of this research. Technological devices such as the GPS (Global 

Positioning System), an audio signal player, or a system of flashing lights may be more accurate options. 

However, a larger number of checkpoints could also be an overcoming alternative. Furthermore, in order 

to avoid possible sequential effects in the track and treadmill tests as far as possible, a randomized testing 

order is also recommended. Therefore, future research would be advisable to provide further scientific 

evidence. 

 

V. CONCLUSION 

Exercise intensity as measured by heart rate showed comparable mean responses in track and level-grade 

treadmill running across a wide range of speeds in well-trained athletes. A non-significant interaction effect 

between the factors Test and Speed stage was observed; the contrast between running on track and treadmill 

did not appear to depend on the level of physical workload, at least in the range of speeds studied. 

Nonetheless, more frequent heart rate monitoring during the tests may yield more robust conclusions. 
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