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Abstract

Background: Due to increased interest in treadmill gait training, recent research has focused on the similarities and
differences between treadmill and overground walking. Most of these studies have tested healthy, young subjects
rather than impaired populations that might benefit from such training. These studies also do not include optic
flow, which may change how the individuals integrate sensory information when walking on a treadmill. This study
compared overground walking to treadmill walking in a computer assisted virtual reality environment (CAREN) in
individuals with and without transtibial amputations (TTA).

Methods: Seven individuals with traumatic TTA and 27 unimpaired controls participated. Subjects walked
overground and on a treadmill in a CAREN at a normalized speed. The CAREN applied optic flow at the same
speed that the subject walked. Temporal-spatial parameters, full body kinematics, and kinematic variability were
collected during all trials.

Results: Both subject groups decreased step time and control subjects decreased step length when walking in the
CAREN. Differences in lower extremity kinematics were small (< 2.5○) and did not exceed the minimal detectable
change values for these measures. Control subjects exhibited decreased transverse and frontal plane range of
motion of the pelvis and trunk when walking in the CAREN, while patients with TTA did not. Both groups exhibited
increased step width variability during treadmill walking in the CAREN, but only minor changes in kinematic
variability.

Conclusions: The results of this study suggest that treadmill training in a virtual environment should be similar
enough to overground that changes should carry over. Caution should be made when comparing step width
variability and step time results from studies utilizing a treadmill to those overground.
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Background
Treadmills have many advantages over typical overground
labs for gait training. For one,they allow for continuous
collection of data within a small capture volume. They can
also be integrated with virtual reality systems to provide
visual cues, including optic flow and real-time feedback.
Treadmills can be useful for both assessment of gait and
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reproduction in any medium, provided the or
fall risk and potentially for gait retraining [1]. For treadmill
based training to improve real-world function, treadmill
and overground gait must have similar underlying pro-
cesses such that practice on the treadmill can effectively
transfer to performance overground [2]. While the task of
walking should, in theory, be mechanically equivalent on
treadmills and overground [3], some data suggests that
there are differences, including altered kinematics [4,5],
kinetics [5,6], and energy costs [7,8]. This is particularly
common in populations other than young healthy adults,
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such as patients with hemiplegia [9,10] and healthy elderly
[11-13].
Previous researchers have speculated that differences

might be caused by various factors including: differences in
compliance of the walking surface [14], subtle intra-stride
variations in treadmill belt speed [15], the constraint of
treadmill (narrow belts and railings), and unfamiliarity of
walking on a treadmill [16]. Others suggested that differ-
ences may arise from the altered sensory feedback
encountered on a treadmill. In particular, visual feedback
is incongruous since a visual sense of movement caused
by the relative motion between an observer and the en-
vironment (optic flow) is lacking [3,17]. Experimental
variations in visual flow in healthy adults caused modula-
tions in walking speed [18-20], stride length [19,21], and
cadence [20,21]. Sheik-Nainar and Kaber studied the gait
pattern of individuals during treadmill walking with and
without a virtual reality (VR) system providing optic
flow [20]. In their study, treadmill walking lead to a flatter
foot contact angle and decreased knee flexion compared
to overground walking. When optic flow was added dur-
ing treadmill walking, the knee flexion angle was indis-
tinguishable from overground walking [20].
One population that may benefit from treadmill training

in a virtual environment is individuals with amputation [1].
The assumption of equivalence between treadmill and
overground walking may, however, be questionable in
this population. Persons with transtibial amputation
(TTA) may have difficulty adjusting to the altered con-
straints of treadmill locomotion [22,23]. They may also
be more reliant on visual information than able-bodied
adults due to the loss of proprioception from their
involved limb [24,25]. For patients with transtibial or
transfemoral amputations, walking on the treadmill was
about two and a half times more energetically costly than
walking overground [8]. Only one case-series has exam-
ined the kinematic differences between overground and
treadmill walking without the use of virtual reality in
persons with TTA [23]. For two of the three participants
in that study, the asymmetry of stride and stance times
were reduced on the treadmill compared to overground
[23]. Small differences in peak angles at the hip and knee
between overground and treadmill walking (< 2.8°) were
also reported but not compared statistically, due to the
small sample size.
Overall, the changes that have been reported between

