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Are impact accelerations during treadmill running representative of those 
produced overground? 
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A B S T R A C T   

Background: Although many runners train overground, measuring impact accelerations on a treadmill may be 
advantageous for researchers and clinicians. Previous investigations of peak and rate of acceleration (peakaccel, 
rateaccel) during treadmill running compared to overground running have not examined both the relative con
sistency and absolute agreement of these measures, or the effect of treadmill stiffness. 
Research question: (1) Are peakaccel and rateaccel produced during running on a stiff and less stiff treadmill 
‘representative’ of those produced during overground running? (2) Are peakaccel and rateaccel measured on 
treadmills of different stiffness ‘representative’ of each other? 
Methods: Eighteen participants ran at a self-selected pace on three surfaces: Treadmill 1 (reduced stiffness), 
Treadmill 2 (increased stiffness) and overground on asphalt, whilst peakaccel and rateaccel were recorded at the 
shank and lower back. Relative consistency (ICC (3,1)), absolute agreement (Bland-Altman analysis) and sys
tematic differences (ANOVA/Friedman’s Tests) were assessed. 
Results: ICCs revealed moderate to excellent relative consistency in peakaccel and rateaccel between surfaces, with 
higher consistency for measures at the lower back. Absolute agreement was low, with the Bland Altman limits of 
agreement exceeding the clinical acceptable range for all comparisons. For systematic differences in means, 
peakaccel and rateaccel at the shank were significantly higher overground than on either treadmill; with no dif
ference evident at the lower back. No differences were found for surface with respect to shank or lower back 
peakaccel and rateaccel between treadmills. 
Significance: Moderate to excellent relative consistency of peakaccel and rateaccel between the surfaces suggests 
that using different surfaces in research involving rank ordering of participants by acceleration magnitude may 
be acceptable (e.g. prospective studies examining if impact accelerations are related to injury). However, low 
absolute agreement indicates that data collected on treadmills of different stiffness and overground should not be 
used interchangeably (e.g. running-retraining studies).   

1. Introduction 

With over 85% of runners predominantly training overground [1] it 
can be argued that the majority of running related injuries (RRIs) are 
associated specifically with overground running. However, 
laboratory-based treadmill testing of RRI risk factors remains common 
[2,3], most likely because it facilitates biomechanical analysis (i.e. 
concurrent loading, kinematics), enables easier provision of 

feedback/biofeedback [4] and allows for control of environmental 
conditions and running speed. It is unclear however, if treadmill-based 
assessment of loading is representative of loading during overground 
running. 

Assessing loading during running is common both for research [5–7] 
and clinical [8] purposes, with a high proportion of runners using 
technology to inform their training [9]. Whilst measurement of ground 
reactions forces (GRFs) via a force-plate is most common, the use of 
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accelerometer-based assessment [5,8,10,11] is growing because they are 
cheaper, they allow data collection in multiple environments and are an 
appropriate proxy measure of loading [12]. Additionally, force-plates 
measure loading on the body’s centre-of-mass; it does not actually 
represent the loading on any one body segment. In contrast, acceler
ometers measure loading on individual segments [5,6], which is 
important as injuries are site-specific. Increased peakaccel may be related 
to increased risk of RRIs, as found for tibial stress fractures [5,13]. 
Furthermore, since reducing loading during running-retraining can be 
effective in injury prevention [4], accelerometers provide a new avenue 
for running-retraining during both overground and treadmill running, 
because they are easily integrated into phone applications for real-time 
biofeedback. Assessing rate of acceleration (rateaccel) is also useful 
because rate of loading is highly related to tissue damage in 
animal-based studies [14] and more closely related to stress fracture 
injury [15] than peak loading. Therefore, in light of the potential role of 
impact accelerations (peakaccel and rateaccel) in RRI research and clinical 
practice, it is important to determine if segmental accelerations 
collected on a treadmill are representative of those collected during 
overground running, and vice-versa. 

