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ABSTRACT  24	
Background: Impact loading in runners, assessed by the measurement of tibial acceleration, has 25	
attracted substantial research attention. Due to potential injury links, particularly tibial fatigue 26	
fractures, tibial acceleration is also used as a clinical monitoring metric. There are contributing 27	
factors and potential limitations that must be considered before widespread implementation.  28	
Aim: The objective of this review is to update current knowledge of the measurement of tibial 29	
acceleration in runners and to provide recommendations for those intending on using this 30	
measurement device in research or clinical practice.  31	
Methods: Literature relating to the measurement of tibial acceleration in steady-state running 32	
was searched. A narrative approach synthesised the information from papers written in English. 33	
A range of literature was identified documenting the selection and placement of accelerometers, 34	
the analysis of data, and the effects of intrinsic and extrinsic factors.  35	
Results and discussion: Tibial acceleration is a proxy measurement for the impact forces 36	
experienced at the tibia commonly used by clinicians and researchers. There is an assumption that 37	
this measure is related to bone stress and strain, however this is yet to be proven. Multi-axis 38	
devices should be secured firmly to the tibia to limit movement relative to the underlying bone 39	
and enable quantification of all components of acceleration. Additional frequency analyses could 40	
be useful to provide a more thorough characterisation of the signal. 41	
Conclusions: Tibial accelerations are clearly affected by running technique, running velocity, lower 42	
extremity stiffness, as well as surface and footwear compliance. The interrelationships between 43	
muscle pre-activation and fatigue, stiffness, effective mass and tibial acceleration still require 44	
further investigation, as well as how changes in these variables impact on injury risk. 45	
 46	
 47	
  48	
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1. Introduction 49	
Running is a popular activity, but the high participation rate is accompanied by a high incidence 50	
of injuries [1]. The majority of running-related injuries occur in the lower limbs, are chronic in 51	
nature, and are related to cumulative loading [2]. The repetitive impacts associated with running 52	
is thought to play an important role in the pathophysiology of many common running injuries, 53	
especially bony fatigue fractures (commonly termed stress fractures) [3-5]. In runners, between 54	
35% and 49% of all fatigue fractures occur in the tibia [6-9]. 55	

While many factors influence bony remodeling and ultimately the manifestation of a fatigue 56	
fracture [10], biomechanics dictate the level of mechanical loading on bone during running [11,12]. 57	
When the foot strikes the ground, its velocity decelerates to zero and large ground reaction forces 58	
(GRF) are generated [13]. This momentum change produces compressive loading of the lower 59	
limbs, and results in an impact shock transmitted through the musculoskeletal system, with local 60	
segment peak accelerations occurring at successively later times [14,15]. To minimise damage to 61	
proximal structures the shock is attenuated, which is accomplished through an interaction of 62	
passive and active mechanisms [16-20]. A failure of the lower extremity muscles to adequately 63	
absorb the energy of impact may lead to an over-reliance on passive mechanisms for attenuation 64	
[20].  65	
 66	
Direct in-vivo measurement of bone strain would be ideal for monitoring injury risk in runners, 67	
however this is invasive and impractical [21,22]. Measuring the tibial acceleration (TA) via segment 68	
mounted accelerometers is a commonly used proxy measurement for the impact forces 69	
experienced at the tibia by virtue of Newton’s second law (F=ma) [23,24]. While the relationship 70	
between TA and bone strain is unclear, and likely to be complicated by local muscle forces, peak TA 71	
measured via devices attached directly to the tibia bone have revealed reasonable correlations with 72	
key GRF parameters (vertical impact peaks r=0.7-0.85; loading rates r=0.87-0.99) [25]. While the 73	
correlations are weaker when using skin-mounted accelerometers, average loading rate (r=0.274-74	
0.439) and instantaneous loading rate (r=0.469) of the vertical GRF have all been significantly 75	
correlated with peak TA [26]. The moderate correlation between peak TA and GRF is not surprising 76	
as the GRF represents the summed acceleration of all body segments. These points withstanding, 77	
the axial component of TA has been shown to discriminate between runners with and without tibial 78	
fatigue fractures [27], and between runners injured and uninjured limb [28]. Additionally, the 79	
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likelihood of the history of tibial fatigue fracture has been shown to increase by a factor of 1.4 for 80	
every 1 g increase in axial TA [29]. 81	
 82	
Previous literature reviews on the use of accelerometers in running have highlighted some of the 83	
key elements for consideration, such as the attachment method and placement location of the 84	
accelerometer, and the need for a low mass multi-axis device for increased measurement accuracy 85	
[23,24]. Despite this, the scope of these reviews did not address many of the issues and potential 86	
limitations that must also be considered when measuring TA from runners, including the influence 87	
of running velocity, technique, fatigue and surface characteristics. The objective of this review is to 88	
update current knowledge of the measurement of TA in runners and to provide recommendations 89	
for those intending on using this assessment method in research or clinical practice. 90	
 91	
2. Methods 92	
PubMed, Web of Science, SPORTDiscus and Google Scholar were searched to Jan 2018 using the 93	
following terms linked with the Boolean operators (‘AND’ and ‘OR’): ‘run*’, ‘tibia* acceler*’, 94	
‘shock’, ‘inertia*’ and ‘biomech*’, with no limits. Additional relevant studies were identified using 95	
article reference lists. Titles, abstracts and full-texts of retrieved documents were sequentially 96	
reviewed to determine their relevance. Only papers published in English, that specifically 97	
measured TA during steady-speed running, were included. Papers were excluded if they only 98	
assessed sprinting, or where participants used bodyweight support, or any form of implement or 99	
aid.  100	
 101	
Findings from the literature covering the selection (Sect. 4.1), placement (Sect. 4.2) and 102	
attachment (Sect. 4.3) of accelerometers, as well as data analysis (Sect. 5) and key outcome 103	
measures (Sect. 6) are consolidated in the first half of the review. The second half of the review 104	
assesses the intrinsic (Sect. 7) and extrinsic (Sect. 8) factors that impact TA during running.  105	
 106	
3. Definition of terms 107	
A number of terms are used interchangeably to describe different aspects of TA, including peak 108	
TA, peak shank deceleration, peak positive acceleration and tibial shock. For the purpose of this 109	
review, axial (TA-A), anterior-posterior (TA-AP), and medio-lateral tibial acceleration (TA-ML) are 110	
used where time-domain peak acceleration magnitude components from a device aligned to the 111	
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long axis of the tibia are reported. Resultant tibial acceleration (TA-R) is where the peak 112	
acceleration magnitude from all axes are used to calculate the resultant vector.  113	
 114	
4. Tibial acceleration measurement 115	

 116	
4.1. Device selection  117	
Devices contain one, two or three accelerometers mounted at right angles, each reacting to the 118	
orthogonal component acting along their axis [30]. They operate relative to the Earth’s gravitational 119	
field, constantly registering 9.81 m/s/s (1 g) as a reaction to gravitational acceleration [31]. The 120	
maximum contribution of the acceleration due to gravity is 1 g (when the shank is vertical), and 121	
some accelerometers will register 9.81 m/s/s or 1 g in this position at rest, while others may read 122	
zero [31]. During the stance phase of running, the tibia undergoes angular and linear motions, with 123	
tibial angular motion largely confined to the sagittal plane, rotating about the ankle joint [32]. The 124	
TA measured by an accelerometer is the summation of the acceleration due to gravity, angular 125	
motion and the linear acceleration resulting from ground impact [33], but depending on the angle 126	
of the shank at impact, the measured acceleration contribution due to gravity will vary [32]. 127	
 128	
Recent improvements have enabled sensors that are small, light and transmit wirelessly, allowing 129	
for monitoring outside of the laboratory environment [34,35]. Accelerometers can differ across a 130	
range of parameters, which can impact on the quality of the signal. One of the main differences can 131	
be the range captured; if the signal range exceeds the capture range of the device, the measured 132	
signal will be clipped at the extremities. Some devices capture to on-board memory cards, which 133	
often have restrictions to the speed of their read-write capacity. Additionally, wireless transmitting 134	
devices can exhibit a variable length signal delay, or complete dropout. While on-board processing 135	
of data can in some cases alleviate these problems, this can also result in a reduction in the fidelity 136	
of the data. Careful assessment of all of these points is necessary when selecting a device. Where 137	
accelerometer specifications are not aligned to the task, subsequent data interpretation may be 138	
questionable. It should also be mentioned that researchers and clinicians may have access to 139	
accelerometers, that also measure other data such as EMG or gyroscopes, however these units are 140	
typically greater mass and therefore less accurate for measuring TA [36]. 141	
 142	
4.1.1. Uniaxial and triaxial accelerometry  143	
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The acceleration of the tibia occurs in three dimensions, often referred to with respect to a local 144	
tibial coordinate frame: axial, anterio-posterior and medio-lateral [37]. Lafortune and Hennig [38] 145	
measured all three TA components using a triaxial accelerometer, and at 4.7 m/s the TA-AP 146	
component exhibited the highest peak values (7.6 g) followed by the TA-A (5.0 g) and TA-ML 147	
component (4.5 g). The TA-AP and TA-A components were reduced at 3.5 m/s, while TA-ML 148	
components remained constant. The authors concluded that in order to accurately quantify the 149	
total acceleration passing through the musculo-skeletal system, it is important to measure all 150	
three components of acceleration. The existence of high TA-AP components supports the 151	
hypothesis proposed by MacLellan [39] who, using high-speed films of the shank, identified a 152	
horizontally transmitted shock at heel-strike. Despite these recommendations many researchers 153	
have solely reported peak TA-A [37,40-44] (Table 1). When measuring TA using a uniaxial 154	
accelerometer, or when there is the intention to extract the components relative to anatomically 155	
defined axes, there is a need for careful alignment of the device to the long axis of the tibia [37,40-156	
44]. If the correct alignment is not achieved, the acceleration will not accurately reflect the actual 157	
TA-A. Using all axes from a triaxial accelerometer to calculate the TA-R is one method to eliminate 158	
the need to specifically align the device to the tibial coordinate frame, thus improving 159	
repeatability of the measurement [45]. 160	
 161	
Only a small number of studies have accounted for additional acceleration components applied 162	
to the tibia [45-49] (Table 1), with one research group reporting that cadence influenced the 163	
acceleration components independently, where an increase in cadence resulted in lower TA-A 164	
and TA-R peaks, but greater TA-AP acceleration [48]. These data were captured from a single 165	
subject, running over a highly variable terrain. Thompson et al. [47] reported TA-R calculated from 166	
two movement planes only (TA-A and TA-AP). The lack of a third axis, and therefore a true 167	
resultant vector, means that data could still be lost through axis misalignment. The resultant TA 168	
takes into account all three axes, therefore the magnitudes will always be larger than the TA-A on 169	
its own. Some runners will have a dominance of the axial component, in which case the 170	
magnitudes of TA-A and TA-R may be similar, however this is not always the case, and these 171	
variables are not interchangeable. Following the initial recommendations of LaFortune et al. [38], 172	
Glauberman et al. [46] report no differences in TA-A between rearfoot and non-rearfoot strike 173	
runners, however TA-R were reported to be greater in non-rearfoot runners. While they did not 174	
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report the individual components, the additional acceleration present in the resultant signal could 175	
only have come from components other than TA-A.  176	
 177	

