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Abstract
Background  Children with Duchenne muscular dystrophy (DMD) present with progressive gait pathology due to 
progressive muscle weakness and contractures. However, the associations between specific muscle impairments 
and specific gait features have never been quantified. Therefore, the aim of this longitudinal observational cohort 
study was to investigate the longitudinal interaction between progressive muscle impairments and progressive gait 
pathology in growing boys with DMD.

Methods  Thirty-one boys with DMD (aged 4.6–16.4 years) were repeatedly measured between 2015 and 2022, 
resulting in a total dataset of 152 observations. Fixed dynamometry, goniometry and 3D gait analysis were used to 
assess lower limb muscle weakness, passive range of motion and gait. Joint random-effect models between gait and 
muscle outcomes were fitted. The correlation between the random intercepts (ra) and random slopes (rb) indicated 
the relationship between the initial values and progression rates over time of two outcomes, respectively.

Results  Specific muscle impairments were related to specific gait features, both in terms of initial values (ra=0.470–
0.757; p < 0.029) and progression rates (rb=0.547–0.812; p < 0.024). Decreased hip extension strength was associated 
with increased maximal posterior trunk angle (rb=-0.588; p = 0.0004), increased maximal anterior pelvic tilt angle 
(ra=-0.543; p = 0.0040 and rb=-0.812; p < 0.0001), and reduced maximal hip extension moment (ra=0.536; p = 0.0289). 
Decreased hip abduction strength was associated with increased step width (ra=-0.549; p = 0.0021) and increased 
maximal internal foot progression angle (rb=-0.547; p = 0.0117). Decreased knee extension strength was associated 
with reduced maximal knee extension moment (ra=0.702; p < 0.0001), reduced maximal knee power absorption 
(ra=0.757; p < 0.0001), and reduced dorsiflexion angle at initial contact (rb=0.684; p = 0.0237). Decreased dorsiflexion 
range of motion was associated with reduced dorsiflexion angle at initial contact (ra=0.732; p < 0.0001 and rb=0.627; 
p = 0.0202) and reduced maximal dorsiflexion angle in swing (ra=0.663; p < 0.0001).

Conclusion  This is the first study that objectively quantified the longitudinal interaction between muscle 
impairments and gait features, providing valuable insights into the underlying mechanisms of pathological gait in 
DMD. The observed associations highlight the importance of targeted clinical assessments. These findings offer a 
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Background
Duchenne muscular dystrophy (DMD) is a severe 
X-linked neuromuscular disorder, affecting two per 
10,000 newborn boys [1]. Disrupted dystrophin function 
due to mutations in the dystrophin gene causes progres-
sive muscle degeneration with loss of contractile tissue 
and replacement by fat and fibrotic tissue [2]. Conse-
quently, boys with DMD experience progressive muscle 
weakness and contractures that contribute to altered pos-
ture and gait [2, 3], eventually leading to loss of ambu-
lation at a mean age of 12.7 years (range: 7.1 and 18.6 
years of age) [4]. Delaying loss of ambulation is one of the 
treatment goals in DMD, in order to maintain a certain 
level of functionality and to postpone spinal deformities 
and contractures [2]. However, orthopedic and orthotic 
treatments that aim at optimizing gait performance indi-
cated conflicting results on gait decline [5–9] and sensi-
tive outcome measures are urgently needed to overcome 
the difficulties in the clinical development of promising 
novel treatments [10, 11]. An improved understanding of 
how the progression in underlying muscle impairments 
is associated with increasing gait pathology in DMD can 
improve clinical decision-making, lead to progress in 
rehabilitation, orthotic and orthopedic interventions, and 
reveal sensitive outcome measures to prove the efficacy 
of novel treatments in clinical trials.

Despite the clinical consensus that muscle impair-
ments alter gait in DMD, insight in specific associations 
between muscle impairments and gait features is lack-
ing. The relationship between underlying muscle impair-
ments and clinical assessments, such as the 6-min walk 
test, the North Star Ambulatory Assessment, and timed 
tests has been extensively studied. However, these clinical 
assessments only measure global gross motor function, 
and are characterized by high variability in test outcomes 
[12]. Leveraging detailed 3D gait analysis to investigate 
these associations could provide novel and clinically rel-
evant insights into the specific ways muscle impairments 
influence gait pathology in DMD. For example, it has 
been hypothesized that tiptoeing gait is a compensation 
mechanism for knee extension weakness, as it positions 
the ground reaction force near or in front of the knee 
joint center resulting in smaller knee extension moments 
[3, 7, 13, 14]. To date, only one study has investigated the 
relationship between muscle weakness and the gait pat-
tern in DMD, but no meaningful associations were found 
[15]. However, the latter study was based on cross-sec-
tional data of 15 boys with DMD. Due to the progressive 

and heterogeneous nature of DMD, these associations 
should be estimated from larger sample sizes and longi-
tudinal data.

Linking the progression in muscle impairments to the 
progression in gait pathology in growing children with 
DMD may highlight the potential role of muscle impair-
ments in gait deterioration. We recently established lon-
gitudinal trajectories of muscle impairments [16] and gait 
features [17] through an extensive 5–7 year follow-up. 
The muscle impairments were expressed as deficits in 
reference to typically developing (TD) peers, allowing the 
established trajectories to reflect pathological changes 
[16]. Muscle strength and ankle dorsiflexion range of 
motion followed a non-linear, piecewise trajectory [16]. 
At age 4.3–4.9 years, initial deficits were already present 
compared to TD peers, with the largest deficits around 
the hip, followed by the ankle and then the knee. The 
muscle outcomes remained stable or slightly improved 
until ages 6.6–9.4 years. After this period, steep declines 
in muscle strength and ankle dorsiflexion range of 
motion emerged. Weakness progressed in a proximal-
to-distal pattern with hip strength declining at an earlier 
age, followed by knee strength and then ankle strength. 
The steepest declines were seen in knee extension and 
hip abduction strength. The progressive gait pathology 
evolved towards more anterior pelvic tilt, hip flexion, 
internal foot progression and less dorsiflexion at initial 
contact [17]. There was a high inter-subject variability in 
the longitudinal trajectories of both muscle impairments 
and gait features [16, 17], but it remains unclear which 
muscle impairments are related to which gait features 
and how their progression rates relate.

