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Objective
To determine the effects of 4 fixed treadmill walking speeds on sagittal-plane pelvic limb joint motion in healthy Beagles
and to provide speed-stratified descriptive kinematic values for interpreting treadmill-based canine gait assessments.

Methods

8 healthy Beagles underwent 3-D motion analysis during treadmill walking at 1.1 km/h (0.31 m/s), 1.8 km/h
(0.50 m/s), 2.5 km/h (0.69 m/s), and 3.2 km/h (0.89 m/s). For each dog at each speed, 10 gait cycles were time
normalized and averaged to generate representative waveforms. Peak extension angle, peak flexion angle, and
range of motion (ROM) were calculated for the hip, stifle, and tarsus. Linear mixed-effects models were used to
assess speed-related changes. Only walk trials were analyzed; for 1 dog, the 3.2 km/h (0.89 m/s) trial was excluded
after gait classification identified trot.

Results

ROM increased with speed in all 3 joints. For every 1-km/h (0.28 m/s) increase in speed, ROM increased by 6.11°
(95% ClI, 5.37 to 6.86) at the hip, 5.37° (95% Cl, 4.17 to 6.56) at the stifle, and 3.66° (95% Cl, 2.41 to 4.90) at the
tarsus. At the hip and stifle, the increase in ROM reflected increased peak extension and decreased peak flexion,
whereas at the tarsus, it was associated mainly with a decrease in peak flexion angle.

Conclusions
Faster treadmill walking was associated with greater pelvic limb ROM in healthy Beagles, with joint-specific patterns
of change.

Clinical Relevance
Walking speed should be standardized or accounted for when interpreting treadmill-derived ROM in canine gait
analysis or rehabilitation follow-up.
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In canine gait analysis, which is commonly used
in veterinary orthopedic research, rehabilitation,
and repeated functional assessment, joint range of
motion (ROM) is one of the most practical kinematic-
summary variables.! Range of motion is attractive
as it can be derived directly from sagittal-plane
joint angle waveforms and is expressed in clinically
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accessible units. However, ROM is not a fixed bio-
logical property but is influenced by the locomotor
conditions under which it is measured. In human gait
analysis, walking speed is known to affect lower-
extremity joint kinematics.2 Accordingly, differ-
ences in canine ROM may reflect not only biological
changes but also differences in gait, treadmill condi-
tions, and walking speed.

Studies®* of sagittal-plane hind limb kine-
matics during canine walking have revealed that
treadmill-based gait analysis can generate repro-
ducible waveforms under controlled conditions.
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Treadmill assessment is particularly useful because it
allows locomotion at fixed speeds as well as collec-
tion of multiple consecutive strides. Interpretation
of treadmill-derived kinematic data requires atten-
tion to methodological influences. In healthy dogs,
habituation status can affect locomotor variables
during treadmill walking,® and treadmill-derived
ROM exhibits day-to-day variability.® Therefore, joint
motion should be interpreted in relation to the con-
ditions under which the data were obtained.

Canine hind limb kinematics vary across locomo-
tor tasks. Hind limb ROM differs between swimming
and walking,” and treadmill inclination and exercise
regimens can alter joint motion.8° Normative kine-
matic data are available for certain breeds and study
settings.>10.11 However, most of these studies were
designed to compare locomotor tasks, describe
breed- or setting-specific kinematics, or evaluate
habituation and repeatability rather than to isolate
walking speed as the primary explanatory variable
within the walking gait. Thus, although walking
speed is one of the most controllable variables dur-
ing treadmill-based assessment and rehabilitation,
speed-specific reference data for hind limb ROM
during walking remain limited.

This knowledge gap is particularly relevant at the
lower end of the speed spectrum. In postoperative,
geriatric, or neurologically impaired dogs, treadmill
exercise is often initiated at a walk rather than a trot,
and relatively slow walking speeds are commonly
used in clinical settings. Under these circumstances,
interpretation of hind limb ROM requires an under-
standing of the physiological variation expected
across walking speeds. Therefore, the objective of
this study was to determine the effects of 4 fixed
treadmill walking speeds on the sagittal-plane kine-
matics of the hip, stifle, and tarsal joints in healthy
Beagles. We hypothesized that ROM would increase
with walking speed and that the contributions of
peak extension and peak flexion to this change
would differ among joints.

