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ARTICLE INFO ABSTRACT

Keywords: Background: Peripheral nerve injury caused by leprosy can lead to foot drop, resulting in an altered gait pattern

Principal component analysis that has not been previously described using 3D gait analysis.

;epm;y Methods: Gait kinematics and dynamics were analyzed in 12 patients with unilateral foot drop caused by leprosy
oot drop

and in 15 healthy controls. Biomechanical data from patients' affected and unaffected limbs were compared with
controls using inferential statistics and a standard distance, based on principal components analysis (PCA).
Findings: Patients walked slower than controls (0.8 + 0.2 vs. 1.1 & 0.2 m/s, p = 0.003), with a reduced stance
and increased swing percentage. The affected limb increased (p < 0.05) plantar flexion at the initial contact
(—16.8° + 8.3), terminal stance (—29.1° + 11.5), and swing (—12.4° + 6.2) in the affected limb compared to
unaffected (—6.6° + 10.3; —14.6° + 11.6; 2.4° + 7.6) and controls (—5.4° + 2.5; —18.8° 4+ 5.8; —1.4° + 3.9).
Increased pelvic tilt and knee adduction/abduction range, with lower hip adduction, were observed. The second
peak of ground reaction force (98.6 + 5.2 %BW), ankle torque (0.99 + 0.33 Nm/kg), and net ankle work in
stance (—0.03 + 5.4 J/Kg) decreased in the affected limb compared to controls (104.1 + 5.5 %BW; 1.24 + 0.4
Nm/kg; —4.58 + 5.19 J/kg; p < 0.05). There were decreasing multivariate standard distances in the affected
limb compared with the unaffected and controls. PCA loading factors highlighted the major differences between
groups.

Interpretation: Leprosy patients with foot drop presented altered gait patterns in affected and unaffected limbs.
There were remarkable differences in ankle kinematics and dynamics. Rehabilitation devices, such as ankle foot
orthosis or tendon transfer surgeries to increase ankle dorsiflexion, could benefit these patients and reduce de-
viations from normal gait.

Gait analysis
Hansen's disease

1. Introduction

Leprosy, or Hansen's disease, is a chronic infectious and neglected
disease caused by mycobacterium leprae (Hambridge et al., 2021). In
2019, there were 202,185 new cases reported worldwide, with Brazil
ranked second with 27,863 new cases, the highest in the Americas
(WHO, 2020). Nerve injury is a significant feature of leprosy patho-
genesis, as Mycobacterium leprae has a unique tendency to invade
Schwann cells in the peripheral nervous system. As a result, immuno-
logic mononeuritis multiplex occurs, causing autonomic, sensory, and

motor neuropathy (Wilder-Smith and Van Brakel, 2008). Despite
receiving antileprosy treatment and recovering from the infection, many
patients still suffer permanent nerve damage and disabilities (Sharma
et al., 1996). This impairment is irreversible, and motor nerve conduc-
tion studies using electroneuromyography show a complete absence of
electric activity (Marciniak, 2013).

The compromise of the common peroneal nerve often leads to foot
drop due to leprosy (Ooi and Srinivasan, 2004; Wilder-Smith and Van
Brakel, 2008). Symptoms include a characteristic steppage gait, per-
manent loss of the leg's anterior and lateral compartments, and impaired
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muscle function (Krishnamurthy and Ibrahim, 2019). This damage re-
sults in a significant alteration of the walking pattern, general impair-
ment of the swing, and muscle weakness, with shortening and
contracture of the Achilles tendon as a secondary effect (Beckmann
et al., 2015).

Foot drop is a condition that refers to weakness in dorsiflexion and
can occur in various conditions, including injury of the peroneal nerve,
L5 radiculopathy (Marciniak, 2013; Poage et al., 2016), muscular pa-
thologies, such as Duchenne muscular dystrophy (Goudriaan et al.,
2018), hereditary peripheral neuropathy such as Charcot-Marie-Tooth
(Don et al., 2007; Ferrarin et al., 2013), post-stroke (Balaban and Tok,
2014; Pinzur et al., 1987), and cerebral palsy (Karunakaran et al., 2019).
Newman et al. (2007) observed foot drop during the swing phase,
reduced plantar flexion at push-off, and increased foot supination in
patients with Charcot-Marie-Tooth gait pattern. Voigt and Sinkjaer
(2000) described foot drop walking dynamics in hemiplegic patients,
focusing primarily on estimated bone-to-bone contact forces in the
ankle, knee and hip with and without a peroneal nerve stimulator.