The aim of this study was to investigate the longitudi-
nal interaction between progressive muscle impairments 
and progressive gait features in growing boys with DMD. 
Specifically, we aimed to determine whether the initial 
values of specific muscle impairments are related to the 
initial values of specific gait features and whether their 
progression rates are related. This is necessary to improve 
insights into the underlying mechanisms of pathological 
gait in DMD.

Methods
Participants
We conducted a prospective longitudinal cohort study, 
supplemented by a small retrospective component with 
additional data from the same participants. The study 
protocol consisted of multivariate repeated assessments 

foundation for optimizing rehabilitation strategies, orthotic management, and orthopedic interventions, ultimately 
improving clinical decision-making and enhancing mobility outcomes in children with DMD.
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with a varying number of assessments among partici-
pants and varying time intervals between assessments. 
Typically, repeated assessments were scheduled at stan-
dardized 6-month intervals, except in cases involving ret-
rospective data, disruptions due to COVID-19, or when 
a child’s condition was too mild to warrant follow-up at 
6 months.

Boys with DMD were recruited via the Neuromuscu-
lar Reference Centre (NMRC) in the University Hospi-
tal Leuven between June 2018 and December 2022. The 
study included boys with a confirmed genetic diagnosis 
of DMD, who were between 3 and 16 years old at base-
line, and able to walk at least 100  meters unaided and 
without assistive device. Exclusion criteria encompassed 
a clinical presentation of Becker muscular dystrophy, 
any history of muscle lengthening surgery, and cognitive 
or behavioral disorders that impeded accurate measure-
ments. Corticosteroids intake and clinical trial participa-
tion with disease-modifying medication were allowed. 
NMRC implements a proactive and preventive approach 
to manage contractures, with early introduction of night-
time ankle foot orthoses (AFOs), often alongside the start 
of corticosteroids, before contracture development, and 
occasional serial casting if early losses in ankle dorsiflex-
ion range of motion still appear. Retrospective data from 
the included children, collected between May 2015 and 
June 2018, was accessed from the University Hospital 
Leuven database to supplement the prospective data.

This study was approved under the Declaration of Hel-
sinki by the local ethics committee (Ethical Commit-
tee UZ Leuven/KU Leuven; S61324). All methodology 
adhered to the relevant regulations and guidelines. Writ-
ten informed consents were obtained from the parents or 
participants’ caregivers, and participants aged 12 years or 
older provided informed assents.

Data collection and analysis
Anthropometric measures, i.e., body mass, height and 
lower limb segment lengths, were collected at each 
observation.

We made a selection of muscle impairments and gait 
features based on our previous longitudinal analyses 
(Table 1) [16–18]. Gait features were included based on 
two main criteria: (1) clinically relevant differences in gait 
features between severely affected and mildly affected 
gait patterns [18], or (2) significant longitudinal changes 
in gait features [17]. The selection of muscle impairments 
for the analyses was defined through clinical reasoning, 
where we focused on muscle impairments that were pre-
viously postulated [3, 7, 13, 14, 17, 19–23] as potential 
explanations for the gait features. This targeted approach 
was necessary to ensure feasibility and to identify clini-
cally meaningful relationships.

Muscle weakness
Muscle strength was measured unilaterally. The weakest 
side, as determined by the manual muscle testing, was 
selected for assessment. If no weakest side could be iden-
tified, the assessed side was randomly selected by flipping 
a coin.

Table 1  Overview of the selected gait features, the reasoning 
behind their selection, and the impairments believed to be 
related to these gait features
Selected gait 
features

Reason Impairments 
postulated to 
be related to 
gait features

Maximal anterior 
pelvic tilt angle (°)

Previously reported significant 
longitudinal increase [17]

Hip extension 
weakness
Knee exten-
sion weakness

Maximal hip exten-
sion moment during 
stance (Nm/kg)

Previously reported significant 
longitudinal decrease [17]

Hip extension 
weakness

Maximal posterior 
trunk angle (°)

Clinically relevant decrease in 
more severely affected gait 
patterns compared to the mildly 
affected gait pattern [18]

Hip extension 
weakness

Normalized step 
width (/)

Previously reported significant 
longitudinal increase as well as 
interaction effect between time 
and baseline age [17]

Hip abduction 
weakness

Maximal internal 
foot progression 
angle during stance 
(°)

Previously reported significant 
longitudinal increase [17]

Poorly 
understood

Lateral trunk range 
of motion (°)

Clinically relevant increase in 
more severely affected gait 
patterns compared to the mildly 
affected gait pattern [18]

Hip abduction 
weakness

Maximal knee exten-
sion moment during 
stance (Nm/kg)

Clinically relevant decrease in 
more severely affected gait 
patterns compared to the mildly 
affected gait pattern [18]

Knee exten-
sion weakness

Maximal knee power 
absorption during 
loading response 
(W/kg)

Clinically relevant decrease in 
more severely affected gait 
patterns compared to the mildly 
affected gait pattern [18]