Methods

Study design

This prospective, within-subject, repeated-
measures kinematic study was designed to evaluate
the effects of treadmill walking speed on hind limb
joint motion in healthy dogs.

Table 1—Baseline characteristics of the study Beagles.

Animals

The study protocol was approved by the Animal
Experiment Committee of Rakuno Gakuen University
(approval No. VH17B7). Eight university-owned
adult Beagles, judged to be clinically healthy, were
studied. Before data collection, each dog underwent
orthopedic and neurological examinations to confirm
the absence of abnormalities that could affect gait.
Body condition score was assessed using a 9-point
scale. The baseline characteristics of the dogs are
summarized in Table 1.

Treadmill protocol

The trials were performed on a motorized tread-
mill (AF1900; ALINCO), with belt dimensions of 117 X
35.5 cm. Before formal data collection, the dogs were
habituated to treadmill walking in 20-minute sessions
twice daily for 3 consecutive days, consistent with pre-
vious laboratory protocols for Beagles.12 After habitu-
ation, the kinematic data were collected at 4 preset
treadmill speeds: 1.1 km/h (0.31 m/s), 1.8 km/h
(0.50 m/s), 2.5 km/h (0.69 m/s), and 3.2 km/h
(0.89 m/s). The speeds were tested in ascending order
from slowest to fastest. At each speed, data collec-
tion began after the dog had settled into a consistent
walking pattern on the treadmill, and 10 analyzable
gait cycles were recorded.1? During treadmill walking,
each dog wore a collar attached to a leash. The han-
dler stood in front of the dog in the direction of tread-
mill progression and encouraged walking verbally.
Although a leash was attached for safety, the dog was
not pulled or physically guided by the leash, and the
handler attempted to avoid intentionally correcting or
interfering with the dog’s natural walking pattern.

The gait cycle was defined as the interval from the
initial contact of the left hind limb to the subsequent
initial contact of the same limb.12 Only trials in which
walking was confirmed were included in the primary
analysis because the objective of the study was to
characterize speed effects within the walking gait. Gait
type was determined from a video review based on
footfall pattern; walking was defined as a 4-beat gait
without synchronous diagonal limb contacts, whereas
trotting was defined as a 2-beat diagonal gait.

3-D kinematic analysis
Before data acquisition, the measurement vol-
ume of the KinemaTracer system (Kissei Comtec)

Dog Sex Age (y) Body weight (kg) Height at withers (cm) BCS
Goma M 8 14.7 40.5 6
Kinako F 4 11.8 39 4

Ponyo F 7 10.5 37 6
Renault M 8 12.5 40 5

San F 8 10 38.5 4

Zunda M 4 14.3 40.5 5
Yomogi M 4 13.4 39 5

Rotus M 8 11.6 39.5 5

Mean + SD — 6.4+2.0 12.4+1.7 39.3+1.2 5.0+£0.8

The results are presented for 8 healthy Beagles; BCS was assessed using a 9-point scale

BCS = Body condition score. F = Female. M = Male
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was calibrated using a cube-shaped control object
placed within the treadmill capture space according
to the manufacturer’s procedure. After calibration,
the control object was removed, and treadmill walk-
ing trials were recorded. The motion of the left pelvic
limb was recorded using a 3-D motion analysis sys-
tem (KinemaTracer) with 4 cameras at 60 Hz. Color
markers (20 mm in diameter) were attached to the
skin over anatomical landmarks using double-sided
adhesive tape (Kabetakku sponge double-sided
adhesive sheet; Nichiban Co Ltd) and kinesiology
tape (Battlewin tape; Nichiban Co Ltd). For this anal-
ysis, markers were placed over the iliac crest, greater
trochanter, femorotibial joint, lateral malleolus, and
distolateral aspect of the fifth metatarsal, consistent
with previous kinematic canine protocols.1213 This
analysis focused on the left pelvic limb because the
objective was to characterize speed-related changes
in pelvic limb joint motion, particularly at the hip,
stifle, and tarsus. The 3-D coordinate data were
smoothed using a digital low-pass filter, with a cutoff
frequency of 8 Hz.13