[INSERT TABLE 1 APPROXIMATELY HERE] 178	

4.1.2. Sampling frequency  179	
Nyquist theory dictates that the minimum sampling frequency should be twice the highest 180	
frequency present in a signal [30]. The measurement of human motion adds signal noise, 181	
therefore an even higher sampling frequency (5-10 times the highest frequency) is required to 182	
obtain an adequate reconstruction [30]. Power spectral analyses have revealed that 99% of the 183	
TA signal power captured during running was below 60 Hz [25,32,50]. Based on the conventions 184	
previously outlined, this would dictate a capture sampling frequency between 300 to 600 Hz. 185	
While most researchers report a sampling rate of at least 1000 Hz [14,18,25,38,40], some have 186	
sampled as low as 100 Hz [51], calling their results into question (Table 1).  187	
 188	
4.2. Accelerometer placement on the tibia 189	
The distal tibia is a common location of fatigue fractures in runners, making it an important site 190	
for the measurement of acceleration [29,52,53], but many researchers have also measured TA 191	
from the proximal tibia [51,54,55] (Table 1). These differing placements may not give comparable 192	
results. Running at 4.5 m/s the tibia angle at impact can vary by up to 20o from vertical [32,56]. 193	
The linear acceleration of the tibia is influenced by centripetal acceleration due to the sagittal 194	
plane angular motion, which acts in the opposite direction to TA-A [56]. The angular acceleration 195	
is dependent on the tibial angular velocity and the distance of the device from the axis (i.e. the 196	
ankle) [32]. Both measured and modeled estimates have indicated that the TA recorded on a 197	
device attached closer to the knee substantially underestimates the TA-A at the distal attachment 198	
[32,57]. Taking into account the contributions of gravity and the angular component of TA, Lake 199	
et al. [56] reported that the measured TA (at 4.5 m/s) needed to increase by 1.5-3 g depending 200	
on the subject and shod condition. Additionally, the correction for angular motion influenced the 201	
TA power spectrum, with a gain in signal power particularly prevalent in the 8-13 Hz frequency 202	
band. Despite these findings, most researchers don’t examine the frequency components, and 203	
often simultaneous kinematics are not captured to allow for a correction for gravity and angular 204	
motions of the lower extremity [32,56].  205	
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 206	
4.3. Accelerometer attachment  207	
To determine the best estimate of the acceleration of a segment of interest, an accelerometer 208	
attached directly to the bone is most accurate, however this is impractical for regular use 209	
[25,32,38,58] (Table 1). LaFortune et al. [58] compared the TA-A measured from bone and skin 210	
mounted accelerometers while runners ran overground. For some subjects the skin-mounted 211	
accelerometer overestimated TA-A by as much as twice the bone-mounted devices. While the 212	
dominant component of these peaks represented the impact, the signal also included acceleration 213	
components due to muscular action, and noise due to resonance in the compliant attachment of 214	
the accelerometer [50,58]. The absolute differences between the signals was large, but with a 215	
low-pass filter, signals from a skin-mounted device adequately represented bone accelerations 216	
[58]. There will always be oscillation of skin-mounted accelerometers, therefore it is important to 217	
know the characteristics of this oscillation. If the resonance frequency of the accelerometer and 218	
mounting system occurs at the same frequencies of those from ground impact (10-20 Hz) the 219	
measured acceleration will be elevated [50]. Ziegert and Lewis [59] studied the effect of soft tissue, 220	
by comparing the output of a surface-mounted accelerometer with that of a device connected to 221	
the tibia bone via a needle. When the leg was impacted with a device, a 1.5-gram surface-222	
mounted accelerometer showed almost identical outputs to the bone, but a 34-gram 223	
accelerometer gave outputs with little resemblance to the bone acceleration, appearing to 224	
oscillate at its resonant frequency on the soft tissue. Three studies have reported the natural 225	
resonant frequency of the accelerometer as 250 Hz [25], 400 Hz [38]�and 1000 Hz [58]. Henning, 226	
et al. [25] reported mathematically and experimentally deriving this frequency, however no 227	
methods outline or appropriate reference was provided.  228	
 229	
Accelerometer oscillation can be minimised by tensioning the device attachments [60], with 230	
Clarke et al. [61] reporting that a preload force ‘as tight as tolerable’ improved reliability, both 231	
within and between sessions. Forner-Cordero et al. [36] conducted a series of experiments to 232	
determine the frequency characteristics of skin-mounted devices under varied attachment 233	
conditions, including using elastic bands, a method commonly used in recent research [42,62-64] 234	
(Table 1). They also outlined a test to validate the attachment integrity before recording clinical 235	
measurements, which involved subjects standing on their tiptoes, and falling freely onto their 236	
heels. While this test is unlikely to produce TA magnitudes representative of running, it did show 237	
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low variability, and could discriminate between different attachment conditions [36]. Once again, 238	
without adequate preload force, the frequency of the accelerometer-mounting system was too 239	
low, close to the frequency range of the data, increasing measurement error. While there is still 240	
no clarity on what constitutes tensioning ‘as much as tolerable’, and acknowledgement that this 241	
will differ for individuals, a simple test, such as the ‘heel drop’, could be an effective method to 242	
compute the frequency of the accelerometer mounting to allow confirmation of the integrity of 243	
attachment before testing begins.  244	
 245	
5.  Tibial acceleration analysis 246	
 247	
5.1. Normalisation 248	
To account for variability in absolute magnitudes between sessions, normalisation of TA data has 249	
been proposed [65]. Expressing TA-A relative to the mean observed at the slowest running 250	
velocity, provided a ‘shock ratio’, which can be useful considering the absolute values of the peak 251	
accelerations are susceptible to noise and vibration. Focusing on the relative magnitudes of 252	
acceleration measures can be informative for many applications (e.g. cushioning properties of 253	
running shoes), however to be of use in the comparison of datasets, multiple, and consistent 254	
running velocities would be required. 255	
 256	
5.2 Frequency content of acceleration 257	
While time domain TA components are most commonly reported, the signal is formed by 258	
acceleration components of various frequencies, which are superimposed in the time domain 259	
signal [50]. The low frequency component (4–8 Hz) is the acceleration associated with voluntary 260	
leg motion, while the high frequency component (10–20 Hz) represents the rapid deceleration of 261	
the lower extremity at contact [50,52]. These low and high frequency ranges are also 262	
representative of the active and impact peaks of the vertical GRF, respectively [50,66]. The 263	
resonant frequency of the mounting system also contributes to the time domain signal.  264	
 265	
It is possible to separate the frequency components using a frequency analysis [50,67]. A fast 266	
fourier transform provides the median power frequency of the acceleration signal, or alternatively 267	
a joint time-frequency distribution analysis can provide the instantaneous power spectrum [67]. 268	
Variations or changes in peak TA observed in the time domain may be a result of changes in low 269	
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or high frequency bands, or changes in the resonant frequency of the mounting system [67]. These 270	
additional signal analysis approaches have been used to provide a more thorough characterisation 271	
of the signal components in a range of running studies [15,68-70]. 272	
 273	
5.3 Signal filtering 274	
All kinematic data contains a true signal representing human movement, as well as noise, 275	
therefore some pre-analysis filtering is required [30]. While both the true signal and noise occupy 276	
a wide band-width, noise is usually at the higher end of the frequency spectrum. If the cut-off is 277	
set too low, the resulting signal will be incorrect, whereas if the cut-offs are too high, too much 278	
noise will remain in the signal [30]. Most studies measuring TA magnitude in the time domain 279	
during running report using low-pass filters with cut-offs between 40 Hz and 100 Hz 280	
[25,32,40,51,58,62,63,71], which were in some cases determined via power spectral analyses of 281	
the signal [32,58]. Selecting the appropriate filter cut-off frequencies is essential, as over or under 282	
filtering data can lead to inaccurate interpretations. A TA signal also contains low frequency 283	
components (4–8 Hz) associated with voluntary leg motion, and the acceleration of the body 284	
COM, therefore it is possible to supplement the low-pass filtering with a high-pass (e.g. 10 Hz), or 285	
use band-pass filter (e.g. 10-60 Hz) to exclusively reveal the frequency component related to the 286	
passive impact of running gait. These filtering methods do not appear to be widely used [50,52] 287	
(Table 1). 288	
 289	
6. Outcome measures 290	
Where triaxial devices are used, TA signals can be resolved into three acceleration components. 291	
The coordinate system axes can be defined differently, but commonly the orthogonal axes are 292	
defined with respect to the tibia: TA-A, TA-AP and TA-ML. The TA-A corresponds to a line bisecting 293	
the proximal and distal ends of the tibia in both the frontal and sagittal planes. The medio-lateral 294	
axis runs perpendicular to the axial axis and parallel to a line joining the two malleoli, and the 295	
antero-posterior axis is mutually orthogonal to both the longitudinal and medio-lateral axes [38]. 296	
A number of additional variables can be calculated from the measured signals. The most 297	
commonly reported are peak TA-A magnitude, followed by peak TA-R [38,45-49]. A smaller 298	
number of studies have also reported peak positive TA-ML [38] and TA-AP [38,48], as well as time 299	
to peak positive [25,32,38,58,72-75], TA-A slope [73,74,76,77], TA-A loading rate [72], duration of 300	
peak positive [38], peak negative [38,46], duration of negative acceleration [38], and peak positive 301	
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to peak negative acceleration [78,79] (Table 1). It should be noted, TA-A magnitude is currently 302	
the only parameter linked to running injury [29]. 303	
 304	
Despite the widespread use, publications describing the acceptable reliability of accelerometers 305	
attached to the tibia of runners is limited [61,80]. Clarke et al. [61] collected TA-A data from three 306	
subjects running on a treadmill at 3.8 m/s during five separate sessions. The mean within-session 307	
step-to-step variability was 6.8%, and the between-session variability was 5.6%. With the 308	
between-session variability falling inside the step-to-step variability, it was deemed that accurate 309	
comparisons could be made between sessions. Sheerin et al. [80] report the one-week reliability 310	
from 20 runners at a range of velocities (2.7-3.7 m/s) on a treadmill. While the TA-A results were 311	
acceptable at all velocities, they were generally larger for TA-A compared to TA-R for both the 312	
percentage difference in the means (TA-A 0%-5.7%; TA-R 0.9%-5.1%) and the effect sizes (TA-A 313	
0.01-0.17; TA-R 0.01-0.12), indicating slightly better session-to-session TA-R reliability. 314	
 315	
7. Intrinsic factors that can modify tibial accelerations 316	
 317	
7.1. Running velocity 318	
The seminal work analysing the effect of running velocity report consistently increased peak TA 319	
magnitude with faster running velocities (3.5 and 4.7 m/s) across all components of TA (TA-A, TA-320	
AP and TA-ML) from a single recreational runner, using a bone-mounted accelerometer [58]. This 321	
increase in TA-A was also reported at a series of faster running velocities (spanning 3.4 to 5.4 m/s) 322	
from 10 well-trained runners [65]. Further to this, linear regression analysis revealed that average 323	
TA-A increased by 34% for each 1.0 m/s increase in running velocity. Individual linear relationships 324	
varied between 0.15 and 0.68, and while the best-fit linear relationship was described as in ‘good 325	
agreement’ with the experimental data, no supporting statistics were provided [65].  326	
 327	
All subsequent studies reporting TA-A while running velocity was manipulated as an independent 328	
variable confirm that running at faster velocities was associated with increased TA-A, irrespective 329	
of running surface, footwear, running experience, or whether the velocity was fixed, or self-330	
selected [42,45,81-85] (Tables 1 & 2). While the focus of two of these studies were on shock 331	
attenuation between the tibia and the head, the results provided insight into the characteristics 332	
of TA-A change with increasing velocity [42,85]. Investigating the characteristics of shock 333	
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attenuation across a range of running velocities up to a runners’ maximum, Mercer et al. [85] 334	
report that the average TA-A remained constant for both 50% and 60% of maximal velocity, but 335	
increased at faster velocities. The TA-A variability (SD) remained relatively constant for the first 336	
four velocities, before increasing at 90% and 100% of maximal velocity. In a subsequent study, a 337	
mixed model design was used to examine the impact of attenuation characteristics of different 338	
groups female runners (pre-pubescent girls, normally menstruating women and postmenopausal 339	
women) [42]. Participants ran on a treadmill at their preferred velocity (1.9 to 2.6 m/s) and at a 340	
velocity 10% faster, while TA-A values ranging from 3.6 to 6.1 g were recorded. The authors 341	
claimed that the results demonstrated the anticipated response for velocity, with all groups 342	
exhibiting greater peak TA-A during faster running. However, with deeper analysis, it is evident 343	
that the TA-A measured from the prepubescent girls were larger than those measured from the 344	
normally menstruating women, despite running slower. While speculative, this could be as a 345	
result of the younger girls having a reduced tibia mass, and therefore reduced effective mass [33]. 346	
These studies were limited by small samples sizes, and the fact that comparisons were made 347	
against the percentage of their individual maximum [85], or comfortable running velocity [42], 348	
rather than an absolute velocity.  349	
 350	
There is still an absence of normative TA values for runners at a range of running velocities. Sheerin 351	
et al. [86] measured TA-R for 82 runners running at four different treadmill velocities (2.7-3.7 m/s) 352	
and report mean values ranging from 9.8 +2.7 g at the slowest velocity to 12.1 +3.1 at the faster 353	
velocity. Values from individual runners were spread with 4.5 g the lowest recorded at 2.7 m/s, and 354	
20.6 g the highest recorded at 3.7 m/s. A moderate positive correlation (r=0.42) was reported 355	
between velocity and TA-R, and a regression analysis that revealed that for every 1 m/s increase in 356	
velocity TA-R would increase by 3.7 g. 357	
  358	