Knee exten-
sion weakness

Dorsiflexion angle at 
initial contact (°)

Previously reported significant 
longitudinal decrease [17]

Knee exten-
sion weakness
Dorsiflexion 
weakness
Dorsiflexion 
range of mo-
tion deficit

Maximal dorsiflexion 
angle during swing 
(°)

Previously reported significant 
interaction effect between time 
and baseline age [17]

Dorsiflexion 
weakness

Dorsiflexion 
range of mo-
tion deficit

kg = kilogram; Nm = Newton meter; W = Watt;
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Hip extension, hip abduction, knee extension, and 
ankle dorsiflexion muscle strength were assessed with 
an instrumented strength assessment [24, 25]. Hereto, 
maximal voluntary isometric contractions (MVIC) were 
performed using a fixed dynamometer (MicroFet, Hogan 
Health Industries, West Jordan, UT United States) in 
a standardized test position. The mean maximal force 
over one to three representative MVIC trials was multi-
plied with its lever arm with respect to the joint to cal-
culate the mean maximal joint torque per muscle group. 
Mean maximal joint torques were converted into unit-
less z-scores using anthropometric-related TD percentile 
curves for muscle strength (n = 153) [26]. As this accounts 
for the typical strength development, these z-scores 
reflect muscle strength deficits with respect to TD peers.

Contractures
Passive joint range of motion was measured bilaterally, 
but only the side corresponding to the strength assess-
ment was further included for consistency.

Only the plantar flexion contractures were analyzed 
because our previous work [16] highlighted that this was 
the only contracture with a clear longitudinal trajectory. 
The passive range of motion of ankle dorsiflexion, with 
the knee extended and flexed at 90° [27], was measured 
in degrees using goniometry during a standardized clini-
cal examination. Passive range of motion measures were 
converted into unit-less z-scores using the age-related 
normative reference values of Mudge et al. [27], as pre-
viously described [16]. As this accounts for the typi-
cal reduction in passive range of motion, these z-scores 
reflect range of motion deficits with respect to TD peers.

Gait
Gait was measured by 3D gait analysis according to a pre-
viously described protocol [17, 18]. The boys with DMD 
walked barefoot at self-selected speed on a 10-meter 
walkway. The Plug-In Gait Full-body reflective marker 
(diameter: 14 mm) model was applied. Marker trajecto-
ries were recorded with a 10–15 Vicon camera system 
(Vicon-UK, Oxford, UK; sampling frequency of 100 Hz; 
built-in Woltring filter with mode MSE and smoothing of 
15 mm2) and ground reaction forces were captured with 
two embedded force plates (AMTI, Watertown, MA, 
USA; sampling frequency: 1500  Hz). Kinetic data was 
obtained by combining marker trajectories with ground 
reaction forces. Initial contacts and toe offs were manu-
ally indicated, using force plate data when available, to 
define gait cycles (GCs) in the Nexus software (Nexus 
2.10. Vicon-UK, Oxford, UK). Subsequently, trunk, pel-
vis and lower limb kinematic waveforms (expressed in 
degrees), and waveforms for lower limb internal joint 
moments (expressed in Newton meters per kilogram 
body mass), and power (expressed in Watt per kilogram 

body mass) were estimated. Ten GCs with kinematic 
data, of which three to five GCs with kinetic data, were 
collected bilaterally. We examined the quality of collected 
GCs in a custom-made software in MATLAB (The Math-
works Inc., Natick, M.A., 2016 and 2021b). Kinematic 
and kinetic waveforms were resampled to 101 data points 
per GC. Step width was normalized to leg length, as pre-
viously described [17, 18, 28]. Normalized step width, 
and the kinematic and kinetic waveforms of the selected 
GCs with good quality were averaged per observation 
separately for the right and left sides. Predefined gait 
features were obtained by calculating minima, maxima, 
range of motions, and values at specific events in the GC 
from the average continuous kinematic and kinetic wave-
forms. Only the gait features on the side corresponding 
to the strength assessment were further included.

Statistical analysis
Descriptive statistics were used to summarize subject 
characteristics as well as muscle and gait outcomes at 
the initial visit and across all observations. Medians, first 
quartiles (Q1), and third quartiles (Q3) were reported, as 
some parameters were not normally distributed, based 
on the Shapiro–Wilk test and visual inspection of distri-
bution plots.

Joint random-effect models were applied to investigate 
the longitudinal correlation among multivariate out-
comes. The outcome parameters were selected based on 
our previous results [16–18] and pairs of muscle impair-
ments and gait features to jointly model were chosen 
based on clinical reasoning (Table 1). A mixed model was 
first fitted on each individual outcome, according to the 
previously documented workflow [17, 29]. Time course 
of the observations (starting from the initial visit and cal-
culated by subtracting the age at the initial visit from the 
age at each observation) was selected as the fixed effect. 
A random intercept modelled the variability in starting 
point, while a random slope for time modelled the vari-
ability in trajectory among subjects. Then, joint models 
to estimate a gait outcome and muscle impairment out-
come were created by linking the random effects of the 
two outcomes (Additional file 1) [30].