The sagittal-plane flexion-extension angles of
the hip, stifle, and tarsal joints were calculated as
intersegmental angles from the smoothed coordi-
nates.?® Larger values represent greater extension.
All kinematic data were reviewed frame by frame by
the same evaluator.?213 To account for differences
in stride duration, each gait cycle waveform was
time normalized from 0% to 100% of the gait cycle
and resampled to 201 points. For each dog at each
speed, the 10 recorded gait cycles were first aver-
aged to generate a single representative waveform
so that the dog, rather than the individual gait cycle,
remained in the experimental unit.}23 The peak
extension angle, peak flexion angle, and ROM were
calculated from the representative waveform for
each joint, with ROM defined as the peak extension

angle minus the peak flexion angle. For descriptive
waveform visualization, the dog-level representative
waveforms were subsequently averaged across dogs
at each speed, and SD was calculated at each nor-
malized time point.

Statistical analysis

All statistical analyses were performed using R,
version4.5.2 (R Foundation for Statistical Computing).
The dogs represented the experimental units. For each
joint and outcome variable (peak extension, peak flex-
ion, and ROM), separate linear mixed-effects models
were fitted with dog as a random intercept to account
for repeated measurements across treadmill speeds.

Two complementary model specifications were
used. First, speed was entered as a continuous
fixed effect to estimate the average change in each
outcome for every 1-km/h (0.28 m/s) increase in
walking speed across the studied range; regression
coefficients and Wald 95% Cls were extracted from
these models. Second, speed was entered as a cate-
gorical fixed effect to test for differences among the
4 walking speeds without assuming linearity. For the
categorical models, the overall significance of speed
was assessed via likelihood ratio testing against a
nested null model without the speed term. Because
the 3.2-km/h (0.89 m/s) condition was excluded for
1 dog, the data set was unbalanced; mixed-effects
models were used to accommodate this unbalanced
repeated-measures structure while retaining all
remaining observations. Differences were consid-
ered significant at P < .05.

Results

All 8 dogs completed the walking trials at
1.1 km/h (0.31 m/s), 1.8 km/h (0.50 m/s), and
2.5 km/h (0.69 m/s). At 3.2 km/h (0.89 m/s), the

Walking speed = 1.1 km/h — - 1.8km/h - — 25km/h =— 3.2 km/h
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Figure 1—-Group means of representative sagittal-plane joint angle waveforms of the hip, stifle, and tarsus across
walking speeds. Sagittal-plane joint angle waveforms for the hip (A), stifle (B), and tarsus (C) in healthy Beagles dur-
ing treadmill walking at 1.1 km/h (0.31 m/s), 1.8 km/h (0.50 m/s), 2.5 km/h (0.69 m/s), and 3.2 km/h (0.89 m/s).
Each waveform represents the group mean of dog-level representative waveforms, with each dog-level waveform
derived from 10 gait cycles/dog; shaded areas represent the SD. The 3.2-km/h (0.89 m/s) waveform is based on
7 dogs because the trial data for 1 dog were excluded after gait classification identified trot rather than walk.
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gait of 1 dog (Rotus) was classified as trot and was
excluded from the walk-only analysis; therefore,
the results for 3.2 km/h (0.89 m/s) were based on
7 dogs, whereas the results for the other speeds
were based on 8 dogs.

Figure 1 presents the group mean representa-
tive waveforms for the hip, stifle, and tarsal joints at
each walking speed. For all 3 joints, the overall wave-
form shape appeared visually similar across walk-
ing speeds, whereas motion amplitude increased
with speed. This separation of group mean wave-
forms was most evident in the hip and stifle joints.
Table 2 presents the dog-level descriptive statis-
tics and mixed-model estimates for peak extension
angle, peak flexion angle, and ROM. The ROM data
are presented in Figure 2 and the peak extension and
peak flexion angles in Figure 3.