[INSERT TABLE 2 APPROXIMATELY HERE] 359	

7.2. Stride rate and stride length 360	
In the first three of six studies to assess the influence of stride rate and stride length on TA 361	
magnitude, stride rate was manipulated to 5% and 10% slower, and 5% and 10% faster, than 362	
subjects’ preferred, while controlling velocity at 3.8 m/s [61]. Runners adapted to a stride rate 363	
10% and 20% slower, and a 10% and 20% faster than their preferred, while running at their 364	
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preferred velocity [87], and finally under the same stride rate conditions at 3.8 m/s [20]. Peak TA-365	
A showed a positive linear trend with increased stride length across all three studies [20]. This 366	
increase is likely due to a simultaneous decrease in effective mass, which has been closely linked 367	
to knee angle (and therefore stride length) at impact [33,88]. 368	
  369	
Independently manipulating stride length and rate at different velocities has further expanded 370	
the understanding of the relationship of TA-A with these fundamental variables. Running with a 371	
longer than preferred stride length, leads to increased TA power spectral density [85,89], which 372	
were four times greater when stride length, as opposed to stride rate, was varied [89]. When TA-373	
A was compared between preferred stride length and a stride length constrained to 2.5 m at 374	
various velocities [90], magnitudes increased by approximately 24% per 1 m/s increase in running 375	
velocity. This is lower than the 42% [91] and 34% [65] increases previously reported, however 376	
when stride length was constrained, there was no clear relationship between TA-A and running 377	
velocity [90]. These results support the notion that kinematic factors, such as the particular 378	
orientation of the hip, knee and ankle joints for a given stride length, might be critical in 379	
determining TA magnitude.  380	
 381	
7.3. Fatigue  382	
While a complex phenomenon, exercise induced fatigue is an important factor in the 383	
development of fatigue fractures [92]. Increases in TA-A towards the end of high intensity 384	
treadmill running bouts designed to induce central fatigue (related to a failure in neural drive), 385	
have been reported, in some cases by as much as 100% [18,54,93-96]. Derrick et al. [93] suggested 386	
that increases in knee flexion angle and foot inversion at contact may be responsible for the 387	
increased TA-A, and that these adaptations decrease the effective mass of the system, therefore 388	
increasing TA-A. Citing a spring-damper model simulating human running vertical GRFs [97], it is 389	
reasoned that increased TA-A should not necessarily be linked to an increased injury potential, 390	
suggesting that decreasing the effective mass will increase the TA-A, while at the same time 391	
decreasing the impact forces [93]. These conclusions are contradictory to the evidence linking 392	
increased TA-A magnitude with tibial fatigue fracture development in runners [27,29]. These 393	
views do highlight that the evidence is not clear and that researchers disagree on this topic. 394	
Contrasting the evidence that TA increases with central fatigue [18,54,93-96], Abt et al. [64] report 395	
no changes in any kinematic or acceleration variables after the exhaustive treadmill run. Unclear 396	
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findings were also reported in a subsequent study where fatigue effects on TA-A were compared 397	
when runners ran both overground and on a treadmill [51]. On average, TA-A increased during 398	
the treadmill run, but this was not replicated with overground running. Additional kinematic 399	
variables were not captured, and therefore the characteristics of the adaptations could not be 400	
analysed further. 401	
 402	
To which extent local muscle fatigue effects TA in running has not been demonstrated [98]. 403	
Several studies have used a human pendulum approach to control kinematic variables such as 404	
joint position and impact velocity, while reproducing impact parameters which closely resemble 405	
those of normal running [55,98,99]. In contrast to experiments on central fatigue, across a range 406	
of different protocols, localised muscle fatigue was found to cause a decrease in TA-A magnitude 407	
and slope at impact [55,98,99]. It is thought that these changes are a result of the reduction in 408	
the force generating capacity of the muscle due to fatigue. The implications of these findings are 409	
not likely to be fully appreciated until more extensive evaluations of the roles of individual 410	
muscles on segment and joint stiffness, and how this translates to the actual running environment 411	
[55]. Overall, there have been inconsistencies in the fatigue protocols, the varying levels of 412	
runners used, and a lack of understanding of the implications of effective mass during ground 413	
impact in running. These factors have meant that the effect of both central and localised muscle 414	
fatigue on TA is inconclusive. 415	
 416	
7.4. Joint kinematics 417	
Lower extremity joint positions at contact are closely connected to stiffness and effective mass, 418	
and therefore their position or alignment at initial contact may effect TA magnitude. Denoth [100] 419	
and McMahon et al. [101] demonstrated that greater knee flexion angle resulted in smaller 420	
effective mass and a reduction in stiffness, leading to greater shock absorption. This concept has 421	
been supported with the ‘two-mass’ running model, and its association with vertical GRF–time 422	
waveform patterns [102].  423	

With the association between a foot strike pattern and the absence or reduction in GRF vertical 424	
impact peak, it was hypothesised that landing with a strike pattern further forward on the foot 425	
(e.g. forefoot or midfoot) would reduce peak TA [46,78,79,103]. However, when viewed in 426	
relation to footstrike mechanics, the findings are conflicting. Where runners transitioned from a 427	
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rearfoot strike to either a midfoot or forefoot strike pattern, increases in TA-R [46], and in signal 428	
power in the 9-20 Hz frequency range [52], were reported. However, either no change [103], an 429	
increase [52,78], or a decrease [79] in TA-A variables were also found (Tables 1 & 2). Additionally, 430	
when non-rearfoot strike runners transitioned to a rearfoot strike pattern they demonstrated a 431	
decrease in TA-R [46]. A number of factors could contribute to these conflicting findings, 432	
specifically the varied definitions of running kinematics (e.g. forefoot [52] versus non-rearfoot 433	
strike [46]), different baseline characteristics [46,52], and the differing intervention durations for 434	
retraining habitual patterns [78,103]. 435	

To enhance the understanding of the effects of running kinematics on TA, it makes sense to also 436	
consider a greater number of segments. While they can’t be determined clinically, lower 437	
extremity stiffness and effective mass can also have a meaningful impact on TA. Analysing the 438	
discrete kinematic parameters associated with the passive attenuation of both time and 439	
frequency domain characteristics, knee flexion velocity at foot-strike was found to be the single 440	
regulator of time domain peak TA [104]. While a large proportion of variance and associated 441	
mechanisms remain unexplained, this provides some evidence that kinematic parameters can 442	
influence TA magnitude during running. When kinematics and stiffness parameters were 443	
monitored alongside alterations in decline surface gradient, runners could be classified by their 444	
shock attenuation [105]. While all runners demonstrated increased accelerations at the tibia and 445	
head with increased decline gradients, Runners with reduced shock attenuation (i.e. relatively 446	
higher head accelerations) also demonstrated differences in lower extremity and trunk kinematics 447	
at both heel-strike and mid-stance. Specifically, these runners exhibited higher COM 448	
displacement, heel-strike velocity, and reduced COM stiffness and damping. 449	

Further evidence supporting an influential relationship between running technique and TA was 450	
seen where runners were able to actively modify their kinematics to reduce TA-A, by as much as 451	
50%, after a single session of real-time visual feedback [41,62], or 10% reductions in TA-R in 452	
response to real-time audio feedback [49]. Similar chages were noted four weeks post 453	
intervention, when runners were screened for high pre-intervention TA-A values and exposed to 454	
a more extensive feedback schedule [40,63]. Reductions in TA-A were accompanied by lower 455	
instantaneous vertical force loading, as well as increased ankle plantar flexion and decreased heel 456	
vertical velocity at initial contact, and changes from a rearfoot strike to a midfoot strike pattern 457	
[40,63].  458	
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8. Extrinsic factors that can modify tibial accelerations 459	
8.1. Running surface 460	
Owing to their cushioning properties, treadmills typically have a lower compliance compared to 461	
tarseal or concrete running surfaces. There is evidence to suggest that TA-A measured overground 462	
can be substantially higher than running on some treadmills under comparable conditions 463	
[51,83,106], however the relationship between TA-A magnitude and surface compliance is not 464	
straightforward. Fu et al. [107] found no differences in TA-A across a wide range of surfaces 465	
running at 3.3 m/s, whereas Greenhalgh et al. [81] reported higher magnitudes when participants 466	
ran at 5 m/s on concrete compared to a synthetic surface, but again not at a slower velocity (3.3 467	
m/s) (Tables 1 & 2). Conversely, Boey et al. [82] reported lower TA-A when runners ran on a more 468	
compliant woodchip trail (compared to concrete or synthetic track), but only when restricted to 469	
a slower velocity (3.1 m/s), in comparison to the runners’ self-selected pace (average 3.7 m/s).  470	
 471	
Experiments using non-running external impacts have suggested that the surface compliance 472	
explained less than 10% of the variance of the TA-A, with knee angle and muscle pre-activation 473	
explained 25% to 29% and 35% to 48%, respectively [108]. What is clear is that runners rapidly 474	
adjust leg stiffness when on different surfaces. By sensing the changes in surface compliance, 475	
runners adapt muscle activations and kinematics within a single stride [109]. For surfaces of higher 476	
compliance, leg stiffness increases, which serves to keep the path of a runner's COM the same 477	
regardless of the surface characteristics [110]. While it has not been examined, it may be that the 478	
pre-activation of muscles, and subsequent changes in leg stiffness, is the mechanism runners use 479	
to mitigate the effects of surface compliance on lower extremity acceleration.  480	
 481	
Negative correlations have been observed between surface gradient, TA-A, TA-ML and TA-R, as 482	
well and median frequency [48,105,111]. Hamill et al. [111] reported 30% increases in TA-A on a 483	
8.7% decline gradient, compared to level. Similar, but slightly smaller increases in TA-A magnitude 484	
were found by Chu et al. [105], these were accompanied by 51% increases in impact-related 485	
frequencies (i.e. power spectral densities within the 12–20 Hz bandwidth). These findings are in 486	
contrast to Mizrahi et al. [96] who observed similar magnitude TA-A, and a lower amplitude within 487	
the impact frequency range, from runners running on a 7% decline gradient compared to running 488	
on the flat.  489	
 490	