Reduced gait speed, cadence, and stride length, with increased stride
and step times, are common findings in patients with foot drop. These
findings are associated with limited ankle dorsiflexion and hyperex-
tension of the knee at initial contact (Balaban and Tok, 2014;
Btazkiewicz et al., 2017). Additionally, reduced hip extension at pro-
pulsion and increased hip flexion during swing on the affected leg have
also been reported (Blazkiewicz et al., 2017). Patients with foot drop
also experience reduced dorsiflexor torque, hip extension and flexion
torques, and flexor knee torque. In contrast, Simonsen et al. (2010)
observed a significant increase in the knee extensor moment in the
affected leg of subjects with foot drop. Btazkiewicz and Wit (2019) re-
ported increased knee and hip flexors, extensors, and adductors forces to
compensate for the loss of ankle muscle forces in patients with foot drop.

Although several diseases can cause foot drop, the specific etiology
associated with leprosy can result in specific abnormal gait patterns.
However, to the best of the authors' knowledge, no previous study has
characterized the gait patterns associated with foot drop caused by
leprosy using 3D gait analysis techniques, despite its relatively high
occurrence in developing countries. Quantitatively evaluating muscu-
loskeletal damage can aid in the planning and monitoring of rehabili-
tation and surgery. This gap in the literature is partly due to the scarcity
of public-supported gait analysis laboratories in developing countries,
which is associated with the low social and economic status of in-
dividuals affected by leprosy. This makes it challenging to afford so-
phisticated diagnostic technology and participate in clinical studies.

This study aims to describe the gait characteristics of leprosy patients
with common peroneal nerve damage and foot drop using 3D motion
analysis. Inferential and multivariate statistical methods, including
principal component analysis (PCA), were used to characterize gait
parameters between the affected and non-affected legs of patients with
leprosy and between the affected leg and healthy controls. The results of
this study improve our understanding of the gait characteristics of foot
drop resulting from leprosy and serve as a baseline for comparison after
physical therapy and surgical interventions, such as tendon transfers.
We hypothesized that leprosy patients might exhibit reduced dorsi-
flexion motion during swing and decreased plantar flexor moment
during late stance.

2. Materials and methods
2.1. Sample

The sample size for comparing leprosy and foot drop as a secondary
disability (Hansen Group - HG) with a Control Group (CG) was calcu-
lated using an independent samples t-test model. An effect size of d >
1.30 (large effect), with a significance level of a < 0.05 and a power of
0.80, was chosen. The G*Power statistical package (Faul et al., 2007)
was utilized for this purpose. The effect size was determined based on
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the largest variability in sagittal plane kinematics, specifically the ankle
at initial contact, as reported by Biazkiewicz et al. (2017). This calcu-
lation yielded a minimum sample size of nine participants.

The HG consisted of twelve patients selected from the Orthopedic
Clinic of Clementino Fraga Filho University Hospital, including eight
men with an average age of 44.7 + 10.8 years, a height of 1.7 + 0.08 m,
and a body mass of 82.6 + 20 kg. All subjects completed multidrug
therapy according to the Brazilian Health Ministry protocol (Ministério
da Satide, 2020) and had not experienced any inflammatory reaction
within the previous year. The inclusion criteria for this study were the
presence of foot drop, minimum age of 18 years, and the absence of any
limb deformity or previous surgeries except for tibial or common
peroneal nerve neurolysis. Active plantar ulcers or foot infections
constituted exclusion criteria. Additionally, a control group (CG)
comprised 15 healthy volunteers (12 men; 37.6 + 15.6 years; 1.7 +
0.06 m; 74.5 + 18.6 kg). The groups had no significant differences in age
and anthropometrics (p > 0.05). All volunteers provided informed
consent, and the Local Ethics Committee approved the study (CAAE no.
24952119.0.0000.5257).