The estimates of the individual mixed models were used 
as starting values for the joint models, while unknown 
estimates were initiated at zero. Pearson correlation was 
estimated between random intercepts (ra), which reflects 
the relationship between the initial values of the individ-
ual predicted trajectories for gait and muscle outcomes. 
Similarly, Pearson correlation (rb) was estimated between 
random slopes, which reflects the relationship between 
their progression rates over time (Additional file 1) [30]. 
The data points of the patients with only one measure-
ment contribute only to the correlation between the ini-
tial values.
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Correlation coefficients were interpreted as negligible 
(r < 0.300), low (r = 0.300-0.499), moderate (r = 0.500-
0.699), high (r = 0.700-0.899), or very high (r ≥ 0.900) [31]. 
The significance threshold was set to α = 0.05 and not 
corrected for multiple comparisons due to the explor-
ative nature of the study. All analyses and visualizations 
were conducted in SAS® (version 9.4, Statistical Analysis 
Software, SAS Institute Inc., Cary, NC, USA).

Results
Thirty-one boys with DMD, aged between 4.6 and 16.4 
years old, were repeatedly measured between 2015 and 
2022 at multiple time points (median = 4; Q1-Q3 = 2–8; 
minimum (min) maximum (max) = 1–10) with a median 
time interval of 0.5 years (Q1-Q3 = 0.5-1.0 years; min-
max = 0.4–3.5 years), covering a median follow-up time 
of 3.2 years (Q1-Q3 = 1.5–4.1 years; max = 6.6 years). In 
total, the included dataset consisted of 152 measurement 
sessions (Additional file 2). All patient characteristics 
are documented in Table 2. The flowchart in Additional 
file 3 provides an overview of the collected data, the 
excluded data after quality check, the missing data, and 
the included data.

Decreased hip extension strength was associated with 
increased maximal anterior pelvic tilt angle, both in 
terms of initial values and progression rates (Table  3; 
Fig.  1A-B). At initial values, decreased hip extension 
strength was also moderately associated with decreased 
maximal hip extension moment (Table 3; Fig. 1A-C). The 
rate of decrease in hip extension strength was moderately 
associated with the rate of increase in maximal posterior 
trunk angle (Table 3; Fig. 1A-D).

At initial values, decreased hip abduction strength 
was moderately associated with increased normalized 
step width (Table 4; Fig. 2A-B). Additionally, the rate of 
decrease in hip abduction strength was moderately asso-
ciated with the rate of increase in maximal internal foot 
progression angle (Table  4; Fig.  2A-C). No significant 
correlations were found between hip abduction strength 
and lateral trunk range of motion, either at initial values 
or in their progression rates (Table 4; Fig. 2A-D).

At initial values, decreased knee extension strength was 
strongly associated with reduced maximal knee extension 
moment (Table 5; Fig. 3A-B) and with decreased maximal 
knee power absorption during loading response (Table 5; 
Fig. 3A-C). It was also weakly associated with increased 
maximal anterior pelvic tilt angle (Table  5; Fig.  3A-D). 
The rate of decrease in knee extension strength was mod-
erately associated with the rate of decrease in dorsiflex-
ion angle at initial contact (Table 5; Fig. 3A-E).

At initial values, decreased dorsiflexion strength was 
weakly associated with reduced dorsiflexion angle at ini-
tial contact (Table 6; Fig. 4A-B) and with decreased maxi-
mal dorsiflexion angle during swing (Table 6; Fig. 4A-C). 

Initial visit 
characteristics

Characteris-
tics over all 
observations

Frequency or 
median (Q1-Q3)

Frequency 
or median 
(Q1-Q3)

Subjects (n) 31 31
Observations (n) 31 152
Follow-up time (years) 0 3.2 (1.5–4.1)
Observations per participant (n) 1 4 (2–8)
Age (years) 8.7 (6.0–10.8) 10.2 (8.3–12.6)
Body mass (kg) 25.9 (19.2–34.7) 31.0 (24.2–42.5)
Height (m) 1.23 (1.08–1.31) 1.25 (1.17–1.33)
Body mass index (kg/m2) 17.4 (16.6–21.2) 19.0 (16.6–23.1)
Corticosteroids
 Daily Deflazacort (% subjects) 87.10% 95.39%
 Vamorolone (% subjects) 3.23% 1.32%
 No steroids (% subjects) 9.68% 3.29%
Participation in clinical trial with 
disease modifying medication (% 
subjects)

25.81% 39.47%

Adherence nighttime ankle foot 
orthoses (% subjects)

80.65% 78.95%

Serial casting (% subjects) 3.23% 6.58%
Hip extension strength (Nm) 8.2 (6.5–10.7) 8.9 (5.5–12.7)
Hip extension strength (z-score) -3.04 (-4.16– -2.44) -3.34 

(-4.80– -1.95)
Hip abduction strength (Nm) 10.8 (8.0–15.1) 12.1 (8.6–13.7)
Hip abduction strength (z-score) -2.31 (-2.9– -2.02) -2.78 

(-3.67– -2.08)
Knee extension strength (Nm) 16.3 (11.2–20.7) 16.4 (11.3–19.5)
Knee extension strength (z-score) -0.83 (-2.32– -0.56) -1.95 

(-3.17– -0.90)
Ankle dorsiflexion strength (Nm) 2.9 (1.9–4.7) 3.5 (2.4–4.6)
Ankle dorsiflexion strength 
(z-score)

-2.44 (-3.32– -1.58) -3.07 
(-3.51– -2.12)

Ankle dorsiflexion range of mo-
tion (°)

5.0 (0.0–10.0) 0 (-5–7.5)

Ankle dorsiflexion range of mo-
tion (z-score)

-3.13 (-4.24– -2.20) -3.48 
(-4.69– -2.67)

Maximal anterior pelvic tilt angle 
(°)

16.4 (14.3–19.1) 19.2 (14.5–22.7)

Maximal hip extension moment 
during stance (Nm/kg)

0.51 (0.37–0.69) 0.44 (0.27–0.57)