the two walking conditions have been small. As such, even
the differences that reach statistical significance may not be
physically or functionally meaningful. Riley et al. measured
the coefficient of repeatability for healthy, able-bodied indi-
viduals walking overground to determine if differences
observed between overground and treadmill walking were
greater than expected measurement variability [5]. The co-
efficient of repeatability is a measure of precision which is
conceptually similar to the minimal detectable change
value [26] that indicates the minimum level of change
required to have 95% confidence that a real change oc-
curred between conditions. Riley et al. found that, in all
cases, the mean kinematic differences between overground
and treadmill were less than this coefficient. The only dif-
ference in kinetics that exceeded it were knee extension
moment, and anterior-posterior maximum and medial-
lateral minimum ground reaction forces [5].
The purpose of this study was to determine if there were

kinematic and/or temporal-spatial differences between
overground walking and treadmill walking in a computer
assisted rehabilitation environment (CAREN) in healthy
control subjects or in individuals with TTA. This system
has the advantage of complete immersion in an environ-
ment where the visual scene moves at the speed the sub-
ject is walking, providing appropriate optic flow. The
system also consists of a wide treadmill belt to minimize
changes that might occur due to any width constraint of
the treadmill. We hypothesized that there would be no
temporal-spatial or kinematic differences between over-
ground walking and treadmill walking in a virtual environ-
ment for either group.

Methods
Subjects
Seven healthy young men with traumatic transtibial ampu-
tations (TTA) participated (Table 1). All participants were
screened to ensure that they were able to independently
ambulate without an assistive device, for at least five min-
utes at a time, for a minimum of two months prior to test-
ing. Subjects were also screened to ensure they had a
healthy contralateral limb and pain levels of less than 4 of
10 on a subjective pain scale (0 = no pain, 10 = maximum
pain) for their involved limb. Patients were excluded if they
had any open wounds on their residual limb. Data were
also collected from a control group consisting of 27 (22
male, 5 female) healthy, young adults (Table 1). The re-
search protocol was approved by Brooke Army Medical
Center’s Institutional Review Board and all participants
gave their written informed consent prior to participation.
Experimental protocol
All subjects participated in a biomechanical gait assess-
ment, first during overground and then during treadmill
walking. Full body kinematics were captured using a six-
degrees of freedom marker set [27] according to [26]. Add-
itionally, the locations of 20 bony landmarks in relation to
marker clusters were found by manual palpation and
recorded using a digitizing pointer (C-Motion, Inc.,
Germantown, MD). Walking speed was non-dimensionally
scaled to each subject’s leg length, l, according to

Walking Speed ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Fn ⋅ g ⋅ l

p
, where g is the



Table 1 Characteristics of subjects with traumatic transtibial amputation (TTA) and unimpaired controls

Subjects with
TTA (n = 7)

Subject Age
(years)

Height
(m)

Mass
(kg)

Leg Length
(m)

Time since
amputation

Affected
Limb

Prosthesis Type

S01 33 1.88 117.9 0.93 3 yrs L Renegade LP a

S02 23 1.86 86.8 0.95 4 mos R Vari-flex b

S03 21 1.78 96.6 0.93 7 mos L Renegade LP a

S04 32 1.93 102.0 0.92 2 yrs R Propriob

S05 28 1.80 97.0 0.95 10 mos R LP Vari-flexb

S06 38 1.84 98.9 0.90 1 yr L Vari-flexb

S07 40 1.73 95.6 0.94 6 mos R Vari-flexb

Mean (SD) 30 (7) 1.85 (0.06) 99.2 (9.5) 0.97 (0.05) 1.2 (1) yrs 3 L/4 R

Controls (n = 27) Mean (SD) 23 (6) 1.71 (0.13) 75.7 (11.7) 0.91 (0.07)
a Manufactured by Freedom Innovations, LLC (Irvine, CA, USA).
b Manufactured by Össur (Reyjavik, Iceland).
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gravitational constant, Fn is the Froude Number [28]. Sub-
jects walked at Fn = 0.16, which corresponded to an aver-
age speed of 1.19 m/s for control subjects and 1.23 m/s for
TTA. Twenty (10 left and 10 right) strides were collected
for each subject during overground and treadmill walking.
For all overground walking trials, subjects walked on a