2.2. Experimental protocol

A system consisting of four BTS P-6000 force platforms (BTS
Bioengineering, Milan, Italy) with a sampling frequency of 400 Hz and
seven infrared cameras (SMART-D BTS, Milan, Italy) with a sampling
frequency of 250 Hz was used for 3D gait analysis. The marker set used
was the Helen Hayes protocol with 18 reflective markers (Kadaba et al.,
1990) (Fig. 1A). The Smart Tracker Software (BTS) was used to recon-
struct raw kinematics and force data. Joint angles (inverse kinematics)
and torques (inverse dynamics) were determined using Smart Analyzer
and Smart Clinics Software (BTS). Kinematic and force plate data were
filtered using a Low-Pass Butterworth zero-lag 4th-order filter with 12
Hz and 30 Hz cutoff, respectively.

Each subject walked independently at their self-selected speed along
a ten-meter walkway for five successful trials without support (i.e.,
without crutches or walkers). Only tests performed without incidental
mistakes, with the subject performing the task naturally with one foot on
each force platform during the double support, were analyzed. A picture
of the walking gait is shown in Fig. 1B, extracted from the movie
available at https://figshare.com/articles/media/hansen_gait mp4/
22335631.

2.3. Data processing

In each trial, ground reaction forces (GRF), kinematics, and torques
were normalized for 0 to 100% of the gait cycle. An average of five trials
was used to represent each subject. GRF, vertical moments, and ankle
work were normalized by the subject's body weight. Gait parameters
(Table 1) were compared between the affected (AL) and the unaffected
legs (UNL) of HG and between the right leg from the CG and both legs of
HG. Previous studies on drop foot gait also analyzed only the right leg of
controls (Bidabadi et al., 2019; Blazkiewicz and Wit, 2019). A symmetry
index (SI) was calculated for AL and UNL for HG, and right (RL) and left
limbs (LL) for CG, according to Queen et al. (2020). A negative value
indicates, for each parameter, that AL < UNL and LL < RL. BTS Smart
Clinics software reports pelvis data for the right and left gait cycles,
averaged for the analysis reported here.

For principal component analysis (PCA), 31 discrete gait parameters
shown in Table 1 were normalized to zero average and unitary standard
deviation and stored in the columns of a matrix E [39 x 31]. According
to Schutte et al. (2000), choosing discrete gait variables is inherently
arbitrary in calculating the normality index. A group of experienced
clinicians was consulted to determine an appropriate set of variables.

Each row of E corresponded to the 31 gait parameters associated
with AL from HG (12 subjects), the UNL from the same group (12 sub-
jects), and the right leg from CG (15 subjects), totalizing 39 rows. PCA
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Fig. 1. Anatomical marker set protocol (A) and walking gait picture (B) — movie available at https://figshare.com/articles/media/hansen_gait mp4,/22335631

decomposes the covariance matrix S [31 x 31] of E into a PC [31 x 31]
matrix of principal components (PCs), where each column contains the
loading factors of PC eigenvectors that represent the linear combina-
tions of the 31 gait parameters. The columns of PC are arranged in
descending order of component variance (Jolliffe, 2002). Each compo-
nent's relative importance, or variance, is expressed in a vector of 31
eigenvalues corresponding to PCs. Usually, the first PCs retaining 80% of
total data variation are selected for further analysis (McKean et al.,
2007).

To determine the relative variance contribution of each principal
component (PC), the corresponding eigenvalue is divided by the sum of

all eigenvalues. In our study, we retained the first six PCs. Additionally,
PCA generates a matrix of PC scores denoted as SC [39 x 31], which
represents the data stored in E on the principal component space. The
rows of SC correspond to observations, while columns represent com-
ponents. To obtain SC, the PC columns are demeaned and multiplied by
the square root of the corresponding eigenvalues (Jolliffe, 2002). Dif-
ferences between AL and CG were evaluated by comparing their PC
scores (Chester and Wrigley, 2008). The loading factors of correspond-
ing PC scores with statistical differences between HG and CG were
visually analyzed to aid in interpreting the information attained by PCs.
Loading factors >80% were deemed relevant (Muniz and Bini, 2017).
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Table 1
The 31 input measures considered in PCA analysis.