	 17	

8.2. Running footwear 491	
Conventional running footwear has been characterised by an ethylene-vinyl acetate (EVA) 492	
midsole of approximately 20 mm thickness. Initial research reported substantial reductions in the 493	
high frequency components of TA while running in footwear with a midsole, over barefoot 494	
conditions. The power spectral density of frequency components above 20 Hz were directly 495	
related to shoe midsole hardness [68]. Subsequent studies have shown, that despite some shoes 496	
demonstrating significantly reduced cushioning properties when mechanically drop tested [112], 497	
no difference in peak TA across various conventional thickness EVA footwear conditions were 498	
found [81,112] (Table 2). Tibial acceleration measured in conventional shoes has also been 499	
compared to measurements taken running barefoot [70,77], in barefoot-inspired [72,77], and 500	
minimalist shoes [69,70,77,103]. In all cases running barefoot produced higher TA magnitudes 501	
than in conventional footwear [69,70,77,84]. Additionally, TA magnitude was lower in 502	
conventional shoes, compared to the barefoot, barefoot inspired [77,84] or minimalist [69,70,77] 503	
footwear conditions.  504	
 505	
Recent developments in running footwear have resulted in over-sized lower density midsoles 506	
(maximalist shoes), expanded thermoplastic polyurethane midsole, and orthotic inserts claiming 507	
to provide additional cushioning and reduced energy loss [72,113]. Findings have indicated that 508	
TA-A were actually greater in footwear designed to improve energy return [74]. Additionally, 509	
running in a maximalist shoe [72], custom [75,78,79], or over the counter [114] orthotics did not 510	
provide further reductions in TA-A than conventional shoes. These findings are less surprising 511	
when considered in context of the effects of surface characteristics on stiffness, where runners 512	
have been shown to increase their leg stiffness when running on softer surfaces [109]. 513	
 514	
9. Conclusions and recommendations 515	
Clinicians and researchers commonly use tibial acceleration during running as a proxy 516	
measurement for the impact forces experienced at the tibia. There is an assumption that this 517	
measure corresponds to the acceleration of the bone, and ultimately bone stress and strain, 518	
however this is yet to be proven. For users of tibial mounted accelerometers, there are several 519	
recommendations that should be adhered to in order to achieve accurate and reproducible 520	
results. Devices should be secured firmly to the tibia to limit movement relative to the underlying 521	
bone. Differing placements of accelerometers do not necessarily give comparable results; distally 522	
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attached devices provide higher values, which likely closer represent the accelerations passing 523	
through the bone. While the time domain axial tibial acceleration is the only component shown 524	
to have construct validity with respect to injury, it is important to quantify the total acceleration 525	
passing through the musculo-skeletal system. Where devices of minimal mass can be sourced, 526	
triaxial accelerometers should be used to measure all three components of acceleration. 527	
Calculating the resultant acceleration can provide a single metric that takes into account all axes, 528	
which is independent of accelerometer alignment. Selecting the appropriate filter frequencies are 529	
essential, as incorrect filtering can lead to inaccurate interpretation of data. Additional frequency 530	
analyses could be useful to provide a more thorough characterisation of the signal. 531	
 532	
Tibial acceleration is clearly influenced by running velocity, whereby faster running velocity leads 533	
to increased peak tibial acceleration. The extent of tibial acceleration increases are likely dictated 534	
by the associated changes to stride rate and stride length. Where substantial stride length 535	
increases occur, changes may also occur in knee flexion angle and velocity, heel-strike velocity or 536	
subsequent lower extremity stiffness, which are important determinants of impact 537	
characteristics. Surface and footwear compliance also have a substantial influence on lower 538	
extremity stiffness and tibial acceleration. Runners rapidly adjust to surface compliance, and 539	
conditions that are too hard or too soft appear to result in technique modifications and increases 540	
in tibial acceleration. There are still considerable gaps in current knowledge, and the 541	
interrelationships between muscle pre-activation and fatigue, stiffness, effective mass and tibial 542	
acceleration still require further investigation, as well as how changes in these variables impact 543	
on injury risk. 544	
 545	
Funding and acknowledgements 546	
None 547	
 548	
Conflict of interest 549	
Dr. Besier is a consultant for IMeasureU-Vicon and is involved in the development of inertial 550	
sensor solutions.  551	
 552	



	 19	

Table 1: Summary of literature related to tibial acceleration measurement and analysis 

Reference 

Participant Details 
Age (years) | Height (cm) | 

Weight (kg) 

Accelerometer Placement 
(Sampling | Filtering 

Frequencies) 

Steps / Time 
Recorded 

Surface | 
Running Speed 

Main Tibial Acceleration Results (g) 

Derrick [14] 
10 RFS runners 

25.3 ±6.5 | NR | 68.6 ±8.0 

NR  

(3600 Hz | NR) 
Steps = 10 

Overground 

Speed NR 

Normal stride length TA-A: 6.4 

Preferred stride length TA-A: 6.2 

Preferred stride length TA-A: 8.2 

Mizrahi [18] 

14 M volunteer runners 

24.2 ±3.7 | 175.5 ±5.9 | 73.2 

±8.3 

Uniaxial acc. attached to 

proximal tibia  

(1667 Hz | NR) 

Time = 20 s 

Treadmill 
Varied 

(individual max 

effort) 

Minute 1 TA-A: 6.9 ±2.9 

Minute 15 TA-A: 10.5 ±4.7 

Minute 30 TA-A: 11.1 ±4.2 

Derrick [20] 

10 M uninjured university 
students 

27.0 ±5.0 | 179.0 ±5.0 | 75.5 

±12.2 

Uniaxial acc. attached to distal 
tibia 

(1000 Hz | NR) 

Steps = 6 
Overground 

3.83 m/s ±5% 

Preferred stride length TA-A: 6.1 

Stride length +20% TA-A: 11.3 
Stride length +10% TA-A: 7.9 

Stride length -10% TA-A: 5.9 

Stride length -20% TA-A: 5.7 

Hennig [25] 
6 M 

29 | 181.0 | 76.2 

Triaxial acc. attached via bone 

pins to the proximal tibia  
(1000 Hz | 60 Hz LP) 

Steps: 5 
Overground 

4.5 m/s 
TA-A: 5.32 ±1.5 

Milner [29] 

TFF: 20 F RFS runners 

26 ±9 | NR | NR 

Control: 20 F RFS uninjured 
runners 

25 ±9 | NR | NR 

Uniaxial acc. attached to distal 

tibia  

(960 Hz | NR) 

Steps = 5 Overground 

3.7 m/s ±0.2  

 

TFF TA-A: 7.70 ±3.21 

Control TA-A: 5.81 ±1.66 

Lafortune [32] 
1 M recreational runner 

32 | 179.0 | 76.0 

Triaxial acc. attached via bone 

pins to the proximal tibia 

(1000 Hz | 60 Hz LP) 

Steps: 10 Overground 
TA-A: 2.98 ±0.19 

TA-A: 5.19 ±0.77  

DeBeliso [37] 
10 M uninjured RFS runners 

20-30 | NR | 78.9 ±11.9 

Acc. attached to distal tibia 

(NR | NR) 
Steps = 10 

Treadmill 

2.68 & 3.58 m/s 

2.68 m/s 
BF TA-A: 3.9 ±1.4 

BF innersole TA-A: 2.8 ±1.3   

Shoe TA-A: 2.0 ±0.6 

Shoe with innersole TA-A: 1.0 
±0.6 

3.58 m/s 
5.7 ±2.4 

4.2 ±2.1   

3.2 ±1.5 

2.8 ±1.1 

Lafortune [38] 
6 M 

29 | 181.0 | 76.2 

Triaxial acc. attached via bone 

pins to the proximal tibia  

(1000 Hz | NR) 

Steps: 5 
Overground 

4.5 m/s 

TA-A - measured: 5.32 ±1.6 

TA-A - estimated: 9.39 ±1.8 
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Crowell [40] 

4 M / 6 F RFS recreational 

runners with TA-A >8 g 
26 ±2.0 | 172.0 ±0.07 | 81.5 

±21.0 

Uniaxial acc. attached to distal 

tibia  
(1080 Hz | 100 Hz LP) 

NR 
Overground 

3.7 m/s 

Baseline TA-A: 8.2 ±2.5 

Post FB TA-A: 4.3 ±1.5  
1 month post FB TA-A: 4.6 ±1.5  

Crowell [41] 

5 F recreational runners 

26.0 ±2.0 | 164.0 ±0.06 | 59.3 

±5.4 

Uni-axial acc. attached to distal 

tibia 

(1080 Hz | 100 Hz LP) 

Steps = 20 

Treadmill 

Self-selected 

(2.4-2.6 m/s) 

Baseline TA-A: 9.0 ±1.6 

Post FB TA-A: 7.2 ±4.9 

10 min post FB TA-A: 6.3 ±3.5 

Dufek [42] 

11 F pre-menarche 

9.2 ±1.9 | 139.9 ±12.5 | 32.9 

±7.7 

11 F normally menstruating 

25.2 ±3.9 | 1.64.3 ±3.2 | 63.6 
±9.2 

12 F post-menopausal 

53.2 ±4.6 | 163.0 ±8.2 | 67.2 

±13.0 

Uniaxial acc. attached to distal 

tibia 
(1000 Hz | NR) 

Time = 45 s 

Treadmill 

Varied speeds 
 

Preferred velocity TA-A: 4.87 ±1.88 

Preferred velocity +10% TA-A: 6.07 ±2.41 

Preferred Velocity TA-A: 4.36 ±1.32 
Preferred velocity +10% TA-A: 4.77 ±1.50 

Preferred Velocity TA-A: 3.56 ±1.74 

Preferred velocity +10% TA-A: 4.05 ±2.39 

Sheerin [45] 

14 M recreational runners 

33.6 ±11.6 | 177.2 ±6.6 | 75.6 

±9.5 

Triaxial acc. attached to the 

distal tibia 

(1000 Hz | 60 Hz LP) 

Steps = 61 

±1.5 

Treadmill 
2.7 m/s 

3.0 m/s 

3.3 m/s 

3.7 m/s 

 
TA-R: 7.8 ±2.9 – 8.6 ±3.4 

TA-R: 9.1 ±2.7 – 9.7 ±3.4 

TA-R: 10.4 ±3.4 – 11.7 ±3.8 

TA-R: 12.9 ±4.3 – 11.9 ±3.6 

 

Glauberman [46] 

20 F uninjured distance 
runners 

27.8 ±3.7 | 168.1 ±6.2 | 59.2 

±7.3 

Triaxial acc. attached to distal 

tibia 

(NR | NR) 

Time = 60 s 
Treadmill 

3.13 m/s 

Natural RFS (control shoes) TA-

R: 11.5 ±2.8 

Natural non-RFS (control shoes) 

TA-R: 8.7 ±2.8    

Natural RFS (baseline) TA-R: 9.3 
±2.6 

Natural RFS (altered strike) TA-

R: 11.2 ±1.6 

Non-natural RFS (baseline) TA-
R: 13.1 ±1.2 

Non-natural RFS (altered strike) 

TA-R: 9.5 ±1.6 

TA-A: 6.3 ±1.1 

TA-A: 7.4 ±0.8 
NR 

NR 

NR 

NR 

Thompson [47] 

5 M | 5 F uninjured RFS 

runners 
26 ± 7.3 | 174.0 ±9.0 | 65.6 

±10.2 

Bi-axial acc. attached to the 

distal tibia 
(1000 Hz | NR) 