Maximal posterior trunk angle (°) 10.4 (6.0–15.5) 14.7 (7.2–20.1)
Normalized step width (/) 0.28 (0.25–0.31) 0.28 (0.26–0.33)
Maximal internal foot progression 
angle during stance (°)

-9.6 (-14.2– -3) -3.5 
(-12.0– -0.1)

Lateral trunk range of motion (°) 6.1 (2.9–7.4) 5.1 (3.0–7.4)
Maximal knee extension moment 
during stance (Nm/kg)

0.41 (0.34–0.50) 0.32 (0.24–0.53)

Maximal knee power absorption 
during loading response (W/kg)

0.66 (0.30–1.00) 0.37 (0.12–0.95)

Table 2  Group demographics
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Decreased dorsiflexion range of motion (with the knee 
extended) was associated with reduced dorsiflexion 
angle at initial contact, both in terms of initial values and 
progression rates (Table  6; Fig.  4B-D). At initial values, 
decreased dorsiflexion range of motion (with the knee 
extended) was also moderately associated with decreased 
maximal dorsiflexion angle during swing (Table  6; 
Fig. 4C-D).

Non-significant correlations are not described in the 
results section but are presented in the corresponding 
tables for completeness. To reduce redundancy, we chose 
to display the predicted trajectories of a given parameter 
only once across joint random-effect models presented in 
the same figure. However, because the predicted trajec-
tories vary slightly between joint models, all individual 
predicted trajectories for each joint random-effect model 
are provided in Additional file 6. For each analyzed gait 
outcome, only timepoints with non-missing correspond-
ing muscle strength data were included in the joint mod-
elling. This explains the minor differences in sample size 
and trajectory shape across joint random-effect models. 
The influence of corticosteroid use, clinical trial partici-
pation and nighttime AFOs is explored in Additional files 
7 and 8.

 
 

Discussion
This longitudinal observational cohort study aimed 
at investigating the longitudinal interaction between 
progressive muscle impairments and progressive gait 
features in growing boys with DMD. Several clinical 
hypotheses propose links between specific underlying 
muscle impairments and corresponding gait features, 
but these assumed relationships have largely remained 
theoretical and unquantified [15]. To date, only one 
prior study has examined these interactions, but it did 
not identify meaningful relationships [15]. In contrast, 
the current study revealed distinct associations between 
specific muscle impairments and specific gait features, 
both in terms of initial values and progression rates. A 

schematic overview of the key findings is provided in 
Fig. 5. By objectively quantifying these longitudinal inter-
actions, the current study provides empirical support 
for clinical hypotheses and offers new insights into the 
mechanisms driving gait decline in boys with DMD.

Quantitative analyses revealed that hip extension weak-
ness is associated with altered trunk and pelvic kinemat-
ics, as well as impaired hip kinetics in boys with DMD. 
Specifically, our results showed that increased hip exten-
sion weakness was associated with increased posterior 
trunk leaning over time, with increased anterior pelvic 
tilt both at initial values and as the weakness progressed, 
and with reduced hip extension moments at initial values. 
These findings support the clinical hypothesis of poste-
rior trunk leaning as a successful compensation mecha-
nism for hip extension weakness [3, 22, 23] and anterior 
pelvic tilt as the direct consequence of hip extension 
weakness [13, 14, 23]. It has been clinically hypothesized 
that boys with DMD lean their trunks posteriorly to com-
pensate for hip extension weakness, as this posture shifts 
the ground reaction force more posteriorly to the hip 
joint center, thereby reducing the hip extension moment 
[3, 19, 20, 22]. Originally described by Sutherland et al. 
[3], this compensation mechanism is now quantitatively 
confirmed by our data, and importantly, we show that it 
becomes more pronounced as hip extension weakness 
progresses. Similarly, our findings confirm the clinical 
hypothesis that anterior pelvic tilt is a direct consequence 
of hip extension weakness [13, 14, 23], and that this tilt 
increases as hip extension weakness progresses. Interest-
ingly, the association with anterior pelvic tilt was stronger 
than with posterior trunk lean, possibly because the pel-
vis is biomechanically closer and more directly affected 
by changes in hip extension strength. Our findings high-
light the importance of preserving hip extension strength 
for as long as possible or designing assistive devices that 
provide support for hip extension. This may help mini-
mize posterior trunk lean and reduce anterior pelvic tilt, 
which could postpone the onset of hip flexion contrac-
tures. However, more research is required to explore this 
further. Based on the current quantitative confirmation 
of clinical hypotheses, hip extension strength emerges as 
a key target for therapeutic interventions aimed at opti-
mizing gait in boys with DMD.

Hip abduction weakness was quantitatively linked to 
changes in step width and foot kinematics in boys with 
DMD. Specifically, our findings indicated that increased 
hip abduction weakness was associated with increased 
step width at initial values and, as the weakness pro-
gressed, with increased internal foot progression. There-
fore, the clinical hypothesis that boys with DMD increase 
their base of support to compensate for hip abduction 
weakness by shifting the ground reaction force more lat-
erally to the hip joint [3, 17] is quantitatively supported 

Initial visit 
characteristics

Characteris-
tics over all 
observations

Frequency or 
median (Q1-Q3)

Frequency 
or median 
(Q1-Q3)

Dorsiflexion angle at initial 
contact (°)

0.8 (-3.6–4.1) -2.5 (-6.5–1.6)

Maximal dorsiflexion angle during 
swing (°)

4.8 (-1.0–6.9) 2.4 (-2.5–5.7)

kg = kilogram; m = meter ; Nm = Newton meter; W = Watt; n = number; Q1 = first 
quantile; Q3 = third quantile