In addressing this study’s aims, in line with recommendations by 
Atkinson and Neville [16], we propose examining three levels of ‘rep
resentation’ and relating each interpretation to specific research and 
clinical implications. Firstly, an examination of mean systematic dif
ferences across surfaces will allow comparison to previous research. 
Only six studies have directly compared impact accelerations across 
treadmill and overground surfaces, primarily examining shank peakaccel 
[17–22]. Five of the six previous studies exclusively employed this 
analysis approach, yielding mixed findings of both non-significant [17, 
19,20,22] and significant differences [18]. One additional study exam
ined both mean systematic differences and relative consistency, finding 
significant differences to exist between surfaces [21]. Where 
non-significant findings are evident, some studies implicitly or explicitly 
state that the surfaces are therefore comparable. However, mean dif
ferences should not be employed alone as an assessment of reliability, as 
it neither takes into account nor provides an indication of the magnitude 
of random variation [16]. To address this, the intraclass correlation 
(ICC) is useful as a measure of relative consistency [23]. The ICC mea
sures the consistency of the rank order of runners across surfaces; for 
example, in the context of RRIs, the greater the ICC, the greater the 
likelihood that an association with accelerations measured on one sur
face will be evident on the other surface. Importantly, no study to date 
has examined absolute reliability or agreement between surfaces [23], 
which can be assessed using a Bland-Altman analysis. A high level of 
agreement between surfaces indicates that measures collected on one 
surface are sufficiently similar to those collected on the other surface 
and the results can be used interchangeably [24]. This information may 
be particularly useful for clinicians when setting targets for running 
retraining, e.g. a clinician may measure the impact acceleration of a 
patient in a clinical environment (on a treadmill) and recommend a 
reduction of impact acceleration. Greater insight regarding the absolute 
reliability may indicate whether this value should be derived from the 
surface on which the patient trains (typically overground [1]) or 
whether a treadmill will provide an appropriate value. 

Furthermore, three additional aspects require further investigation 
to gain a more complete understanding regarding impact accelerations. 
Firstly, despite the lower back and pelvis being common sites for RRIs 
[25] and a number of studies subsequently assessing lower back impact 
accelerations between injured and uninjured runners [6,26,27], only 
one study [22] has compared impact accelerations at the lower back 
across surfaces. Given that impact accelerations are not uniform 
throughout the body [27] examination of the relative and absolute 
reliability of impact accelerations at the lower back, as well as any 
systematic differences between surfaces, warrants further investigation. 
Secondly, only one study has examined rateaccel [18]. Finally, just two 
studies [17,28] have examined if segmental accelerations are similar 

when measured on different treadmill models, despite treadmills 
potentially having different stiffness characteristics. Therefore, it is 
unclear as to whether impact acceleration values can be interchanged 
between different treadmill models, for example in the case of 
running-retraining. 

Using the above three levels of analysis, this study aims to investigate 
whether peakaccek and rateaccel (at the shank and lower back) produced 
during running on treadmills of differing stiffness are ‘representative’ of 
those produced during overground running. A secondary aim is to 
investigate if the impact accelerations measured on treadmills of 
different stiffness are ‘representative’ of each other. 

It was hypothesised that peakaccel and rateaccel would be significantly 
larger for overground than treadmill running, but that acceptable levels 
of relative consistency and absolute agreement would be evident. The 
secondary hypothesis was that no significant difference in peakaccel and 
rateaccel would be evident between treadmills, with acceptable levels of 
relative consistency and absolute agreement. 

2. Methods 

2.1. Participants 

Uninjured participants, running a minimum of 10 km per week for 
the previous six months, were recruited via email. An a priori calculation 
of sample size was conducted based on the ICC analysis via G*Power 
software (G*Power V3.1, Heinrich-Heine-Universität, Dusseldorf, Ger
many) [29]. For comparisons across three surfaces a minimum sample 
size of 16 participants was required to achieve a minimum correlation of 
0.4, with an alpha-value of 0.05 and minimum power of 80%. Eighteen 
participants were recruited in case of data loss or drop out. Therefore, 
ten males and eight females (age: 24.6 ± 4.4 years, body mass: 68.7 ±
10.1 kg, body height 1.71 ± 0.09 m, weekly running distance: 30.3 ±
12.7 km, years of running experience: 4.8 ± 2.3 years) participated in 
this study. Ethical Approval was granted from the Dublin City University 
Ethics Research Committee (DCUREC/2019/127). 

2.2. Procedures 

Participants attended the laboratory on one occasion. Following 
informed consent, mean body height (m) and body mass (kg) were 
recorded. Two inertial measurement units (IMUs) (Shimmer3 IMU. 