Steps: 10 
Overground 

2.25 ±0.19 m/s 

TA-R shod: 11.27 ±1.73 

TA-R BF: 11.32 ±1.48 
TA-R BF RFS: 13.55 ±1.51 
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Giandolini [48] 
1 M elite trail runner 

26 | 171 | 56.5 

Triaxial acc. attached to the 

proximal tibia 
(1300 Hz | 50 Hz LP) 

Steps: 5530 

Overground 

trail race 
Variable speed 

TA-A: 8.41 ±3.37 

TA-R: 10.4 ±3.42  

Wood [49] 

3 M | 6 F uninjured 

recreational runners 

20 ±1.5 | 170.2 ±8.7 | 59.1 
±8.2 

Triaxial acc. attached to the 

distal tibia 

(612 Hz | NR) 

Steps: 20 
Treadmill 

3.13 ±2.5 m/s 

Baseline PTA(R): 5.9 ±0.7 

FB1 PTA(R): 5.30 ±0.80 

No FB1 PTA(R): 5.60 ±1.10 

FB2 TA-R: 5.20 ±0.60 
No FB2 TA-R: 5.4 ±0.70 

Proximal 
4.34 ±1.29 g 

5.03 ±1.45 g 
5.71 ±1.64 g 

Garcia-Perez [51] 

11 M | 9 F uninjured 

recreational runners 
34 ±8 | 172 ±8 | 63.6 ±8.0 

Uniaxial acc. attached to 

proximal tibia (100 Hz | NR) 
Time = 10 s 

Treadmill & 

overground 
3.81 ±0.40 m/s 

Overground 
Pre-fatigue TA-A: 24.6 ±10.8 

Post-fatigue TA-A: 22.2 ±10.3 

Treadmill 
15.3 ±6.8 

17.2 ±9.5 

Gruber [52] 

12 M | 7 F habitual RFS 

runners 

26.7 ±6.1 | 175.0 ±9.0 | 70.1 
±10.0 

14 M | 5 F habitual FFS 

runners 

25.4 ±6.2 | 176.0 ±10.0 | 68.8 
±9.5 

Uniaxial acc. attached to distal 

tibia  

(1200 Hz | 60 Hz LP) 

Steps = 

11000 

Treadmill 

3.47 ±0.90 m/s 

3.73 ±0.24 m/s 

 

RFS TA-A: 5.07 ±1.49 

FFS TA-A: 3.87 ±1.36 

OLeary [53] 

7 M & 9 F uninjured runners 

20-30 | 1.73 ±0.09 | 68.4 

±12.0 

Uniaxial acc. attached to distal 

tibia 

(2000 Hz | 100 Hz LP) 

Steps = 5 
Overground 

3.2 ±0.3 m/s 

Without innersoles TA-A: 4.81 ±1.45 

With innersoles TA-A: 4.05 ±1.69 

Verbitsky [54] 

22 M uninjured runners 

30.8 ±5.1 | 173.9 ±7.3 | 70.4 

±9.2 

Uniaxial acc. attached to 

proximal tibia 

(1667 Hz | NR) 

Time = 30 s 

every 5 min. 

Treadmill 

Varied speeds 

Fatigue group 
Baseline TA-A: 6.0 ±0.5 

5 min TA-A: 7.5 ±0.8 

10 min TA-A: 9.0 ±1.7 

15 min TA-A: 9.5 ±0.9 

20 min TA-A: 8.7 ±1.2 
25 min TA-A: 8.8 ±1.2 

30 min TA-A: 9.5 ±1.0 

Non-fatigue group 
Baseline TA-A: 7.0 

±1.7 

5 min TA-A: 6.9 ±0.8 

10 min TA-A: 6.9 ±1.1 

15 min TA-A: 6.3 ±0.7 
20 min TA-A: 7.0 ±1.2 

25 min TA-A: 6.3 ±1.1 

30 min TA-A: 7.0 ±1.3 

Lake [56] 
2 M recreational runners 

NR | NR | NR 

Uniaxial acc. attached to distal 
tibia 

(2000 Hz | 60 Hz LP) 

Steps = 5-10 

Overground 

Self-selected 
speed (~4.5 

m/s) 

BF TA-A: 16.34 ±1.60 - 17.76 

±1.74 
BF corrected TA-A: 17.87 ±2.07 – 

20.73 ±2.56 
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Shod TA-A: 8.51 ±1.43 – 8.67 

±0.97 
Shod corrected TA-A: 10.07 ±1.29 

– 10.52 ±1.27 

Creaby [62] 

11 M uninjured runners - 

Clinician guided FB 

28.1 ±7.8 | 178.0 ±0.05 | 76.5 
±7.7 

11 M uninjured runners - 

visual FB 

22.7 ±4.6 | 179.0 ±0.05 | 78.8 
±9.2 

Triaxial acc. attached to distal 

tibia 

(1500 Hz | 100 Hz LP) 

Time = 10 s 
Treadmill 

3.0 m/s 

Clinical FB 
Baseline TA-A: 5.74 ±2.25 

During FB TA-A:4.37 ±1.86 
Post FB TA-A: 4.13 ±1.82  

7-days post FB TA-A: 4.48 ±1.53 

Visual acc. FB 
5.34 ±1.93 

3.81 ±1.36 
4.32 ±2.20 

4.20 ±1.54 

Sinclair [69] 

12 M uninjured runners 

23.7 ±2.3 | 176.5 ±5.8 | 75.6 

±7.6 

Triaxial acc. attached to the 

distal tibia 

(1000 Hz | 60 Hz LP) 

NR 
Treadmill 

4.0 m/s 

Conventional shoes TA-A: 4.28 ±2.28 

Light shoes with added mass TA-A: 5.47 ±1.83 

Sinclair [70] 

12 M experienced runners 

24.3 ±1.1 | 178.1 ±5.2 | 76.8 
±9.0 

Triaxial acc. attached to the 

distal tibia 
(1000 Hz | 60 Hz LP) 

Steps: 6 
Overground 

4.0 m/s 

Conventional shoes TA-A: 6.60 ±3.65 

Barefoot TA-A: 9.17 ±2.96 
Barefoot inspired TA-A: 10.2 ±3.48 

Sinclair [71] 

12 M uninjured runners 

23.5 ±2.0 | 177.1 ±4.6 | 77.5 

±5.5 

Triaxial acc. attached to the 

distal tibia 

(1000 Hz | 60 Hz LP) 

Steps: 5 
Overground 

4.0 m/s 

Conventional shoes TA-A: 6.60 ±2.47 

Energy return shoes TA-A: 7.03 ±2.79 

Sinclair [72] 
12 M uninjured runners 

23.1 ±5.0 | 178.0 ±0.1 | 77.1 

±7.9 

Triaxial acc. attached to the 
distal tibia 

(1000 Hz | 60 Hz LP) 

Steps: 5 
Overground 

4.0 m/s 

Conventional shoes TA-A: 6.73 ±1.79 
Maximalist shoes TA-A: 7.99 ±2.32 

Minimalist shoes TA-A: 9.54 ±4.29 

Sinclair [73] 

12 F uninjured recreational 

runners 

21.45 ±2.98 |166.0 ±6.0 | 
60.87 ±4.37 

Triaxial acc. attached to distal 

tibia 
(1000 Hz | 60 Hz LP) 

Steps = 5 
Overground 

4.00 m/s ±5% 

Normal shoes TA-A: 10.70 ±2.31 

Cooled shoes TA-A: 12.75 ±4.62 

Sinclair [74] 

15 M uninjured runners 

21.02 ±2.02 |176.6 ±5.3 | 

76.82 ±6.27 

Uniaxial acc. attached to distal 

tibia 

(1000 Hz | 60 Hz LP) 

Steps = 5 
Overground 

4.00 m/s ±5% 

Conventional shoes TA-A: 5.25 ±1.43 

Energy return shoes TA-A: 5.90 ±1.58 

Sinclair [77] 

13 M uninjured runners 

27.81 ±7.02 | 177 ±11 | 76.22 

±7.04 

Triaxial acc. attached to distal 

tibia 

(1000 Hz | 60 Hz LP) 

Steps = 5 
Overground 

4.0 m/s ± 5% 

BF TA-A: 5.72 ±1.34 
Cross-fit TA-A: 5.17 ±1.82 

Conventional TA-A: 4.55 ±1.29 

Minimalist TA-A: 5.31 ±1.55 

Laughton [78] 

15 RFS runners 

22.46 ±4.0 |169.75 ±6.07 | 
66.41 ±8.58 

Uniaxial acc. attached to distal 

tibia 
(960 Hz | 100 Hz LP) 

Steps = 5 
Overground 
3.7 m/s ±5% 

No Orthotics TA-A: 7.18 ±2.98 

Orthotics TA-A: 6.78 ±3.14 
RFS TA-A: 7.82 ±3.16 
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M – male; F – female; acc – accelerometer; TA-A - peak axial tibial acceleration; TA-R – peak resultant tibial acceleration; TFF – tibial fatigue fracture; RFS - rearfoot strike; FFS - 553	
forefoot strike; BF – barefoot; FB – feedback; NR - not reported; LP - low pass. 554	
 555	
  556	

FFS TA-A: 6.15 ±2.96 
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Table 2: Summary of literature related to intrinsic and extrinsic factors that can modify tibial accelerations 

Reference 

Participant Details 
Age (years) | Height (cm) | Weight 

(kg) 

Accelerometer 
Placement (Sampling | 
Filtering Frequencies) 

Steps / Time 
Recorded 

Surface | 
Running 
Speed 

Main Tibial Acceleration Results (g)  

Greenhalgh  
[81] 

9 M hockey players 
21.0 ±1.69 | 175.75 ±6.56 | 78.13 

±12.11 

Triaxial acc. attached to 
distal tibia 

(1000 Hz | 60 Hz LP) 

Steps = 6 

Varied 

surfaces 
3.3 m/s ±5% 

 

5.0 m/s ±5% 

 

3.3 m/s Synthetic surface TA-A: 4.2 ±1.2 – 5.0 ±1.2 
3.3 m/s Concrete TA-A: 4.8 ±1.8 – 5.5 ±1.8 

5.0 m/s Synthetic surface TA-A: 7.4 ±2.6 – 9.1 ±2.7 

5.0 m/s Concrete TA-A: 10.5 ±2.4 – 8.4 ±2.7 

Boey [82] 

18 M & 20F uninjured runners 

Untrained: 22.3 ±1.8 | 173.2 ±8.9 | 
65.0 ±9.1  
Rec.: 22.3 ±2.5 | 176.3 ±9.2 | 65.8 

±8.1 

Trained: 25.4 ±5.0 | 178.0 ±7.9 | 
63.3 ±5.1  

 

Triaxial acc. attached to 

distal tibia 

(1024 Hz | 60 Hz LP) 

Steps = 15 

 

Concrete - 3.1 
m/s 

Concrete - SS 

Track - 3.1 m/s 

Track - SS 
Trail - 3.1 m/s 

Trail – SS 

Untrained 
TA-A: 10.55 ±2.20 
TA-A: 10.99 ±2.98 

TA-A: 10.38 ±1.83 

TA-A: 10.88 ±2.79 

TA-A: 9.55 ±1.53 
TA-A: 9.84 ±2.21 

Recreational  
9.39 ±2.98 
9.83 ±2.67 

9.31 ±2.96 

9.91 ±2.75 

8.93 ±2.62 
9.83 ±2.42 

 

Well-trained  
9.11 ±2.33 
10.62 ±3.21  

8.99 ±2.22 

10.27 ±2.95 

8.38 ±1.98 
10.17 ±2.77 

Montgomery 

[83] 
15 recreational runners 
NR | NR | NR 

Triaxial acc. attached to 

mid-tibia 
(1500 Hz | 60 Hz LP) 