Table 2  (continued) 
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Table 3  Correlation between random intercepts (i.e., initial values of individual predicted trajectories) and random slopes (i.e., 
progression rates of individual predicted trajectories) of joint models between hip extension strength and gait features in boys with 
DMD

Correla�on random interceptsCorrela�on random intercepts Correla�on random slopes Correla�on random slopes 
rraa [CI][CI] rrbb [CI][CI]

Muscle strengthMuscle strength GaitGait pp-- pp--

--score) score) 
-- -- -- -- -- --

0.0040*0.0040* <0.0001*<0.0001*

--score)score) 0.0289*0.0289*

--score)score)
MM -- 6969 [[-- 711711 116116]] -- 88 [[-- -- ]]

0.0.13181318 0.0004*0.0004*
p-values in bold indicate significance level at p < 0.05. The colors indicate the strength of the relationship: green, high; blue, moderate; yellow, low. For all 
parameters, a random intercept and slope model was selected, except for maximal hip extension moment during stance. For this parameter, a random intercept 
model was chosen based on the likelihood ratio test, which explains the absence of a random slope correlation in the joint model with hip extension strength. 
CI = 95% confidence interval; DMD = Duchenne muscular dystrophy; kg = kilogram; Nm = newton meter; ra = Pearson correlation coefficient of random intercepts; rb 
= Pearson correlation coefficient of random slopes.

Fig. 1  Coupled predicted trajectories of hip extension strength and gait outcomes. Predicted individual trajectories (colored lines) and observed values 
(colored dot) for: A hip extension strength, B maximal anterior pelvic tilt angle, C maximal hip extension moment, and D maximal posterior trunk angle. Each 
color represents a different child with DMD. The dotted black line, with a surrounding gray band, shows the mean ± 1 standard deviation of values from TD 
children. Trunk data were not available for TD children. The plotted trajectories were derived from a joint random-effect model that links A hip extension 
strength and B,C,D a gait outcome over time. For all parameters, a random intercept and slope model was selected, except for maximal hip extension mo-
ment during stance. For this parameter, a random intercept model was chosen based on the likelihood ratio test, which explains why the predicted individual 
trajectories appear parallel. The relationships between the initial values (i.e., correlations between the random intercepts) and progression rates (i.e., correla-
tions between the random slopes) for the paired outcomes are shown in Table 3. Full model estimates, including fixed effects and the random-effect covari-
ance matrix, are provided in Additional files 4 and 5. DMD = Duchenne muscular dystrophy; kg = kilogram; Nm = Newton meter; TD = typically developing;
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Table 4  Correlation between random intercepts (i.e., initial values of individual predicted trajectories) and random slopes (i.e., 
progression rates of individual predicted trajectories) of joint models between hip abduction strength and gait features in boys with 
DMD

Correla�on random intercepts Correla�on random slopes 
ra [CI] rb [CI]

Muscle strength Gait p- p-
Hip abduc�on strength 

-score)
- 9 [- 66 - 221] - 403 [- 66 54]

0.0021* 0.1508
Hip abduc�on strength 

-score) angle 
- - - - -

0.0527 0.0117*
Hip abduc�on strength 

-score)
- 96 [- 93 1] 4 [- 7 6]

0.252 0.1029

p-values in bold indicate significance level at p < 0.05. The colors indicate the strength of the relationship: green, high; blue, moderate; yellow, low. CI = 95% 
confidence interval; DMD = Duchenne muscular dystrophy; ra = Pearson correlation coefficient of random intercepts; rb = Pearson correlation coefficient of random 
slopes.

Fig. 2  Coupled predicted trajectories of hip abduction strength and gait outcomes. Predicted individual trajectories (colored lines) and observed values 
(colored dots) for: A hip abduction strength, B normalized step width, C maximal internal foot progression angle, and D lateral trunk range of motion. Each 
color represents a different child with DMD. The dotted black line, with a surrounding gray band, shows the mean ± 1 standard deviation of values from TD 
children. Trunk data were not available for TD children. The plotted trajectories were derived from a joint random-effect model that links A hip abduction 
muscle strength and B,C,D a gait outcome over time. The relationships between the initial values (i.e., correlations between the random intercepts) and 
progression rates (i.e., correlations between the random slopes) for the paired outcomes are shown in Table 4. Full model estimates, including fixed ef-
fects and the random-effect covariance matrix, are provided in Additional files 4 and 5. DMD = Duchenne muscular dystrophy; TD = typically developing;
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by our data. In contrast, although increased lateral trunk 
range of motion has also been reported as a compensa-
tory mechanism [3, 19, 22], our findings did not support 
this hypothesis. Therefore, the current study suggests 
that increased step width, rather than lateral trunk range 
of motion, is the primary gait adaptation for hip abduc-
tion weakness in DMD. Additionally, progressive hip 
abduction weakness was also related to an increase in 
internal foot progression. This finding was unexpected, 
as internal foot progression directs the ground reaction 
force more medially to the hip joint. This result may be 
influenced by other co-occurring impairments, such as 
increasing stiffness or contractures of the tensor fascia 
latae or tibialis posterior [3, 17]. While our findings sup-
port the clinical hypothesis of increased step width as a 
compensatory strategy for hip abduction weakness, the 
underlying mechanisms of in-toeing gait remain poorly 
understood and warrant more investigation.