10-m walkway while kinematics were collected at 120 Hz
using a 26-camera motion capture system (Motion
Analysis, Santa Rosa, CA). An audible cuing system pro-
vided real-time feedback of walking speed by generating
a continuous tone when the subject’s speed was within
the prescribed range (± 5% target speed). If an inconsist-
ent tone or no tone was generated, subjects were
instructed to walk faster or slower until the tone
sounded. Strides were only chosen from trials where the
tone was heard consistently. Due to limits of the capture
volume, the 20 strides collecting during overground
walking were not contiguous.
During treadmill walking, subjects walked in a

Computer Assisted Rehabilitation Environment (CAREN)
system (Motek, Amsterdam, Netherlands) consisting of a
7-m diameter dome with a virtual environment projected
300° around the subject [29]. Subjects walked on a 2 m
wide by 3 m long single-belt treadmill embedded in a 4 m
diameter platform that was flush with the treadmill belt.
The virtual reality scene used during the treadmill walking
depicted a path through a forest (Figure 1). Subjects were
instructed to focus their gaze on the end of the path and
walk straight ahead along it. Subjects were monitored to
ensure they kept their heads facing forward. After a two
and a half minute familiarization period, kinematic data
were collected at 60 Hz using a 24-camera Vicon motion
capture system (Vicon, Oxford, UK). All subjects in both
groups had previous experience with treadmill walking
and all wore their own athletic shoes during both over-
ground and treadmill walking. Two of the subjects with
TTA (S06 and S07) had prior experience walking in the
CAREN system.
Data analysis
Marker position data were filtered using a 4th order low-
pass Butterworth filter with a 6 Hz cut-off frequency.
Marker positions and landmarks were used to create a 13
segment whole-body model using Visual 3D software
(C-Motion, Inc., Germantown, MD) consisting of feet,
shanks, thighs, arms, forearms, pelvis, trunk and head.
Local coordinate systems for the segments were defined
according to the International Society of Biomechanics’
recommendations [30,31]. Angular motion of the ankle,
knee, and hip were defined using Euler angles according to
rotation sequences recommended by [30,31]. Joint kine-
matic data were resampled such that there were exactly
101 points per gait cycle. Peak joint kinematics were deter-
mined by taking the maximum value attained between 0
and 25% of the gait cycle (early stance), 25 and 65% (late
stance) and 65 and 100% (swing). Range of motion was cal-
culated as difference between the maximum and minimum
angles achieved at any point in the gait cycle.
Heel strikes were determined using a velocity-based de-

tection algorithm [32] and then verified by visual in-
spection. Step length and step width were defined as the
distance between the right and left heel markers at heel
strike in the anterior-posterior and medial-lateral direc-
tions, respectively. Step time was the time elapsed between
subsequent right and left heel strikes. For temporal-spatial
measures of step time, step length, and step width, the
standard deviation across all 10 cycles collected for each
limb and condition represented the within-subject vari-
ability of that measure. For joint kinematics, variability
was quantified as MeanSD: the average width of the stand-
ard deviation across the movement cycle [33].

Statistical analysis
As control and TTA subjects were not height, weight
or age matched, comparisons were only made within the
groups and not between them. Separate two-factor within-
subjects ANOVAs were used for each dependent measure,



Figure 1 The Computer Assisted Rehabilitation Environment (CAREN). Picture depicting the virtual environment that was projected around
the subjects as they walked on the treadmill.
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in each test group, to test for differences between walking
environments (CAREN, Overground) and limbs (right,
left and prosthetic, intact) (SPSS 16, Chicago, IL). Signifi-
cant Limb × Condition interaction effects were explored
using the estimated marginal means with a Bonferroni
correction. P-values are denoted ‘Cond’ and ‘Limb’ for
condition and limb effects, respectively. To assist in the
clinical interpretation, significant differences in peak joint
angles were then compared to minimal detectable change
(MDC) values for this marker set given in [26,34]. MDC
is the amount of change which is sufficiently greater
than measurement error to indicate a true change has
occurred in the variable of interest [35]. Thus observed
differences between treadmill walking in the CAREN and
overground walking were only considered true differ-
ences if they exceeded the MDC.