Steps = 8 

Varied 

surfaces 

2.88 ±0.35 
m/s 

4.25 ±0.37 

m/s 

2.88 m/s 
Overground: 5.1 

Motorised treadmill: 5.4 
Non-motorised treadmill: 3.7 

4.25 m/s 
8.0 

8.1 
6.2 

Sinclair [84] 

10 M RFS recreational runners 

20.42 ±3.55 | 178.75 ±5.81 | 76.58 
±6.52  

 

Triaxial acc. attached to 

distal tibia 
(1024 Hz | 60 Hz LP) 

Steps = 10 

Overground 

3.5 m/s ±5% 
5.0 m/s ±5% 

3.5 m/s 
BF TA-A: 6.85 ±3.51 
BF inspired shoes TA-A: 5.54 ±1.31 

Conventional shoes TA-A: 2.28 ±0.64 

 5.0 m/s 
12.81 ±5.74 
7.92 ±4.30 

4.54 ±1.14 

Giandolini [103] 
 

12 M & 8 F uninjured RFS 

recreational runners 
19.7 ±1.3 | 177 ± 79 | 70.7 ±9.0  

Uniaxial acc. attached to 

distal tibia 
(1000 Hz | 50 Hz LP) 

Time = 10 s 
Treadmill 

Self-selected 

MFS training 
Baseline TA-A: 6.80 ±1.55 

1-month TA-A: 6.57 ±2.12 
2-month TA-A: 7.47 ±1.71 

3-month TA-A: 6.70 ±1.46 

Shoe training 
5.60 ±1.04 

5.73 ±1.53 
6.18 ±1.90 

6.67 ±1.48 

Fu [107] 

13 M uninjured recreational RFS 

runners 

23.7 ± 1.2 | 173.7 ± 5.7 | 65.7 ± 5.2 

Biaxial acc. attached to 

the proximal tibia 

(1000 Hz | 100 Hz LP) 

Steps = 10 

Varied 

surfaces 

3.33 ±0.17 

Concrete TA-A: 2.4 ±3.1 

Synthetic track TA-A: 10.9 ±3.5 

Grass TA-A: 11.1 ±3.4 
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m/s Treadmill TA-A: 11.6 ±3.0 

Treadmill EVA TA-A: 10.3 ±3.1 

McNair [112] 
10 M RFS runners 

75 ±6 | NR | NR 

Uniaxial acc. attached to 
distal tibia 

(1000 Hz | NR) 

Steps = 8 
Treadmill 

3.5 m/s 

Shoe conditions 
Double density EVA with a cantilever outsole: 10.0 
Double density EVA: 10.3 

Air filed chambers within double density EVA: 10.0 

Encapsulated double density EVA: 9.8 

BF: 14.0 

Chambon [115] 
15 M uninjured recreational runners 

23.9 ±3.2 | 177.0 ±3.0 | 73.0 ±8 

Triaxial acc. attached to 

the middle medial tibia 

(2000 Hz | 50 Hz LP) 

Steps = 5 

Overground 

(flat and 10o 

incline) 

3.3 m/s ±5% 

Flat: New 
Viscous TA-A: 5.37 ±1.86 

Intermediate TA-A: 4.22 ±1.17 

Elastic TA-A: 4.09 ±0.87 

Flat: Fatigued 
Viscous TA-A: 5.56 ±1.76 
Intermediate TA-A: 4.68 ±1.19 

Elastic TA-A: 5.03 ±1.37 

Inclined: New 
5.22 ±1.55 

4.39 ±1.83 

3.73 ±1.17 

Inclined: Fatigued 
6.11 ±1.77 
4.29 ±1.36 

5.35 ±1.77 

Clark [116] 
36 F injury free runners (>30min per 

run; >3x weekly 

Triaxial acc. attached to 
proximal tibia 

(2000 Hz | 60 Hz LP) 

Steps = 16 
Treadmill 

2.8 m/s 

Day 1 
No pill TA-A: 4.17 ±1.96 
No pill TA-AP: 1.92 ±0.37 

Contraceptive pill: TA-A: 4.99 ±2.02 

Contraceptive pill: TA-AP: 1.79 

±0.35 

Day 14 
4.24 ±2.02 
1.89 ±0.40 

4.67 ±2.46 

1.78 ±0.37 

Clansey [117] Uninjured recreational runners (RFS) 
with elevated TA-A (>9 g) 

12 M (intervention) 

33.3 ±9.0 | 180.0 ±0.1 | 77.2 ±11 

12 M (control) 

33.9 ±11.3 | 180.0 ±0.1 | 75.1 ±6.9 

Triaxial acc. attached to 

distal tibia 

(1500 Hz | 60 Hz LP) 

NR 

Treadmill 

3.7 m/s (1% 

gradient) 

Intervention 
Pre-intervention TA-A: 10.67 ±1.85 

Post-intervention TA-A: 7.39 ±1.48 

1 month post-intervention TA-A: 8.30 ±1.82 

Control 
9.78 ±1.68 

9.99 ±1.97 

9.68 ±1.87 

Butler [118] 

  

12 uninjured high arch runners 

20.9 ±3.0 | 170.0 ±0.07 | 68.36 ±5.75 

12 uninjured low arch runners 
21.8 ±3.2 | 173.0 ±0.11 | 70.04 ±7.35 

Uniaxial acc. attached to 

distal tibia 

(1080 Hz | NR) 

NR 

Treadmill | 

Self-selected 

training pace 

Beginning of run  

High arch cushion shoes TA-A: 5.5 ±0.7 

High arch motion control shoes TA-A: 4.5 

±0.4 

Low arch cushion shoes TA-A: 4.6 ±1.4 
Low arch motion control shoes TA-A: 5.7 

±1.7 

End of run 
5.9 ±0.9 

4.6 ±0.6 

NR 

NR 
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M – male; F – female; acc – accelerometer; TA-A - peak axial tibial acceleration; TA-R – peak resultant tibial acceleration; RFS - rearfoot strike; FFS - forefoot strike; BF – barefoot; 557	
FB – feedback; NR - not reported; LP - low pass. 558	
 559	
 560	



	 27	

References 561	
[1] Taunton JE, Ryan M, Clement D, McKenzie D, Lloyd-Smith D, Zumbo B. A prospective 562	

study of running injuries: The Vancouver Sun Run “In Training” Clinics. British Journal 563	
of Sports Medicine 2003;37:239–44. 564	

[2] van Gent RN, Siem D, Van Middelkoop M, van Os AG, Bierma-Zeinstra SMA, Koes BW. 565	
Incidence and determinants of lower extremity running injuries in long distance 566	
runners: A systematic review. British Journal of Sports Medicine 2007;41:469–80. 567	
doi:10.1136/bjsm.2006.033548. 568	

[3] Meardon SA, Derrick TR. Effect of step width manipulation on tibial stress during 569	
running. Journal of Biomechanics 2014;47:2738–44. 570	
doi:10.1016/j.jbiomech.2014.04.047. 571	

[4] Beck BR. Tibial stress injuries - An aetiological review for the purposes of guiding 572	
management. Sports Medicine 1998;26:265–79. 573	

[5] Pepper M, Akuthota V, McCarty EC. The pathophysiology of stress fractures. Clinics in 574	
Sports Medicine 2006;25:1–16. doi:10.1016/j.csm.2005.08.010. 575	

[6] Bennell K, Crossley K, Jayarajan J, Walton E, Warden S, Kiss ZS, et al. Ground reaction 576	
forces and bone parameters in females with tibial stress fracture. Medicine and 577	
Science in Sports and Exercise 2004;36:397–404. 578	
doi:10.1249/01.MSS.0000117116.90297.E1. 579	

[7] Matheson GO, Clement DB, McKenzie DC, Taunton JE, Lloyd-Smith DR, Macintyre JG. 580	
Stress fractures in athletes. A study of 320 cases. American Journal of Sports 581	
Medicine 1987;15:46–58. 582	

[8] Crossley K, Bennell KL, Wrigley T, Oakes BW. Ground reaction forces, bone 583	
characteristics, and tibial stress fracture in male runners. Medicine and Science in 584	
Sports and Exercise 1999;31:1088–93. 585	

[9] McBryde A, Angus M. Stress fractures in runners. Clinics in Sports Medicine 586	
1985;4:737–52. 587	

[10] Warden SJ, Burr DB, Brukner PD. Stress fractures: pathophysiology, epidemiology, 588	
and risk factors. Current Osteoporosis Reports 2006;4:103–9. 589	

[11] Levenston ME, Carter DR. An energy dissipation-based model for damage stimulated 590	
bone adaptation. Journal of Biomechanics 1998;31:579–86. 591	

[12] Carter DR. Mechanical loading history and skeletal biology. Journal of Biomechanics 592	
1987;20:1095–109. 593	

[13] Whittle MW. Generation and attenuation of transient impulsive forces beneath the 594	
foot: a review. Gait & Posture 1999;10:264–75. doi:10.1016/s0966-6362(99)00041-7. 595	

[14] Derrick TR. The effects of knee contact angle on impact forces and accelerations. 596	
Medicine and Science in Sports and Exercise 2004;36:832–7. 597	
doi:10.1249/01.MSS.0000126779.65353.CB. 598	

[15] Lake MJ. Determining the protective function of sports footwear. Ergonomics 599	
2000;43:1610–21. doi:10.1080/001401300750004032. 600	

[16] Zadpoor AA, Nikooyan AA. The effects of lower-extremity muscle fatigue on the 601	
vertical ground reaction force: A meta-analysis. Journal of Engineering in Medicine 602	
2012;226:579–88. doi:10.1177/0954411912447021. 603	

[17] Mizrahi J, Verbitsky O, Isakov E. Fatigue-induced changes in decline running. Clinical 604	
Biomechanics 2001;16:207–12. 605	



	 28	

[18] Mizrahi J, Verbitsky O, Isakov E, Daily D. Effect of fatigue on leg kinematics and impact 606	
acceleration in long distance running. Human Movement Science 2000;19:139–51. 607	
doi:10.1016/s0167-9457(00)00013-0. 608	

[19] Mizrahi JJ, Verbitsky OO, Isakov EE. Fatigue-related loading imbalance on the shank in 609	
running: A possible factor in stress fractures. Annals of Biomedical Engineering 610	
2000;28:463–9. 611	

[20] Derrick TR, Hamill J, Caldwell GE. Energy absorption of impacts during running at 612	
various stride lengths. Medicine and Science in Sports and Exercise 1998;30:128–35. 613	

[21] Burr DB, Milgrom C, Fyhrie D, Forwood M, Nyska M, Finestone A, et al. In vivo 614	
measurement of human tibial strains during vigorous activity. Bone 1996;18:405–10. 615	

[22] Liu T, Inoue Y, Shibata K. Development of a wearable sensor system for quantitative 616	
gait analysis. Measurement 2009;42:978–88. 617	
doi:10.1016/j.measurement.2009.02.002. 618	

[23] Norris M, Anderson R, Kenny IC. Method analysis of accelerometers and gyroscopes 619	
in running gait: A systematic review. Proceedings of the Institution of Mechanical 620	
Engineers, Part P: Journal of Sports Engineering and Technology 2014;228:3–15. 621	
doi:10.1177/1754337113502472. 622	

[24] Mathie MJ, Coster ACF, Lovell NH, Celler BG. Accelerometry: providing an integrated, 623	
practical method for long-term, ambulatory monitoring of human movement. 624	
Physiological Measurement 2004;25:R1–R20. doi:10.1088/0967-3334/25/2/R01. 625	