Knee extension weakness showed associations with 
deviations in pelvic and ankle kinematics, as well as 
knee joint kinetics in boys with DMD. Specifically, our 
results showed that increased knee extension weak-
ness was associated with increased anterior pelvic tilt 
at initial values, with decreased dorsiflexion at initial 
contact over time as the weakness progressed, and with 
decreased knee extension moment and knee absorption 
during loading response at initial values. These findings 
support clinical hypotheses suggesting that increased 
anterior pelvic tilt [3] and tiptoeing gait [3, 7, 13, 14] 
compensate for knee extension weakness by positioning 
the ground reaction force closer to or in front of the knee 
joint center, resulting in reduced knee extension moment 
and knee power absorption during loading response [3, 
7]. In TD gait, the quadriceps eccentrically contract to 
control knee flexion and absorb impact forces during 
loading response. By shifting the ground reaction force 

anteriorly to the knee joint, the external knee flexion 
moment is reduced, lowering the eccentric demand on 
the quadriceps, which is associated with less knee power 
absorption [7, 19]. The strong associations between knee 
extension weakness and knee extension moment and 
power absorption suggest that this compensation strat-
egy for knee extension weakness is effective. Moreover, 
the association with dorsiflexion angle at initial contact 
was not only stronger but also evident over time, com-
pared to the association with anterior pelvic tilt, indicat-
ing that tiptoeing gait is more important to compensate 
for knee extension weakness than tilting the pelvis more 
anteriorly. These findings highlight the importance of 
maintaining knee extension strength or developing assis-
tive devices that support knee extension. This could help 
reduce the compensatory tiptoeing, which might post-
pone the development of plantar flexion contractures. 
However, this warrants further investigation in future 
research. Overall, our results quantitatively confirm clini-
cal hypotheses and identify knee extension strength as a 
key target for optimizing gait in boys with DMD.

Ankle impairments were found to be quantitatively 
associated with alterations in ankle kinematics in boys 
with DMD. Specifically, increased dorsiflexion weakness 
was associated with reduced dorsiflexion at initial con-
tact and during swing at initial values, while decreased 
dorsiflexion range of motion was associated with reduced 
dorsiflexion at initial contact both at initial values and as 
range of motion further declined, as well as with reduced 
dorsiflexion during swing at initial values. These findings 
support clinical hypotheses that dorsiflexion weakness 
contributes to drop foot during swing and that plan-
tar flexion contractures lead to tiptoeing gait [3, 19, 21]. 
Interestingly, the association with reduced dorsiflexion 
range of motion was not only stronger but also evident 
over time, compared to the association with increased 

Table 5  Correlation between random intercepts (i.e., initial values of individual predicted trajectories) and random slopes (i.e., 
progression rates of individual predicted trajectories) of joint models between knee extension strength and gait features in boys with 
DMD

Correla�on random intercepts Correla�on random slopes 
ra [CI] rb [CI]

Muscle strength Gait p- p-

-score) <0.0001*

-score) during loading response 
56 870]

<0.0001*

-score)
- - - - -

0.0036* 0.0664

-score)
-
0.3111 0.0237*

p-values in bold indicate significance level at p < 0.05. The colors indicate the strength of the relationship: green, high; blue, moderate; yellow, low. For all parameters, 
a random intercept and slope model was selected, except for maximal knee extension moment during stance and maximal knee power absorption during loading 
response. For these parameters, a random intercept model was chosen based on the likelihood ratio test, which explains the absence of a random slope correlation 
in the joint model with knee extension strength. CI = 95% confidence interval; DMD = Duchenne muscular dystrophy; kg = kilogram; Nm = Newton meter; W = Watt; 
ra = Pearson correlation coefficient of random intercepts; rb = Pearson correlation coefficient of random slopes.
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Fig. 3  Coupled predicted trajectories of knee extension strength and gait outcomes. Predicted individual trajectories (colored lines) and observed values 
(colored dots) for: A knee extension strength, B maximal knee extension moment, C maximal knee power absorption during loading response, D maximal 
anterior pelvic tilt angle, and E dorsiflexion angle at initial contact. Each color represents a different child with DMD. The dotted black line, with a sur-
rounding gray band, shows the mean ± 1 standard deviation of values from TD children. The plotted trajectories were derived from a joint random-effect 
model that links A knee extension muscle strength and B,C,D,E a gait outcome over time. For all parameters, a random intercept and slope model was 
selected, except for maximal knee extension moment during stance and maximal knee power absorption during loading response. For these parameters, 
a random intercept model was chosen based on the likelihood ratio test, which explains why the predicted individual trajectories appear parallel. The 
relationships between the initial values (i.e., correlations between the random intercepts) and progression rates (i.e., correlations between the random 
slopes) for the paired outcomes are shown in Table 5. Full model estimates, including fixed effects and the random-effect covariance matrix, are provided 
in Additional files 4 and 5. DMD = Duchenne muscular dystrophy; kg = kilogram; Nm = Newton meter; TD = typically developing; W = Watt;
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Table 6  Correlation between random intercepts (i.e., initial values of individual predicted trajectories) and random slopes (i.e., 
progression rates of individual predicted trajectories) of joint models between dorsiflexion strength as well as dorsiflexion range of 
motion and gait features in boys with DMD

Gait

Correla�on random intercepts Correla�on random slopes 
ra [CI] rb [CI]
p- p-

-score)
-

0.0113* 0.0643

-score)
-

0.0024* 0.2210

-score) <0.0001* 0.0202*

-score)
-

<0.0001* 0.1705

p-values in bold indicate significance level at p < 0.05. The colors indicate the strength of the relationship: green, high; blue, moderate; yellow, low. CI = 95% 
confidence interval; DMD = Duchenne muscular dystrophy; ra = Pearson correlation coefficient of random intercepts; rb = Pearson correlation coefficient of random 
slopes.