Shimmer, Dublin, Ireland) (dimensions: 65 mm x 32 mm x 12 mm, 
mass: 31 gm, containing an accelerometer with a range: ± 200 g) were 
attached tightly bilaterally 5 cm proximal to the medial malleolus using 
double-sided sticky tape, overlayed with tightly applied Hypafix tape, 
aligned superiorly along the shank’s long-axis. A single IMU (Shimmer3 
IMU, Shimmer, Dublin Ireland) (dimensions: 51 mm x 34 mm x 14 mm, 
mass: 23.6 gm, acceleration range: ± 16 g) was similarly secured, 
aligned superiorly along the vertical midline of the S2 spinous process. 
This was secured further by tape and an elastic waistband on top [30]. 
Triaxial accelerometer data were captured at 512 Hz [31] and calibrated 
using the Shimmer 9DOF Calibration Application (Shimmer, Dublin, 
Ireland). 

Participants ran on three different surfaces wearing their own 
training shoes: Treadmill 1 (Runner-DTM2500, Flow Fitness, Amster
dam, Netherlands), Treadmill 2 (Model J9F, Tunturi, Almere, 
Netherlands) and overground on a level and straight asphalt path. To 
calculate treadmill stiffness, a thin flat board (25 cm × 40 cm) with a 2 
kg weight was placed on the treadmill belt to flatten the belt against the 
running platform with two retroreflective markers attached on opposite 
sides of the board [32]. Gym plates of predetermined mass were then 
stacked on the board starting at 60 kg and increasing by 20 kg until 
reaching a cumulative mass of 200 kg. At each increment, the vertical 
displacement of the retroreflective markers was measured using the 
Vicon motion capture system (Vicon Motion Systems Ltd, Oxford, UK). 
This was completed three times to generate average displacement values 
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for each change in mass. Treadmill stiffness was then calculated as the 
slope of the force-displacement curve. Mean and maximum vertical 
stiffness were calculated (Treadmill 1: 165.87 kNm-1 and 178.26 kNm-1, 
respectively; Treadmill 2: 187.51 kNm-1 and 217.26 kNm-1, respec
tively). Stiffness was calculated as the applied weight (Newtons) divided 
by the associated displacement (metres). Mean and maximum vertical 
stiffness were calculated (Treadmill 1: 165.87 kNm-1 and 178.26 kNm-1, 
respectively; Treadmill 2: 187.51 kNm-1 and 217.26 kNm-1, 
respectively). 

Participants performed a dynamic warm-up [33]. The surface order 
was randomised using predetermined block-randomisation. For the 
treadmill trials, participants ran on each treadmill for six minutes for 
familiarisation [34], followed by two minutes at a constant self-selected 
pace that represented their typical running speed, which was read from 
the treadmill display. A self-selected pace was chosen to ensure that 
findings were representative of typical impact accelerations experienced 
by participants. While matching speeds across conditions (treadmill, 
overground) would have removed any effect of speed on the magnitude 
of the impact accelerations, it would not reflect the clinical conditions 
under which runners are typically assessed. Therefore, participants were 
free to self-select different speeds on the treadmill versus overground 
surface, although they used the same speed on the two treadmills. For 
the overground condition, participants ran outside on a straight 800 m 
flat asphalt path at a self-selected speed that represented their typical 
running pace, determined using timing gates (Optical Timing Gates, 
MuscleLab, Stathelle, Norway) 60 m apart, located 600 and 660 m along 
the path. Participants were asked after each surface trial run whether the 
running speed was reflective of their typical training pace, if not, the run 
was repeated. No subject needed to repeat any aspect of the protocol. To 
minimise the effects of exertion, participants were given five minutes 
rest between each testing condition; if their Borg Rate of Perceived 
Exertion (RPE) [35] had not returned to baseline, additional time was 
provided. 