[25] Hennig EM, Lafortune MA. Relationships between ground reaction force and tibial 626	
bone acceleration parameters. International Journal of Sport Biomechanics 627	
1991;7:303–9. 628	

[26] Greenhalgh A, Sinclair J, Protheroe L. Predicting impact shock magnitude: which 629	
ground reaction force variable should we use. Journal of Sports Science and Medicine 630	
2012;6:225–31. 631	

[27] Pohl MB, Mullineaux DR, Milner CE, Hamill J, Davis IS. Biomechanical predictors of 632	
retrospective tibial stress fractures in runners. Journal of Biomechanics 633	
2008;41:1160–5. doi:10.1016/j.jbiomech.2008.02.001. 634	

[28] Zifchock RA, Davis I, Higginson J, McCaw S, Royer T. Side-to-side differences in 635	
overuse running injury susceptibility: a retrospective study. Human Movement 636	
Science 2008;27:888–902. doi:10.1016/j.humov.2008.03.007. 637	

[29] Milner CE, Ferber R, Pollard CD, Hamill J, Davis IS. Biomechanical factors associated 638	
with tibial stress fracture in female runners. Medicine and Science in Sports and 639	
Exercise 2006;38:323–8. doi:10.1249/01.mss.0000183477.75808.92. 640	

[30] Winter DA. Biomechanics and Motor Control of Human Movement. New Jersey: John 641	
Wiley & Sons; 2005. 642	

[31] Pottie GJ, Kaiser WJ. Principles of Embedded Networked Systems Design. Cambridge: 643	
Cambridge University Press; 2005. doi:10.1017/cbo9780511541049. 644	

[32] Lafortune MA, Hennig EM. Contribution of angular motion and gravity to tibial 645	
acceleration. Medicine and Science in Sports and Exercise 1991;23:360–3. 646	

[33] Nigg BM, Cole GK, Brüggemann G-P. Impact forces during heel-toe running. Journal of 647	
Applied Biomechanics 1995;11:407–32. doi:10.1123/jab.11.4.407. 648	

[34] Patel S, Park H, Bonato P, Chan L, Rodgers M. A review of wearable sensors and 649	
systems with application in rehabilitation. Journal of NeuroEngineering and 650	
Rehabilitation 2012;9:1–18. doi:10.1186/1743-0003-9-21. 651	



	 29	

[35] Iosa M, Pietro Picerno, Paolucci S, Morone G, Iosa M, Paolucci S, et al. Wearable 652	
inertial sensors for human movement analysis. Expert Review of Medical Devices 653	
2016;13:641–59. doi:10.1080/17434440.2016.1198694. 654	

[36] Forner-Cordero A, Mateu-Arce M, Forner-Cordero I, Alcántara E, Moreno JC, Pons JL. 655	
Study of the motion artefacts of skin-mounted inertial sensors under different 656	
attachment conditions. Physiological Measurement 2008;29:N21–N31. 657	
doi:10.1088/0967-3334/29/4/N01. 658	

[37] DeBeliso M, McChesney JW, Sevene T, Adams KJ. Polyurethane replacement insoles 659	
and tibial impact acceleration characteristics. International Journal of Science and 660	
Engineering Investigations 2012;1:73–7. 661	

[38] Lafortune MA. Three-dimensional acceleration of the tibia during walking and 662	
running. Journal of Biomechanics 1991;24:877–86. doi:10.1016/0021-9290(91)90166-663	
K. 664	

[39] MacLellan GE. Skeletal heel strike transients, measurement, implications, and 665	
modification by footwear. In: Frederick EC, editor. Sports Shoes and Playing Surfaces, 666	
Illinois: Champaign; 1984, pp. 76–86. 667	

[40] Crowell HP, Davis IS. Gait retraining to reduce lower extremity loading in runners. 668	
Clinical Biomechanics 2011;26:78–83. doi:10.1016/j.clinbiomech.2010.09.003. 669	

[41] Crowell HP, Milner CE, Hamill J, Davis IS. Reducing impact loading during running with 670	
the use of real-time visual feedback. Journal of Orthopaedic and Sports Physical 671	
Therapy 2010;40:206–13. doi:10.2519/jospt.2010.3166. 672	

[42] Dufek JS, Mercer JA, Teramoto K, Mangus BC. Impact attenuation and variability 673	
during running in females: a lifespan investigation. Journal of Sport Rehabilitation 674	
2008;17:230–42. doi:10.1123/jsr.17.3.230. 675	

[43] Dufek JS, Mercer JA, Griffin JR. The effects of speed and surface compliance on shock 676	
attenuation characteristics for male and female runners. Journal of Applied 677	
Biomechanics 2009;25:219–28. 678	

[44] Kersting UG. Regulation of impact forces during treadmill running. Footwear Science 679	
2011;3:59–68. doi:10.1080/19424280.2011.552074. 680	

[45] Sheerin KR, Besier TF, Reid D, Hume PA. The one-week and six-month reliability and 681	
variability of three-dimensional tibial acceleration in runners. Sports Biomechanics 682	
2017:1–10. doi:10.1080/14763141.2017.1371214. 683	

[46] Glauberman MD, Cavanagh PR. Rearfoot strikers have smaller resultant tibial 684	
accelerations at foot contact than non-rearfoot strikers. Journal of Foot and Ankle 685	
Research 2014;7:A93. doi:10.1186/1757-1146-7-S1-A93. 686	

[47] Thompson M, Seegmiller J, McGowan C. Impact accelerations of barefoot and shod 687	
running. International Journal of Sports Medicine 2016;37:364–8. doi:10.1055/s-688	
0035-1569344. 689	

[48] Giandolini M, Pavailler S, Samozino P, Morin J-B, Horvais N. Foot strike pattern and 690	
impact continuous measurements during a trail running race: Proof of concept in a 691	
world-class athlete. Footwear Science 2015;7:127–37. 692	
doi:10.1080/19424280.2015.1026944. 693	

[49] Wood CM, Kipp K. Use of audio biofeedback to reduce tibial impact accelerations 694	
during running. Journal of Biomechanics 2014;47:1739–41. 695	
doi:10.1016/j.jbiomech.2014.03.008. 696	

[50] Shorten MR, Winslow DS. Spectral analysis of impact shock during running. 697	
International Journal of Sports Biomechanics 1992;8:228–304. 698	



	 30	

[51] García-Pérez JA, Pérez-Soriano P, Llana Belloch S, Lucas-Cuevas ÁG, Sánchez-Zuriaga 699	
D. Effects of treadmill running and fatigue on impact acceleration in distance running. 700	
Sports Biomechanics 2014;13:259–66. doi:10.1080/14763141.2014.909527. 701	

[52] Gruber AH, Boyer KA, Derrick TR, Hamill J. Impact shock frequency components and 702	
attenuation in rearfoot and forefoot running. Journal of Sport and Health Science 703	
2014;3:113–21. doi:10.1016/j.jshs.2014.03.004. 704	

[53] O'Leary K, Vorpahl KA, Heiderscheit B. Effect of cushioned insoles on impact forces 705	
during running. Journal of the American Podiatric Medical Association 2007;98:36–706	
41. 707	

[54] Verbitsky O, Mizrahi J, Voloshin A, Treiger J, Isakov E. Shock transmission and fatigue 708	
in human running. Journal of Applied Biomechanics 1998;14:300–11. 709	

[55] Duquette AM, Andrews DM. Tibialis anterior muscle fatigue leads to changes in tibial 710	
axial acceleration after impact when ankle dorsiflexion angles are visually controlled. 711	
Human Movement Science 2010;29:567–77. doi:10.1016/j.humov.2010.03.004. 712	

[56] Lake MJ, Greenhalgh A. Impact shock measurements during running correction for 713	
angular velocity of the shank is necessary. Proceedings of the 7th Symposium on 714	
Footwear Biomechanics. Cleveland, USA 2005. 715	

[57] Lucas-Cuevas ÁG, Camacho-García A, Llana Belloch S, Encarnación-Martínez A, Pérez-716	
Soriano P. The location of the tibial accelerometer does influence impact acceleration 717	
parameters during running. Journal of Sports Sciences 2016;35:1734–8. 718	
doi:10.1080/02640414.2016.1235792. 719	

[58] Lafortune MA, Henning E, Valiant GA. Tibial shock measured with bone and skin 720	
mounted transducers. Journal of Biomechanics 1995;28:989–93. doi:10.1016/0021-721	
9290(94)00150-3. 722	

[59] Ziegert JC, Lewis JL. The effect of soft tissue on measurements of vibrational bone 723	
motion by skin-mounted accelerometers. Journal of Biomechanical Engineering 724	
1979;101:218–20. 725	

[60] Saha S, Lakes RS. The effect of soft tissue on wave-propagation and vibration tests for 726	
determining the in vivo properties of bone. Journal of Biomechanics 1977;10:393–727	
401. doi:10.1016/0021-9290(77)90015-x. 728	

[61] Clarke TE, Cooper LB, Hamill CL, Clark DE. The effect of varied stride rate upon shank 729	
deceleration in running. Journal of Sports Sciences 1985;3:41–9. 730	
doi:10.1080/02640418508729731. 731	

[62] Creaby MW, Smith MMF. Retraining running gait to reduce tibial loads with clinician 732	
or accelerometry guided feedback. Journal of Science and Medicine in Sport 733	
2016;19:288–92. doi:10.1016/j.jsams.2015.05.003. 734	

[63] Clansey A, Hanlon M, Wallace E, Nevill A, Lake M. Influence of tibial shock feedback 735	
training on impact loading and running economy. Medicine and Science in Sports and 736	
Exercise 2014;46:973–81. doi:10.1249/MSS.0000000000000182. 737	

[64] Abt JPJ, Sell TCT, Chu YY, Lovalekar MM, Burdett RGR, Lephart SMS. Running 738	
kinematics and shock absorption do not change after brief exhaustive running. 739	
Journal of Strength & Conditioning Research 2011;25:1479–85. 740	
doi:10.1519/JSC.0b013e3181ddfcf8. 741	

[65] Clarke TE, Cooper LB, Clark DE, Hamill CL. The effect of increased running speed upon 742	
peak shank deceleration during ground contact, Champaign, IL: Human Kinetics; 743	
1985, pp. 101–5. 744	



	 31	

[66] Bobbert MF, Schamhardt HC, Nigg BM. Calculation of vertical ground reaction force 745	
estimates during running from positional data. Journal of Biomechanics 746	
1991;24:1095–105. 747	

[67] Lake MJ, Patritti BL. Signal processing approaches to evaluate the performance of 748	
shock absorbing inserts for footwear. Proceedings of the 4th Symposium on Footwear 749	
Biomechanics, Canmore, Canada 1999, 70–71. 750	

[68] Shorten HR, Valient GA, Cooper LB. Frequency analysis of the effects of shoe 751	
cushioning on dynamic shock in running. Medicine and Science in Sports and Exercise 752	
1986;18:S80. doi:10.1249/00005768-198604001-00398. 753	

[69] Sinclair J, Taylor PJ, Edmunson CJ, Brooks D, Hobbs SJ. The influence of footwear 754	
kinetic, kinematic and electromyographical parameters on the energy requirements 755	
of steady state running. Movement and Sport Sciences 2013;80:39–49. 756	
doi:10.1051/sm/2012025. 757	

[70] Sinclair J, Greenhalgh A, Brooks D. The influence of barefoot and barefoot-inspired 758	
footwear on the kinetics and kinematics of running in comparison to conventional 759	
running shoes. Footwear Science 2013;5:45–53. doi:10.1080/19424280.2012.693543. 760	

[71] Sinclair J, Dillon S. The influence of energy boost and springblade footwear on the 761	
kinetics and kinematics of running. Human Movement 2016;17:112–8. 762	
doi:10.1515/humo-2016-0010. 763	