Range of motion increased significantly with
walking speed for all 3 joints (overall categorical

effect, P < .001 for each joint). With the increase
from 1.1 km/h (0.31 m/s) to 3.2 km/h (0.89 m/s),
hip ROM increased from 22.81 + 4.63° to 35.03 +
4.00°, stifle ROM from 34.13 + 3.65° to 45.81 + 6.64°,
and tarsal ROM from 26.89 + 5.60° to 34.45 + 5.14°,
In the continuous-speed model, with each 1-km/h
(0.28 m/s) increase in speed, hip ROM increased by
6.11° (95% Cl, 5.37 to 6.86), stifle ROM by 5.37° (95%
Cl, 4.17 to 6.56), and tarsal ROM by 3.66° (95% ClI,
2.41 10 4.90).

For the hip, both the peak extension and peak
flexion angles changed significantly with speed
(overall categorical effect, P < .001 for both). With
the change from 1.1 km/h (0.31 m/s) to 3.2 km/h
(0.89 m/s), hip peak extension angle increased from
109.33 +9.04° to 117.77 £ 8.32°, and hip peak flex-
ion angle decreased from 86.52 + 7.05° to 82.73 +
7.21°. In the continuous-speed model, for every
1-km/h (0.28 m/s) increase in speed, hip peak

Table 2—Peak extension angle, peak flexion angle, and range of motion (ROM) of hind limb joints at each

walking speed.

1.1 km/h 1.8 km/h 2.5km/h 3.2km/h Slope

Joint Variable (0.31 m/s) (0.50 m/s) (0.69 m/s) (0.89 m/s) OverallP (°/km/h) 95% Cl

Hip Peak extensionangle  109.33+9.04  111.44+8.74 114.20+7.87 117.77+8.32 <.001 3.99 3.15t0 4.82
Peak flexion angle 86.52 + 7.05 84.94 + 7.06 82.78 + 6.85 82.73+7.21 <.001 -2.13 -3.03to-1.24
ROM 22.81 +4.63 26.50 + 4.42 31.42 +3.24 35.03 +4.00 <.001 6.11 5.37 10 6.86

Stifle Peak extension angle 135.53 £6.04 137.86 £ 5.57 139.91 £+ 5.54 141.48 £5.79 <.001 2.55 1.75t0 3.36
Peak flexion angle 101.39 + 4.37 98.77 +3.77 96.77 +5.57 95.67 +6.01 .001 -2.80 -3.97 to -1.62
ROM 34.13 £ 3.65 39.08 £5.72 43,14 £6.21 45.81 + 6.64 <.001 5.37 4.17 to0 6.56

Tarsus  Peak extensionangle  141.82+7.27 14364 +6.17 143.34+588 143.79+6.24  .085 1.12 0.20 to 2.05
Peak flexion angle 114.93+£9.01 113.76 £6.01  110.68+8.39  109.34+8.37  .002 -2.53 -3.70 to -1.37
ROM 26.89 + 5.60 29.88 £ 3.61 32.66 £ 5.03 34.45+5.14 <.001 3.66 2.41to 4.90

The results are reported as mean = SD. Speed headings are reported as km/h (m/s). Overall P values were obtained from linear mixed-effects
models with dog as a random effect and speed as a categorical fixed effect. Slope values indicate the estimated change in joint angle for every
1-km/h increase in speed based on linear mixed-effects models treating speed as a continuous variable. The 3.2-km/h (0.89 m/s) condition is based
on 7 dogs because trial data for 1 dog were excluded after gait classification identified trot rather than walk.