2.3. Data analysis 

Both sides of participants were assessed, providing 36 sets of data for 
both the shank and the lower back for each of the running surface 
conditions. Data from the vertical y-axis were processed using custom- 
written software for 10 foot strikes for each subject for each surface 
condition (MATLAB R2018a, Mathworks, Natick, MA, USA). Following 
a residual analysis [36] the data were filtered using a 4th-order zero-lag 
Butterworth filter (60 Hz) [37]. Dropped packets were filled using a 
cubic spline, and the time series data were time-aligned via the Shimmer 
software (Shimmer Consensys Basic Version 1.6.0, Shimmer, Dublin, 
Ireland). For treadmill running, data were collected for the whole run 
but only the second minute of the two-minute treadmill trial was 
considered for analysis. For the 800 m overground run, data were 

collected for the whole run but only data between the 600–620 m points 
were considered for analysis. Foot strike was identified using the shank 
mounted accelerometer, as the local maxima preceding the peak nega
tive acceleration. To verify this, pilot trials were conducted using IMUs 
connected to pressure sensitive switches and robust patterns were 
identified within the data. The peak accelerations associated with 
impact are represented as negative values. Rateaccel was calculated as the 
slope of the peakaccel (Fig. 1). 

2.4. Statistical analysis 

Means and standard deviations were calculated, and differences in 
treadmill and overground self-selected speeds were assessed using 
paired t-tests. Additionally, a linear regression analysis was performed 
in order to examine the association between the differences in speed and 
differences in impact accelerations across the surfaces. Relative consis
tency was assessed using a two-way mixed-effects, consistency, single- 
measure, intraclass correlation coefficient model [ICC (3,1)]. ICC was 
interpreted with < 0.5, 0.5–0.75, 0.75–0.9 and > 0.9 indicative of poor, 
moderate, good and excellent relative consistency, respectively [38]. 

Bland-Altman plots examined the absolute agreement of impact ac
celerations between running surfaces. The 95% limits of agreement 
(LOA) between surfaces (mean difference ± 1.96 SD) were calculated 
for fixed bias (systematic difference between surfaces) and, where a 
significant correlation was found between the difference in surface 
comparisons and their average, proportional bias was calculated (the 
relationship of the differences between surfaces and their average) [24]. 
The a priori clinically acceptable range (CAR) was set at 15%, based on 
previous findings by Milner et al. [13]. Agreement between surfaces was 
considered acceptable when the difference in the Outer Limits of 
Agreement (OLOA) [upper CI95% for the upper limit of agreement – 
lower CI95% for the lower limit of agreement] did not exceed the CAR 
[24,39]. 

Repeated measures ANOVAs were used to evaluate mean systematic 
differences at each segment for the three running surfaces. Data were 
tested for normality using Shapiro-Wilk Test. Post-hoc evaluation used 
pairwise comparisons. Non-parametric data were assessed using the 
Friedman’s Test, with Wilcoxon signed-rank post-hoc testing. Bonferroni 
corrections were used for all post-hoc tests, resulting in a p < 0.017 
alpha level. Effect sizes were calculated using Cohen’s d, with 0.2, 0.5 
and 0.8 interpreted as small, medium and large, respectively [40]. The 
ICC and ANOVA/Friedman’s Tests were completed using IBM SPSS 
statistics (SPSS Statistics version 27, IBM Corporation, Armonk, New 
York, USA). The Bland-Altman analysis was completed using in-house 
developed templates with Microsoft Excel (Version 2205, Microsoft, 
Washington, USA). 

Fig. 1. Example acceleration traces for treadmill running for the (i) shank and (ii) lower back. Peakacc (B) and the lower point (A) used for determining the rateaccel 
are indicated. 
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3. Results 

Means and standard deviations of peakaccel and rateaccel across the 
three surfaces are presented in Table 1. The self-selected speed during 
treadmill (2.97 ± 0.33 m/s) and overground (3.50 ± 0.36 m/s) condi
tions were statistically different (p < 0.0011). However, differences in 
speed accounted for only 1–19% of the variation in impact accelerations 
(Shank: peakaccel, Treadmill 1 vs over ground- F(1,34) = 0.258, 
p = 0.615, r2 = 0.008, Treadmill 2 vs over ground- F(1,34) = 0.093, 
p = 0.762, r2 = 0.003; rateaccel, Treadmill 1 vs over ground- F(1,34) 
= 0.053, p = 0.819, r2 = 0.002, Treadmill 2 vs over ground- F(1,34) 
= 0.540, p = 0.468, r2 = 0.016, Lower back: peakaccel, Treadmill 1 vs 
overground- F(1,34) = 1.515, p = 0.227, r2 = 0.043, Treadmill 2 vs over 
ground- F(1,34) = 4.523, p = 0.041, r2 = 0.117, rateaccel: Treadmill 1 vs 
overground- F(1,34) = 7.390, p = 0.010, r2 = 0.179, Treadmill 2 vs over 
ground- F(1,34) = 7.706, p = 0.009, r2 = 0.185). 