Results
Temporal-spatial step measures
Control subjects decreased step length (pCond = 0.005) and
step time (pCond < 0.001) on the treadmill compared to
overground (Figure 2A; Additional file 1: Table S1). They
also exhibited asymmetry in step width (Right: 11.4 (3.2)
cm; Left: 11.1 (3.3) cm; pLimb < 0.005). Subjects with trans-
tibial amputations (TTA) took longer steps on their intact
limb when walking on the treadmill than walking over-
ground (pLimb×Cond = 0.016). Their intact limb step length
increased from 72.0 cm to 75.6 cm (p = 0.028; Figure 2),
while their prosthetic limb step length decreased slightly
(74.0 to 71.7 cm; p = 0.114). They also decreased their step
time on both limbs when walking on the treadmill (pCond
= 0.032; Additional file 1). The difference between the
conditions was greater on the prosthetic side (pLimb =
0.046, pLimb×Cond = 0.035). There were no changes in step
width between the two conditions, although there was a
tendency for both control and TTA subjects to increase
step width on the treadmill (Controls: pCond = 0.082, TTA:
pCond = 0.110). Additionally, both subjects with TTA
(pCond = 0.029) and controls (pCond = 0.004) exhibited
increased step width variability on the treadmill compared
to overground (Figure 2B; Additional file 1: Table S1).

Joint kinematics
Control subjects exhibited increased ankle dorsiflexion
during swing, and increased knee flexion during early
stance, late stance, and swing when walking on over-
ground compared to walking on the treadmill (pCond ≤
0.043; Figure 3). While statistically significant, these differ-
ences were all less than 1.2○, which were less than the
MDC values for those measures (Additional file 1: Table
S2). Subjects with TTA walked with increased knee
flexion on their intact limb during early stance on the
treadmill (pLimb = 0.001; pLimb×Cond = 0.081). They also
increased knee extension 1.3○ during late stance (pCond
= 0.025; Figure 3) and increased knee flexion 2.4o during
swing when walking on the treadmill (pCond = 0.042). All
of these differences were also less than the MDC values
(Additional file 1: Table S2).
For the control subjects, there was a significant decrease

in range of motion for the pelvic obliquity angle, pelvic
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Figure 2 Temporal-spatial parameters during overground and treadmill walking. A) Means and B) Variability of temporal-spatial measures
are shown for subjects walking overground (OG) and on a treadmill (TM) with optic flow. Errorbars represent the 95% confidence intervals about
the means. Significant differences (p < 0.05) in peak angles between OG and TM are highlighted by ‘*’.
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rotation, trunk lateral lean angle and trunk rotation angles
on the treadmill compared to overground (pCond ≤ 0.004;
Figures 4 and 5). In contrast, there were no significant dif-
ferences in pelvis or trunk range of motion between walk-
ing condition in any plane (pCond > 0.097) for the subjects
with TTA. There was a significant increase in pelvic obli-
quity range of motion during strides on the prosthetic side
compared to intact side (pL = 0.049).

Kinematic variability
Kinematic variability, MeanSD, was not different between
overground and treadmill walking at the ankle or hip for
the control subjects (p > 0.49; Figure 6). MeanSD of the
knee was greater on the treadmill than overground (p =
0.031). Subjects with TTA exhibited decreased MeanSD of
the ankle on their prosthetic limb compared to their intact
limb (Figure 6; pLimb < 0.001). There was no difference in
MeanSD of the ankle or knee between the two conditions
for either limb (pCond > 0.866). MeanSD of the hip
decreased on the treadmill for the prosthetic side only
(pLimb×Cond = 0.036; Figure 6; Additional file 1: Table S3).

Discussion
This study compared overground and treadmill walking in
individuals with transtibial amputations (TTA) and healthy
controls. While numerous studies have compared these
two walking conditions, this is the first study to include a
wide treadmill surface surrounded by a virtual environment
(CAREN) that applied optic flow at the same rate the sub-
ject walked. This environment might encourage a walking
pattern that is more similar to overground walking than
has previously been found. Alternatively, this may not help
normalize conditions if the chief contributing factors to the
differences are related to subtle variations in treadmill belt
speed, the increased compliance of the treadmill belt sur-
face, altered vestibular inputs, or other factors. We found
that both groups walked with similar overall kinematics
and kinematic variability on the treadmill as they did over-
ground (Figure 3). While there were several differences in
lower extremity joint kinematics that reached statistical sig-
nificance, all were less than the minimal detectable change,
MDC, values [26,34].