[72] Sinclair J, Fau-Goodwin J, Richards J, Shore H. The influence of minimalist and 764	
maximalist footwear on the kinetics and kinematics of running. Footwear Science 765	
2016;8:33–9. doi:10.1080/19424280.2016.1142003. 766	

[73] Sinclair J, Naemi R, Chocklingam N, Taylor PJ, Shore H. The effects of shoe 767	
temperature on the kinetics and kinematics of running. Footwear Science 768	
2015;7:173–80. doi:10.1080/19424280.2015.1084389. 769	

[74] Sinclair J, Franks C, Goodwin JF, Naemi R, Chockalingam N. Influence of footwear 770	
designed to boost energy return on the kinetics and kinematics of running compared 771	
to conventional running shoes. Comparative Exercise Physiology 2014;10:199–206. 772	
doi:10.3920/CEP140010. 773	

[75] Sinclair J, Isherwood J, Taylor PJ. Effects of foot orthoses on kinetics and 774	
tibiocalcaneal kinematics in recreational runners. The Foot and Ankle Online Journal 775	
2014. doi:10.3827/faoj.2014.0703.0003. 776	

[76] Duquette AM, Andrews DM. Comparing methods of quantifying tibial acceleration 777	
slope. Journal of Applied Biomechanics 2010;26:229–33. 778	

[77] Sinclair J, Sant B. The effects of cross-fit footwear on the kinetics and kinematics of 779	
running. Footwear Science 2017;9:41–8. doi:10.1080/19424280.2016.1268212. 780	

[78] Laughton CA, Davis IM, Hamill J. Effect of strike pattern and orthotic intervention on 781	
tibial shock during running. Journal of Applied Biomechanics 2003;19:153–68. 782	

[79] Oakley T, Clarke TE, Pratt DJ, Cooper LB, Hamill CL, Clark DE. Skeletal transients during 783	
heel and toe strike running and the effectiveness of some materials in their 784	
attenuation. Clinical Biomechanics 1988;3:159–65. doi:10.1016/0268-0033(88)90062-785	
9. 786	

[80] Sheerin K, Besier T, Reid D, Hume P. The reliability and variability of three-787	
dimensional tibial acceleration during running. International Society of Biomechanics 788	
in Sports Congress, Tsukuba, Japan: 2016. 789	

[81] Greenhalgh A, Sinclair J, Leat A, Chocklingam N. Influence of footwear choice, velocity 790	
and surfaces on tibial accelerations experienced by field hockey participants during 791	
running. Footwear Science 2012;4:213–9. 792	



	 32	

[82] Boey H, Aeles J, Schütte K, Vanwanseele B. The effect of three surface conditions, 793	
speed and running experience on vertical acceleration of the tibia during running. 794	
Sports Biomechanics 2017;16:166–76. doi:10.1080/14763141.2016.1212918. 795	

[83] Montgomery G, Abt G, Dobson C, Smith T, Ditroilo M. Tibial impacts and muscle 796	
activation during walking, jogging and running when performed overground, and on 797	
motorised and non-motorised treadmills. Gait & Posture 2016;49:120–6. 798	
doi:10.1016/j.gaitpost.2016.06.037. 799	

[84] Sinclair J, Taylor PJ, Andrews S. Influence of barefoot, barefoot inspired and 800	
conventional shoes on tibial accelerations and loading kinetics during running in 801	
natural rearfoot strikers. Comparative Exercise Physiology 2013;9:161–7. 802	
doi:10.3920/cep13023. 803	

[85] Mercer J, Vance J, Hreljac A, Hamill J. Relationship between shock attenuation and 804	
stride length during running at different velocities. European Journal of Applied 805	
Physiology 2002;87:403–8. doi:10.1007/s00421-002-0646-9. 806	

[86] Sheerin K, Reid D, Besier T. The influence of running velocity on resultant tibial 807	
acceleration in uninjured runners. Sports Medicine Australia, Langkawi, Malaysia: 808	
2017. 809	

[87] Hamill J, Derrick TR, Holt KG. Shock attenuation and stride frequency during running. 810	
Human Movement Science 1995;14:45–60. doi:10.1016/0167-9457(95)00004-C. 811	

[88] Frederick EC, Hagy JL. Factors affecting peak vertical ground reaction forces in 812	
running. International Journal of Sport Biomechanics 1986;2:41–9. 813	

[89] Mercer JA, Devita P, Derrick TR, Bates B. Individual effects of stride length and 814	
frequency on shock attenuation during running. Medicine and Science in Sports and 815	
Exercise 2003;35:307–13. doi:10.1249/01.MSS.0000048837.81430.E7. 816	

[90] Mercer JA, Bezodis NE, Russell M, Purdy A. Kinetic consequences of constraining 817	
running behavior. Journal of Sports Science and Medicine 2005;4:144–52. 818	
doi:10.5194/bg-2015-630. 819	

[91] Mercer JA, Bates BT, Dufek JS, Hreljac A. Characteristics of shock attenuation during 820	
fatigued running. Journal of Sports Sciences 2003;21:911–9. 821	
doi:10.1080/0264041031000140383. 822	

[92] Bennell DK, Matheson G, Meeuwisse W, Brukner P. Risk factors for stress fractures. 823	
Sports Medicine 1999;28:91–122. doi:10.2165/00007256-199928020-00004. 824	

[93] Derrick TR, Dereu D, McLean SP. Impacts and kinematic adjustments during an 825	
exhaustive run. Medicine and Science in Sports and Exercise 2002;34:998–1002. 826	
doi:10.1097/00005768-200206000-00015. 827	

[94] Voloshin AS, Mizrahi J, Verbitsky O, Isakov E. Dynamic loading on the human 828	
musculoskeletal system - effect of fatigue. Clinical Biomechanics 1998;13:515–20. 829	
doi:10.1016/s0268-0033(98)00030-8. 830	

[95] Mizrahi J, Voloshin A, Russek D, Verbitski O, Isakov E. The influence of fatigue on EMG 831	
and impact acceleration in running. Basic Applied Myology 1997;7:111–8. 832	

[96] Mizrahi J, Verbitsky O, Isakov E. Shock accelerations and attenuation in downhill and 833	
level running. Clinical Biomechanics 2000;15:15–20. 834	

[97] Derrick TR, Caldwell GE. Modeling the stiffness characteristics of the human body 835	
while running with various stride lengths. Journal of Applied Biomechanics 836	
2000;16:36–51. doi:10.1123/jab.16.1.36. 837	

[98] Flynn JM, Holmes JD, Andrews DM. The effect of localized leg muscle fatigue on tibial 838	
impact acceleration. Clinical Biomechanics 2004;19:726–32. 839	
doi:10.1016/j.clinbiomech.2004.04.015. 840	



	 33	

[99] Holmes AM, Andrews DM. The effect of leg muscle activation state and localized 841	
muscle fatigue on tibial response during impact. Journal of Applied Biomechanics 842	
2006;22:275–84. 843	

[100] Denoth J. Load on the Musculoskeletal System and Modelling. Biomechanics of 844	
Running Shoes, Campaign, IL: Human Kinetics; 1985, pp. 103–72. 845	

[101] McMahon TA, Valiant G, Frederick EC. Groucho running. Journal of Applied Physiology 846	
1987;62:2326–37. 847	

[102] Clark KP, Ryan LJ, Weyand PG. A general relationship links gait mechanics and running 848	
ground reaction forces. The Journal of Experimental Biology 2017;220:247–58. 849	
doi:10.1242/jeb.138057. 850	

[103] Giandolini M, Horvais N, Farges Y, Samozino P, Morin J-B. Impact reduction through 851	
long-term intervention in recreational runners: midfoot strike pattern versus low-852	
drop/low-heel height footwear. European Journal of Applied Physiology 853	
2013;113:2077–90. doi:10.1007/s00421-013-2634-7. 854	

[104] Sinclair J, Taylor PJ, Hobbs SJ. Kinematic regulation of time and frequency domain 855	
components of accelerations measured at the tibia during heel-toe running. Human 856	
Movement 2014;15:1–6. doi:10.2478/humo-2014-0002. 857	

[105] Chu JJ, Caldwell GE. Stiffness and damping response associated with shock 858	
attenuation in downhill running. Journal of Applied Biomechanics 2004;20:291–308. 859	

[106] Milgrom C, Finestone A, Segev S, Olin C, Arndt T, Ekenman I. Are overground or 860	
treadmill runners more likely to sustain tibial stress fracture? British Journal of Sports 861	
Medicine 2003;37:160–3. doi:10.1136/bjsm.37.2.160. 862	

[107] Fu W, Fang Y, Liu D, Wang L, Ren S. Surface effects on in-shoe plantar pressure and 863	
tibial impact during running. Journal of Sport and Health Science 2015;4:384–90. 864	
doi:10.1016/j.jshs.2015.09.001. 865	

[108] Potthast W, Brüggemann G-P, Lundberg A, Arndt A. The influences of impact 866	
interface, muscle activity, and knee angle on impact forces and tibial and femoral 867	
accelerations occurring after external impacts. Journal of Applied Biomechanics 868	
2010;26:1–9. 869	

[109] Ferris DP, Liang K, Farley CT. Runners adjust leg stiffness for their first step on a new 870	
running surface. Journal of Biomechanics 1999;32:787–94. doi:10.1016/S0021-871	
9290(99)00078-0. 872	

[110] Ferris DP, Louie M, Farley CT. Running in the real world: adjusting leg stiffness for 873	
different surfaces. Proceedings of the Royal Society B: Biological Sciences 874	
1998;265:989–94. doi:10.1098/rspb.1998.0388. 875	

[111] Hamill CL, Clarke IE, Frederick EG. Effects of grade running on kinematics and impact 876	
force. Medicine and Science in Sports and Exercise 1984;16:184. 877	
doi:10.1249/00005768-198404000-00363. 878	

[112] McNair PJ, Marshall R. Kinematic and kinetic parameters associated with running in 879	
different shoes. British Journal of Sports Medicine 1994;28:256–60. 880	

[113] Worobets J, Tomaras E, William Wannop J, Stefanyshyn D. Running shoe cushioning 881	
properties can influence oxygen consumption. Footwear Science 2013;5:S75–6. 882	
doi:10.1080/19424280.2013.799566. 883	

[114] Butler RJ, Davis IM, Laughton CM, Hughes M. Dual-function foot orthosis: effect on 884	
shock and control of rearfoot motion. Foot and Ankle International 2003;24:410–4. 885	
doi:10.1177/107110070302400506. 886	



	 34	

[115] Chambon N, Sevrez V, Ly QH, Guéguen N, Berton E, Rao G. Aging of running shoes 887	
and its effect on mechanical and biomechanical variables: implications for runners. 888	
Journal of Sports Sciences 2014;32:1013–22. doi:10.1080/02640414.2014.886127. 889	

[116] Clark RA, Bartold S, Bryant AL. Tibial acceleration variability during consecutive gait 890	
cycles is influenced by the menstrual cycle. Clinical Biomechanics 2010;25:557–62. 891	
doi:10.1016/j.clinbiomech.2010.03.002. 892	

[117] Clansey A, Hanlon M, Wallace E, Nevill A, Lake MJ. Influence of tibial shock feedback 893	
training on impact loading and running economy. Medicine and Science in Sports and 894	
Exercise 2014;46:973–81. doi:10.1249/MSS.0000000000000182. 895	

[118] Butler RJ, Hamill J, Davis I. Effect of footwear on high and low arched runners’ 896	
mechanics during a prolonged run. Gait & Posture 2007;26:219–25. 897	
doi:10.1016/j.gaitpost.2006.09.015. 898	

 899	