ICC and Bland-Altman results are provided in Tables 2 and 3, as well 
as the post-hoc interactions, respectively. The ICCs indicate moderate to 
good consistency for the shank (Table 2) and moderate to excellent 
consistency for the lower back (Table 3) between all surfaces. The Bland- 
Altman analyses indicate that the outer limits of agreement were greater 
than the CAR for all comparisons across all surfaces, indicating a large 
and unacceptable level of absolute agreement (see Supplementary Ma
terial, Figs. 2 and 3). There was a statistically significant systematic 
mean difference in peakaccel (χ2(2) = 54.914, p < 0.001) at the shank 
across surfaces. Peakaccel at the shank was significantly greater on the 
overground surface compared to on both Treadmills 1 (Z = − 5.159, 
p < 0.001) and 2 (Z = − 5.159, p < 0.001), but no significant difference 
existed between Treadmills 1 and 2 (Z = − 2.129, p = 0.033). Similarly, 
there was a main simple effect for surface in relation to shank rateaccel 
(χ2(2) = 52.629, p < 0.001). Shank rateaccel was significantly greater on 
the overground surface compared to both Treadmill 1 (Z = 5.159, 
p < 0.001) and Treadmill 2 (Z = − 5.159, p < 0.001). There was no 
significant difference in shank rateaccel between Treadmills 1 and 2 
(Z = − 1.425, p = 0.152). There were no statistically significant mean 
systematic differences in peakaccel (F (2,70), p = 0.132) or rateaccel 
(χ2(2) = 1.167, p = 0.558) at the lower back between surfaces. 

4. Discussion 

The study’s primary aim was to investigate if peakaccel and rateaccel at 
the shank and lower back measured during treadmill running were 
representative of those produced during overground running. In terms of 
relative consistency, the ICCs suggest peakaccel and rateaccel were 
moderately consistent for the shank across all surfaces, but had greater 
consistency at the lower back, with ICCs classified as good or excellent 
(Tables 2 and 3). Since the ICC is a measure of relative consistency, the 
results indicate that individuals with high/low impact accelerations 
relative to the group during treadmill-based testing, will have high/low 
impact accelerations relative to the group when tested overground 
outdoors. That is, individuals will maintain a similar group rank 
ordering, irrespective of running surface. Therefore, any research or 
clinical applications that uses rank ordering of individuals for peakaccel 
and rateaccel can use either surface to achieve the same finding. For 

example, a prospective study using logistic regression to examine the 
relationship between peakaccel and subsequent injury occurrence, will 
arrive at similar finding irrespective of whether all participants are 
assessed on a treadmill or all participants are assessed overground 
running. This is, in part, because a logistic regression is ‘scale invariant’. 
However, the moderate relative consistency at the shank has wide 95% 
confidence intervals meaning that results must be interpreted with 
caution. 

In contrast, Bland-Altman plots demonstrated low levels of absolute 
agreement for impact acceleration values across the surfaces. It is not 
possible to compare our findings to previous research because no other 
studies have compared peakaccel or rateaccel across surfaces using a 
Bland-Altman analysis for absolute agreement. However, previous 
research [21] has found that only half of the variance in the magnitude 
of treadmill shank peakaccel can be predicted from overground acceler
ations. Our study suggests that peakaccel and rateaccel collected on 
overground and treadmill surfaces are not interchangeable. This finding 
has important implications where absolute measurements are relevant. 
For example, when employing running-retraining using bio-feedback 
[4], recommendations to maintain peakaccel or rateaccel below a certain 
threshold will only be relevant to the surface from which the original 
recommendations were determined. Similarly, if studies are aiming to 
determine the absolute peakaccel and/or rateaccel that causes an injury, 
the findings would be surface-specific. This is an important consider
ation for clinicians and researchers in that using different treadmill types 
or surfaces may influence values. 