Temporal-spatial measures
The observed changes in temporal spatial measures agree
with previous findings in healthy young adults. Both groups
tested here exhibited decreased step time when walking on
the treadmill compared to overground (Figure 2). Simi-
larly, previous studies found that healthy young adults
increase their cadence when walking on a treadmill in



Figure 3 Sagittal plane joint angles during overground and treadmill walking. Ankle, knee, and hip angles are shown for subjects walking
overground (OG) and walking on a treadmill (TM) with optic flow. Data are shown for the intact and prosthetic limb of the patients with
transtibial amputation and for the average of the right and left limb of control subjects. Peak joint angles were measured during early stance
(0-20% gait cycle), late stance (25-65% gait cycle), and swing (65-100% gait cycle). Significant differences (p < 0.05) in peak angles between
OG and TM are highlighted by ‘*’.

Figure 4 Three dimensional pelvic motion during overground and treadmill walking. Pelvic obliquity, rotation and tilt angles are shown for
subjects walking overground (OG) and walking on a treadmill (TM) with optic flow. Data are shown for the intact and prosthetic limb of the
patients with transtibial amputation and for the average of the right and left limb of control subjects.

Gates et al. Journal of NeuroEngineering and Rehabilitation 2012, 9:81 Page 6 of 10
http://www.jneuroengrehab.com/content/9/1/81



Figure 5 Three-dimensional trunk motion during overground and treadmill walking. Trunk lateral lean, rotation, and anterior lean angles
are shown for subjects walking overground (OG) and walking on a treadmill (TM) with optic flow. Data are shown for the intact and prosthetic
limb of the patients with transtibial amputation and for the average of the right and left limb of control subjects.
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the absence of optic flow [4,7,17]. Also, similar to previous
work, control subjects reduced their step length when
walking on the treadmill [7,17]. In contrast, patients with
TTA significantly increased their step length on their intact
limb (Figure 2), while slightly decreasing it on their pros-
thetic side. Control subjects exhibited a significant asym-
metry in step width, but no other measures. One limitation
is that we did not collect data on limb dominance, and it is
possible that additional asymmetries may have emerged if
the dominant limb were compared to the non-dominant
limb rather than right to left [36].
Previously, healthy young adults increased step width

[37,38] but decreased step width variability [38] when walk-
ing on a treadmill compared to overground. One possible
reason for this change is that subjects increased step width
to increase or maintain lateral stability because of a greater
perceived risk associated with errors in foot placement
(ie. stepping off the treadmill) [38]. In the present study
there was a tendency for both control subjects and patients
with TTA to increase their step width when walking on the
treadmill, but this did not reach statistical significance for
either group. The aforementioned studies tested subjects
on a 0.457 m wide treadmill belt that was raised from the
floor [37,38]. In the current study, subjects walked on a
wide treadmill belt that was flush with the surrounding sur-
face. Similar to walking on a sidewalk, subjects could freely
drift from side to side on the treadmill, without fear of step-
ping off the side of the treadmill belt. When walking on the
treadmill in the CAREN, subjects wore a harness that
attached to a support structure out of the subjects field of
view (See [29] for image). This may have led to an increased
feeling of safety. The harness was adjusted to allow free
movement within the constraints of the belt, but in the rare
event that they approached the outer limits of the treadmill,
they would feel a pull on the rope. Thus the subjects may
not have perceived the same increased risk associated with
errors in foot placement that they would have on a narrow
treadmill belt without a harness.
In contrast to previous findings [37,38], both subject