Fig. 4  Coupled predicted trajectories of dorsiflexion strength and range of motion, and gait outcomes. Predicted individual trajectories (colored lines) 
and observed values (colored dots) for: A ankle dorsiflexion strength, B dorsiflexion angle at initial contact, C maximal dorsiflexion angle during swing, 
and D ankle dorsiflexion range of motion. Each color represents a different child with DMD. The dotted black line, with a surrounding gray band, shows 
the mean ± 1 standard deviation of values from TD children. The plotted trajectories were derived from a joint random-effect model that links A ankle 
dorsiflexion muscle strength or D ankle dorsiflexion range of motion and B,C a gait outcome over time. The relationships between the initial values (i.e., 
correlations between the random intercepts) and progression rates (i.e., correlations between the random slopes) for the paired outcomes are shown in 
Table 6. Full model estimates, including fixed effects and the random-effect covariance matrix, are provided in Additional files 4 and 5. DMD = Duchenne 
muscular dystrophy; TD = typically developing;
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dorsiflexion weakness, suggesting that plantar flexion 
contractures, more than dorsiflexion weakness, play a 
primary role in tiptoeing gait. This aligns with Suther-
land et al. [3] who attributed the drop foot to dorsiflex-
ion weakness in the early stage and to plantar flexion 
contractures in later stages. The findings highlight the 
importance of preserving dorsiflexion range of motion to 
mitigate tiptoeing. However, it remains unclear whether 
treating plantar flexion contractures would compromise 
compensatory strategies for weakened knee extensors 
(explained above) [7], as these impairments co-occur and 
decline simultaneously. Our results quantitatively sup-
port previous clinical hypotheses, but also underscore 
the need for further investigation to guide intervention 
strategies that balance ankle and knee function in DMD.

The current findings, based on quantified trajectories 
from integrated assessments of both muscle impairments 
and gait features over time, have important implications 
for the standard of care in patients. They offer precise, 
patient-specific insights into disease progression, which 
can improve communication with families and support 

timely, tailored rehabilitation strategies by identifying key 
factors affecting gait performance. Two clinical cases in 
Additional file 9 illustrate how this approach can inform 
targeted rehabilitation recommendations and personal-
ized treatment strategies. This approach of longitudinal, 
integrated assessments may also be relevant for manag-
ing other neuromuscular disorders.

While the current findings reveal clear associations 
between specific muscle impairments and specific gait 
features, caution is needed in interpreting these as causal, 
given the presence of multiple co-occurring impairments 
and their simultaneous decline over time. Nonetheless, 
the current findings may inform future studies designed 
to better understand causation. Additionally, muscle 
impairments were assessed using stationary methods, 
while gait was evaluated through dynamic assessment. 
Due to fundamental differences in measurement con-
text, associations between outcomes from stationary and 
dynamic assessments may not fully capture the influ-
ence of impairments during functional movement [32]. 
Stationary assessments of muscle impairments evaluate 

Fig. 5  Schematic overview of gait features related to underlying muscle impairments: key findings. Each joint random-effect model is indicated with a 
bracket. Correlations between initial values of individual predicted trajectories are indicated with dots and correlations between their progression rates 
with lines. The color of the dots and lines indicate the strength of the relationship.
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isolated muscle groups in a controlled, mono-articular 
manner. Muscle strength is measured isometrically, and 
range of motion is assessed at a single joint while keep-
ing other joints in standardized positions. In contrast, 
dynamic assessment of gait is highly complex, involv-
ing simultaneous changes in joint angles across multiple 
joints and planes, as well as changes in muscle lengths 
and contraction velocities. It is further influenced by 
interactions between multiple impairments and other 
factors such as intra- and inter-limb coordination and 
balance. Furthermore, both the number of repeated 
assessments and the time intervals between them var-
ied across the participants. In some children with DMD, 
only a limited number of repeated measurements were 
obtained. The boys with DMD enrolled in the study 
at varying ages, resulting in a wide baseline age range. 
Moreover, there was an imbalance in the number of 
repeated assessments across the analyzed parameters, 
primarily due to missing data. The trunk marker model 
was not attached during assessments in very young chil-
dren. In some cases, strength assessments could not be 
performed due to limited cooperation or understanding 
from the child. Hip muscle strength data were missing 
during the early phase of data collection, as the strength 
assessment had not yet been adapted to include hip 
muscles. Consequently, for each analyzed gait outcome, 
we decided to include only the timepoints with corre-
sponding non-missing muscle strength data in the joint 
modelling, leading to variations in sample sizes and tra-
jectory shape across the joint models. There was also 
inter-subject heterogeneity due to differences in medical 
and clinical histories, such as clinical trial participation, 
corticosteroid intake, gene mutation, adherence to night-
time AFOs, periods of serial casting, functional level, etc. 
This highlights the need for large-scale multicenter stud-
ies with larger sample sizes to account for such variability 
and improve generalizability of the results.

Conclusion
In conclusion, the initial values and progression rates of 
specific muscle impairments were associated with the 
initial values and progression rates of specific gait fea-
tures in boys with DMD. This is the first study that objec-
tively quantified these interactions, providing empirical 
evidence for previous clinical assumptions. 3D gait analy-
sis emerges as a promising tool for evaluating the effects 
of therapeutic strategies and may complement existing 
outcome measures in future clinical trials. Moreover, the 
results provide insights into the underlying mechanisms 
of pathological gait in DMD. The observed associations 
highlight the importance of targeted clinical assess-
ments. These findings offer a foundation for optimiz-
ing rehabilitation strategies, orthotic management, and 
orthopedic interventions, ultimately improving clinical 

decision-making and enhancing mobility outcomes in 
children with DMD.
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