Investigation of the mean systematic differences across overground 
and treadmill surfaces showed significantly greater peakaccel and rate
accel at the shank during overground running compared to both tread
mills. This agrees with some previous research which compared 
overground to treadmill running [18,21], although others report no 
significant differences [17,19,20]. The greater peakaccel and rateaccel 
may reflect differences in the mechanical properties between the asphalt 
and treadmill surfaces. Our treadmills had mean vertical displacements 
of 7.5 mm (Treadmill 1) and 6.4 mm (Treadmill 2), whereas displace
ment of asphalt approaches zero [41]. Furthermore, asphalt absorbs 
little shock at impact relative to a treadmill, in addition to having a 
much larger energy restitution capacity [41]. Therefore, the treadmills 
act to attenuate the peakaccel and rateaccel at initial impact. 

There were no significant differences in peakaccel or rateaccel at the 
lower back in overground compared to treadmill running; in agreement 
with previous literature [22], which has been sparse. This suggests that 
participants modulated the difference in shank accelerations across 
conditions to achieve similar lower back accelerations. Lowering supe
rior (proximal to the head) impact forces appears important in main
taining head stability during running [42], which may explain why 
differences are evident at the shank, but not the lower back. This pro
tection of superior structures has been previously documented in 
comparing different foot strike patterns [43] and levels of fatigue [18]. 
The attenuation of impact accelerations as they propagate through the 
body may be attributed to passive attenuation via soft tissues and bones 
[44] or active attenuation via the contraction of muscles [45] and 
changes in lower limb kinematics [46]. This has important implications 
for researchers and clinicians, given that injuries to the lower back are 
relatively common [25], as well as the lower back being a site of load 
measurement in RRI studies [6,26,27]. 

A secondary aim was to examine if peakaccel and rateaccel measured 
on one treadmill were representative of those measured on a second 
treadmill, when treadmills differed in stiffness. Good to excellent rela
tive consistency was found between Treadmills 1 and 2 for measures of 
both peakaccel and rateaccel. This indicates that the rank ordering of 
runners is consistent across treadmills. For example, if a study that using 
a stiff treadmill finds runners with low/high accelerations relative to the 
group have a greater incidence of injury, the same pattern in findings 
would likely be found if measured on a less stiff treadmill. Therefore, 
any research or clinical applications that uses rank ordering of 

Table 1 
Mean ± standard deviation peakacc and rateacc at the shank and lower back.  

Shank  OG T1 T2  

Peak Acceleration (g) -19.2 ± 4.4 -7.9 ± 2.6 -8.4 ± 2.8  
Rate of Acceleration 
(g/s) 

2433.9 
± 977.0 

694.4 
± 375.1 

782.5 
± 465.1 

Lower back  
Peak Acceleration (g) -4.0 ± 0.9 -4.1 ± 1.0 -4.1 ± 0.9  
Rate of Acceleration 
(g/s) 

194.3 ± 71.7 181.8 
± 63.2 

198.0 
± 63.9 

Abbreviations: OG- overground, T1- Treadmill 1, T2- Treadmill 2. 
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individuals for peakaccel or rateaccel can use either treadmill to achieve 
the same overall finding. 

In contrast, Bland-Altman plots revealed low absolute agreement 
between Treadmill 1 and 2 for both peakaccel and rateaccel at both the 
shank and lower back. This suggests that absolute values of impact ac
celeration collected on different treadmills cannot be used inter
changeably. This is important to note should clinicians prescribe a 
specific magnitude of impact for training. This finding also signals a 
need for researchers to report the stiffness characteristics of treadmills 
they use. 

Another potential explanation for the significantly greater peakaccel 
at the shank during overground compared to treadmill running was the 
greater running speed of participants during overground running 
(+0.47 m/s). However, although increased running speed can 
contribute to greater peakaccel [47], the magnitude of difference in shank 
peakaccel in the present study exceeds the amount that could be 
explained solely by differences in running speed. This is indicated in the 
regression analysis, which showed that differences in speed between 
surfaces explained just 1–19% of variation in impact accelerations. 
Mercer et al [48] found that for every 1 m/s increase in speed, shank 
peakaccel increases by approximately 42%. Therefore, our increased 
speed overground would likely only contribute to a maximum of a 20% 
increase in peakaccel. The higher percentage of variation in rate of impact 
accelerations explained by speed at the lower back than the shank may 
be due to change in speed (below 5.5 m/s) being produced more by 