Walkingspeed @ 1.1kmh @ 18kmh @ 25kmh @ 3.2km/h
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Figure 2—Range of motion (ROM) of the hip, stifle, and tarsus across walking speeds, showing individual dog-level
ROM values for the hip (A), stifle (B), and tarsus (C). Thin gray lines represent individual dogs, the thick black line
connects group means, and colored circles indicate group means at each speed. The 3.2-km/h (0.89 m/s) condition
includes 7 dogs because the trial data for 1 dog were excluded from the walk-only analysis after gait classification

identified trot rather than walk.
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Figure 3—Peak extension and peak flexion joint angles across walking speeds. A-C—Peak extension angles for the
hip, stifle, and tarsus. D-F—Peak flexion angles for the hip, stifle, and tarsus. Thin gray lines and gray points indicate
individual dog-level values, the thick black line connects group means, and colored points indicate group means at
each walking speed. The 3.2-km/h (0.89 m/s) condition includes 7 dogs because the trial from 1 dog was excluded
from the walk-only analysis after gait classification identified trot rather than walk.

extension angle increased by 3.99° (95% Cl, 3.15 to
4.82), and hip peak flexion angle decreased by 2.13°
(95% Cl, 1.24 to 3.03).

At the stifle joint, both the peak extension and
peak flexion angles changed significantly with speed
(overall categorical effect, P < .001 for both). With
the increase from 1.1 km/h (0.31 m/s) to 3.2 km/h
(0.89 m/s), stifle peak extension angle increased
from 135.53 + 6.04° to 141.48 + 5.79°, whereas sti-
fle peak flexion angle decreased from 101.39 + 4.37°
to 95.67 + 6.01°. In the continuous-speed models,
for every 1-km/h (0.28 m/s) increase in speed, stifle
peak extension angle increased by 2.55° (95% ClI,
1.75 to 3.36), and stifle peak flexion angle decreased
by 2.80° (95% Cl, 1.62 to 3.97).

At the tarsus, the peak extension angle changed
only modestly across speeds, from 141.82 + 7.27° at
1.1 km/h (0.31 m/s) to 143.79 + 6.24° at 3.2 km/h
(0.89 m/s), and the overall categorical effect of
speed on peak extension angle was not significant
(P = .085). In the corresponding continuous-speed
model, for each 1-km/h (0.28 m/s) increase in speed,
tarsal peak extension angle increased by 1.12° (95%
Cl, 0.20 to 2.05). In contrast, tarsal peak flexion
angle decreased from 114.93 + 9.01° at 1.1 km/h
(0.31 m/s) to 109.34 + 8.37° at 3.2 km/h (0.89 m/s),
with a significant overall categorical effect of speed
(P =.002) and an estimated decrease of 2.53° (95%
Cl, 1.37 to 3.70) per 1-km/h (0.28 m/s) increase in
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speed. Accordingly, the increase in tarsal ROM across
speeds was associated primarily with a reduction in
peak flexion angle rather than with marked changein
peak extension angle.

Discussion

In these healthy adult Beagles walking on a
treadmill, hind limb ROM increased progressively
with walking speed within the walking gait. This
association was evident for the hip, stifle, and tarsal
joints, although the manner in which ROM increased
differed among the joints. At the hip and stifle, faster
walking was associated with higher peak extension
and lower peak flexion angles, whereas at the tar-
sal joint, the increase in ROM was driven primarily
by a reduction in peak flexion angle. These findings
identify walking speed as an important determinant
of hind limb kinematics during treadmill walking,
implying that joint-specific response patterns should
be considered when interpreting ROM.