groups exhibited increased step width variability when
walking on the treadmill in the CAREN. The decreased
constraints of the treadmill as compared to previous studies
may also have contributed to this finding. Traditional tread-
mills entrain individuals to walk at a constant speed in a
relatively narrow, straight path [14]. As mentioned above,
the narrow width does not allow subjects to drift as much
as they can on the treadmill in the CAREN. This narrow
width may alter the step-to-step dynamics as subjects have
to actively control their step width and step length to stay
centered on the treadmill. This is not necessary in the
CAREN, since there is a much wider space for the subjects
to move in. It is also possible that the differences in step
width variability are an artifact of subject drift. The
calculations of step width do not account for changes in
heading direction which may have occurred on a stride-to-
stride basis.
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Kinematics
The small, but significant, differences in lower extremity
kinematics between overground and treadmill walking
agree with previous findings in healthy, young adults
[4,5,16]. This is the first study to report trunk and pelvis
motion during the two tasks and the first to statistically
compare the kinematics of patients with TTA. Control
subjects exhibited significant decreases in pelvis and trunk
range of motion in the frontal and transverse planes
during treadmill walking in the CAREN (Figure 4–5).
All of these differences exceeded the MDC values, except
for trunk lateral lean range of motion. This finding may
be a product of altered gait associated with walking on
the treadmill or simply a product of the small MDC



Gates et al. Journal of NeuroEngineering and Rehabilitation 2012, 9:81 Page 9 of 10
http://www.jneuroengrehab.com/content/9/1/81
values for these parameters. Another possible reason is
the use of a harness which may restrict trunk motion.
However, if the differences were purely related to the
harness, we would have expected to see similar decreases
in range of motion for the patients with TTA. As there
were no differences in the patient group (p > 0.438), it is
unlikely the differences are purely related to the harness.
Interestingly, even in persons with TTA, there were no

differences in the kinematics between conditions that
exceeded the MDC values. Yet, a previous study found
that persons with TTA can exhibit large increases in
energy costs when walking on the treadmill compared to
overground (~2.5 × greater) [8] suggesting significantly
altered gait mechanics. However, the patients were older
(mean age: 56), had been in their prostheses only a short
time (~2 months), and a majority of the subjects used
walking aids such as canes, crutches, or walkers. There-
fore, those results may reflect a novice and potentially
more impaired population. As a result, the minimal dif-
ferences in kinematics between overground and treadmill
walking in this patient group might not be generalizable
to an older, less fit population.

Kinematic variability
Few studies have looked at the effects of treadmill walking
on the variability of kinematics. Dingwell et al. studied
healthy young adults and found significantly reduced vari-
ability of sagittal plane ankle angles and a trend toward
decreased variability at the knee and hip during treadmill
walking [14]. They also found that MeanSD of the upper
body accelerations decreased on the treadmill compared to
overground [14]. Conversely, a similar study by Terrier and
Dériaz found no differences between conditions [39]. Here
we saw two statistically significant differences between
overground and treadmill walking in the CAREN. For sub-
jects with TTA, there was a decrease in variability of the sa-
gittal plane hip angle on the prosthetic side when walking
on the treadmill, while in control subjects there was an in-
crease in variability of the knee angle (Figure 4). In both
cases, the average difference in MeanSD was less than a
half degree (Additional file 1: Table S3). Thus there is min-
imal difference in kinematic variability between over-
ground and treadmill walking in a virtual environment.

Optic flow
If the subtle differences in kinematics between treadmill
and overground walking were purely due to the lack of
optic flow during treadmill walking, then, in theory, we
would expect no difference between overground walking
and treadmill walking in the CAREN. Instead we showed
that the small differences in temporal spatial parameters
and kinematics remained, and were comparable to those
found in previous studies. There may be several reasons
for this. First, there is a potential sensory mismatch
between the visual inputs, that indicate forward motion,
and the vestibular inputs, which do not. There is also
some difference between how the visual field moves when
walking overground versus walking in the CAREN. The
scene is artificial and the graphics do not quite ap-
proach the level of realism. Additionally, despite drawing
the treadmill through the virtual environment, the per-
son’s perception of self motion may not match that of
overground walking [40]. Locomotion may still be con-
trolled with respect to the treadmill, not the passing world
(ie. they are moving forward in the environment but are
not moving with respect to the treadmill) [40].

Conclusions
This study compared overground walking to walking on a
treadmill in a virtual environment in both healthy adults
and patients with transtibial amputations. While statisti-
cally significant differences in joint kinematics were
observed in both groups, they were small and rarely
greater than measurement error. These findings demon-
strate the similarity of treadmill and overground gait and
support the continued use of virtual reality based treadmill
training aimed at improving overground walking. Mean
step length and mean step time, as well as step width vari-
ability differed significantly between conditions and thus
caution should be used when making comparisons of
these measures between studies utilizing a treadmill and
those where subjects walked overground.
Additional file
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