changes in stride length than stride rates [49]. As such, the trajectory of 
the lower back changes with speed more than the trajectory of the 
shank. This is supported by the findings that an increase in running 
speed (3.33 m/s vs 2.77 m/s) resulted in greater changes in impact ac
celerations at the head than the shank, and greater increases in rates of 
acceleration than peak acceleration [28]. In addition, previous research 
has found that preferred running speed is slower on treadmills compared 
to overground surfaces [50], indicating that the present study’s findings 
are ecologically valid. This is very important as treadmill-based assess
ments in both clinical practice and research are generally based on 
self-selected running speeds directly determined on a treadmill [2,51], 
rather than based on measured overground running speeds. 

5. Limitations 

This study has four main limitations. Firstly, findings are only 
applicable to overground asphalt running and the specific treadmill 
models tested or treadmills of similar stiffness. The findings cannot be 
applied to previous studies that have used force-plate embedded 
treadmills because they tend to have high levels of stiffness. Secondly, 
the use of a self-selected speed may have affected the magnitude of 
impact accelerations (as discussed above). Whilst matching the speed 
across surfaces would have removed the effect of differing speeds, the 
results would not have been ecologically valid and may not have re
flected the typical running gait of participants. Thirdly, the mass of the 

Table 2 
Relative consistency, absolute agreement and systematic mean differences in peakacc and rateacc at the shank between surfaces.   

Peak Acceleration (g) Rate of Acceleration (g/s) 

Relative Consistency OG vs T1 OG vs T2 T1 vs T2 OG vs T1 OG vs T2 T1 vs T2 

ICC (3,1) (95%CI) 0.65 (0.31–0.82) 0.73 (0.46–0.86) 0.86 (0.72–0.93) 0.59 (0.19–0.80) 0.64 (0.29–0.82) 0.80 (0.60–0.90) 
ICC interpretation Moderate Moderate Good Moderate Moderate Good 
Absolute Agreement       
Bias Mean Difference (95% CI)ª y = 0.55x – 3.98 

R2 = 0.188 
y = 0.43x - 5.05 
R2 = 0.154 

0.5 (1.2, − 0.1) y = 1.05x + 104.7 
R2 = 0.672 

y = 0.86x + 271.6 
R2 = 0.510 

-88 (26, 202) 

ULOA (95% CI) y = 0.55x + 2.15 y = 0.43x + 0.64 4.4 (5.0, 3.7) y = 1.05x + 1011.8 y = 0.86x + 1369.0 588 (702, 473) 
LLOA (95% CI) y = 0.55x – 10.12 y = 0.43x - 10.74 -3.3 (− 2.6, − 4.0) y = 1.05x- 802.4 y = 0.86x – 825.8 -764 (− 650, − 878) 
ULOA (95% CI) - LLOA (95% CI) 14.6 13.5 9.0 2341 2716 1580 
Required CAR [%] -53 48 55 75 69 109 
LOA interpretation Unacceptable Unacceptable Unacceptable Unacceptable Unacceptable Unacceptable 
Systematic Mean Differences      
p value < 0.001 * < 0.001 * 0.033 < 0.001 * < 0.001 * 0.154 
Effect Size (Cohen’s d) -3.1 (Large) -2.9 (Large) 0.2 (Small) 2.4 (Large) 2.2 (Large) -0.2 (Small) 
Interpretation OG > T1 OG > T2 (T1, T2) OG > T1 OG > T2 (T1, T2) 

Abbreviations: OG: overground, T1: Treadmill 1, T2: Treadmill 2, ICC: intraclass coefficient, CI: confidence interval, ULOA- upper limit of agreement, LLOA- lower 
limit of agreement. CAR: clinically acceptable range. *Significant difference in means. ª A significant correlation was found between the difference in surface com
parisons and their average and a regression approach was implemented. 

Table 3 
Relative consistency, absolute agreement and systematic mean differences of peakaccel and rateaccel at the lower back between surfaces.   