The direction of the observed effect is consis-
tent with the findings of prior canine gait studies’-?
showing that hind limb kinematics depend on loco-
motor task demands. Previous studies have empha-
sized that data collection conditions and analytical
choices can influence measurements of joint motion.!
Nonetheless, many prior studies have focused on
comparing exercise modalities, inclination condi-
tions, or breeds or have investigated methodological
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questions rather than examining walking speed as the
primary variable of interest. This study addresses this
gap by evaluating hind limb kinematics at multiple
fixed treadmill speeds within the walking gait and by
modeling speed as both a categorical and continuous
predictor. This makes it possible to directly describe
the association between ROM and walking speed
over a clinically relevant range of walking speeds.
These findings are particularly relevant to reha-
bilitation settings in which dogs are evaluated
repeatedly over time. When treadmill walking is used
for postoperative monitoring, neurologic rehabilita-
tion, or longitudinal assessment of functional recov-
ery, ROM values obtained at different visits should
be interpreted cautiously unless walking speed has
been controlled or its effects modeled. This inter-
pretation is supported by prior work showing that
treadmill-derived ROM in healthy dogs can vary
across examination days.® A dog that walks faster
at follow-up may show a larger ROM even in the
absence of treatment-related improvements inintrin-
sic limb function. Conversely, ROM values obtained
at very slow walking speeds may still lie within the
physiological range expected for that task. These
results therefore support explicit control or statisti-
cal adjustment for speed whenever treadmill-based
hind limb ROM is used as an outcome measure.
These joint-specific patterns are biomechani-
cally informative. At the hip and stifle, the simultane-
ous increase in peak extension angle and decrease
in peak flexion angle indicates that faster walking
was accompanied by broader motion at both ends of
the sagittal-plane waveform. By contrast, the tarsal
joint exhibited relatively small changes in the peak
extension angle, with a more prominent decrease in
the peak flexion angle. Although this study was not
designed to identify the kinetic or neuromuscular
mechanisms underlying this difference, these find-
ings suggest that speed-related scaling of hind limb
motion is not uniform across joints. This interpreta-
tion is consistent with prior findings that changes in
canine locomotor activity demand do not necessarily
affect all joints in the same way.”-®
Group mean waveform shape appeared visually
similar across the 4 walking speeds even though the
amplitude increased. This clinically relevant finding
suggests that under the present testing conditions,
faster walking was achieved primarily by scaling the
magnitude of joint motion rather than by marked
changes in the basic waveform configuration. The
highest speed tested here also warrants comment.
Although only 1 dog transitioned to a trot at 3.2 km/h
(0.89 m/s), this suggests that 3.2 km/h (0.89 m/s)
may approach the walk-to-trot transition for some
Beagles under comparable treadmill conditions.
This study had several limitations. First, the
treadmill speeds were tested in a fixed ascending
order rather than a randomized order, so an order
effect cannot be completely excluded. Although
the dogs underwent a structured 3-day habituation
period before testing, residual learning or fatigue
effects across successive speed conditions remained
possible. Second, the study was limited to healthy

adult Beagles, and the results cannot be extrapo-
lated directly to other breeds or body conformations
or dogs with orthopedic or neurological diseases.
Third, skin-mounted marker systems are suscepti-
ble to soft tissue artifacts, and displacement of skin
markers relative to the underlying skeletal landmarks
has been demonstrated experimentally in dogs.
Although the measurement volume was calibrated
before data acquisition using the KinemaTracer sys-
tem, residual parallax, lens distortion, and marker
tracking errors may have remained and could have
affected the absolute joint angle values. In addition,
the dogs walked with a collar and leash while being
verbally encouraged by a handler standing in front
of them. Although the leash was not used to pull
or physically guide the dogs, the handling method
may have influenced treadmill walking patterns.
Another limitation is that forelimb kinematics were
not included in this analysis. Inclusion of comparable
forelimb data would have provided a more complete
understanding of speed-related whole-limb and
interlimb kinematic changes. Body condition score
was recorded, and the study dogs were within a nar-
row body condition range; however, body condition
can affect canine gait-related variables and joint
kinematics.1> Therefore, extrapolation to dogs with
substantially different body condition should be cau-
tious. Finally, this study specifically addressed tread-
mill walking; overground walking may vyield related,
but not identical, kinematic values.4

In conclusion, in these healthy adult Beagles,
treadmill walking speed was strongly associated
with hind limb ROM. Faster walking generated
greater ROM at the hip, stifle, and tarsal joints; how-
ever, the joint-specific changes differed, with bidi-
rectional expansion of motion in the hip and stifle,
whereas ROM expansion at the tarsus was driven pri-
marily by a lower peak flexion angle. These findings,
which provide speed-stratified descriptive kinematic
values for treadmill walking in healthy Beagles under
this protocol, support explicit control or statistical
adjustment for speed in future canine gait studies
and rehabilitation assessments.
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