Peak Acceleration (g) Rate of Acceleration (g/s) 

Relative Consistency OG vs T1 OG vs T2 T1 vs T2 OG vs T1 OG vs T2 T1 vs T2 

ICC (3,1) (95%CI) 0.92 (0.85-.96) 0.90 (0.81–0.95) 0.93 (0.86–0.96) 0.77 (0.55–0.88) 0.71 (0.43–0.85) 0.84 (0.68–0.92) 
ICC interpretation Excellent Good Excellent Good Moderate Good 
Absolute Agreement       
Bias Mean Difference (95% CI) 0.1 (− 0.3, 0.0) 0.2 (0.3, 0.0) 0.1 (0.2, − 0.1) -16.2 (− 0.6, − 31.8) 12.5 (31.6, − 6.5) -3.7 (− 17.4, − 24.7) 
ULOA (95% CI) 1.1 (1.2, 0.9) 1.4 (1.1, − 0.9) 0.9 (1.1, 0.8) 77.2 (92.7, 61.6) 127.0 (146.0, 107.9) 123 (144, 101) 
LLOA (95% CI) -0.8 (− 0.7, − 1.0) -0.9 (− 0.7, − 1.1) -0.8 (− 0.7, − 1.0) -109.6 (− 94.0, − 125.1) -101.9 (− 82.8, − 121.0) -130 (− 109, − 151) 
ULOA (95% CI) - LLOA (95% CI) 2.2 2.5 2.1 267.0 294.4 217.9 
Required CAR [%] 28 31 26 57 71 76 
LOA interpretation Unacceptable Unacceptable Unacceptable Unacceptable Unacceptable Unacceptable 
Systematic Mean Differences      
p value 0.18 0.08 0.18 0.226 0.814 0.038 
Effect Size (Cohen’s d) 0.1 (Small) 0.2 (Small) 0.1 (Small) 0.2 (Small) -0.1 (Small) -0.3 (Small) 
Interpretation (OG, T1) (OG, T2) (T1, T2) (OG, T1) (OG, T2) (T1, T2) 

Abbreviations: OG: overground, T1: Treadmill 1, T2: Treadmill 2, ICC: intraclass coefficient, CI: confidence interval, ULOA- upper limit of agreement, LLOA- lower 
limit of agreement. CAR: clinically acceptable range. 
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Fig. 2. Bland-Altman Plots demonstrating the absolute agreement between accelerations across surfaces at the shank. The red lines represent the upper and lower 
limits of the clinically acceptable range. The black lines represent the upper and lower limits of agreement. All dotted lines show the 95% confidence intervals. 

Fig. 3. Bland-Altman Plots demonstrating the absolute agreement between accelerations across surfaces at the lower back. The red lines represent the upper and 
lower limits of the clinically acceptable range. The black lines represent the upper and lower limits of agreement. All dotted lines show the 95% confidence intervals. 
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sensors could have affected the results via unwanted skin movement. 
However, their mass is much smaller than that of the surrounding 
muscle [52], which also causes skin movement. Importantly, they were 
attached tightly to the limb to minimise oscillation of the sensor. Future 
research should directly compare the reliability and accuracy of sensors 
of varying mass. Finally, the present study did not directly examine the 
effect of sex on impact accelerations between surfaces. This is because 
we could not use sex as a covariate as primilarily non-parametric ana
lyses were performed. Given the importance of statistical power, par
ticipants were grouped in one analysis, however, future research with a 
larger sample size should explore this potential effect further. 

6. Conclusion 

Peakaccel and rateaccel at the shank and lower back had moderate to 
excellent relative consistency across surfaces, with higher consistency at 
the lower back. This indicates that treadmills could be used to assess 
runners instead of assessing them whilst overground running, where 
only the relative or rank ordering of individuals for peakaccel and rateaccel 
is required. However, poor absolute agreement, indicates that accel
erometery data from treadmill and overground running cannot be 
interchanged when the absolute magnitude is important. This is key 
information for clinicians who use accelerometers to set targets for 
running-retraining or for researchers designing running-retraining 
studies. The current research recommends that assessment of runners 
within a clinical setting should ideally be conducted on the same surface 
each time and running retraining should be performed on the same 
surface and at the same subjective intensity of effort. 
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[28] A. Encarnación-Martínez, I. Catalá-Vilaplana, R. Berenguer-Vidal, R. Sanchis- 
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