Variable Variable Unit  Variable Variable Unit

number number

Ankle GRF

1 Ankle angle at deg 18 First vertical peak %
initial contact BW

2 Maximal deg 19 Second vertical %
dorsiflexion in Peak BW
stance

3 Maximal deg 20 Braking %
plantar flexion anteroposterior BW
in stance peak

4 Maximal deg 21 Propulsive %
dorsiflexion in anteroposterior BW
swing peak

5 Maximal deg 22 Maximal medial %
pronation in force BW
stance

6 Maximal deg 23 Maximal Lateral %
supination in force BW
stance

Knee Moment

7 Maximal deg 24 Maximal plantar Nm/
flexion in stance flexor torque Kg

8 Maximal deg 25 Maximal knee Nm/
flexion in swing extensor torque Kg

9 Frontal plane deg 26 Maximal hip flexor =~ Nm/
amplitude in torque Kg
stance

Hip 27 Maximal hip Nm/

extensor torque Kg

10 Maximal hip deg Total work
flexion in stance

11 Maximal hip deg 28 Net ankle work in J/kg
extension in stance
stance

12 Maximal hip deg Temporal variables
flexion in swing

13 Maximal deg 29 Percentage stance %
adduction in time
stance

14 Maximal deg 30 Percentage swing %
abduction in time
stance

Pelvis 31 Gait speed m/s

15 Pelvic tilt range  deg

16 Pelvic obliquity ~ deg
range

17 Pelvic rotation deg
range

To define a hyperelliptic boundary in the PC-hyperspace for the
control group, we normalized their scores by the respective variance
(Flury and Riedwyl, 1986; Muniz et al., 2012). We used the standard
distance to estimate how much our patients deviated from normality,
which can be interpreted as the mean difference in standard deviation
units. Consequently, we created a normality index defined as the stan-
dard distance between the scores of each patient's limb (AL or UNL leg)
to the hyperelliptic boundary center in the control group's PC-
hyperspace.

2.4. Statistical analysis

The Shapiro-Wilk test was used to test for data normality. The in-
dependent t-test or the Mann-Whitney test was used to compare the
average gait parameters and PC scores between groups of subjects (HG
and CG) for parametric or nonparametric data, respectively. The paired
t-test or Wilcoxon signed-rank test was also performed to compare the
AL and UNL of HG (Simonsen et al., 2010). The significance level was set
at a < 0.05. The magnitude of differences was calculated using Cohen's
effect size (d) for normally distributed data and r effect size otherwise.
The interpretation of d was 0.20 (small), 0.50 (medium), and 0.80
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(large) and, for r, 0.10 (small), 0.30 (medium), and 0.50 (large) (Cohen,
1992). The statistical analysis was performed using SPSS 28.0.0.0 (SPSS,
USA).

3. Results
3.1. Parametric analysis

Parametric analysis showed that the HG had an increased maximum
plantar flexion angle at initial and terminal contacts and during the
swing in AL compared to UNL and controls (Table 2 and Fig. S-1 of the
Supplementary Material). Additionally, both legs of the HG had a higher
knee frontal plane amplitude, while the UNL showed a smaller hip
adduction peak angle during stance compared to the CG. The HG also
had a higher pelvic tilt range than the CG.

The HG walked slower than the controls (Table 3), with a lower
stance phase percentage on the AL compared to the UNL and the CG.
Correspondingly, an increased percentage of swing duration was
observed in the AL compared to the UNL. The AL presented a lower
vertical second force peak than the UNL and the controls (Table 3 and
Fig. S-2). Moreover, the UNL showed a higher supination force (lateral
peak) than the CG. The inverse dynamics analysis (Table 3 and Fig. S-3)
revealed in the AL, compared to controls, there was a reduced ankle
plantar flexor torque in the terminal stance, and net ankle work during
stance (Table 3).

Most parameters showed higher SI (<10%) in the HG (Tables 2 and
3), with larger values in ankle angle at initial contact and maximal
dorsiflexion in swing (Table 2). At the same time, the control group
showed an acceptable SI in most variables.

3.2. Multivariate analysis

The PCA retained the first six PCs (Fig. 2A, C and E) to calculate the
standard distance, accounting for 80.7% of data variance. Statistical
analysis revealed that the standard distance differed significantly be-
tween the CG, UNL, and AL groups, with the CG group having shorter
distances than the UNL and AL groups (Table 3). Notably, the AL group
had a larger standard distance than the UNL group (Fig. 2A, C and E),
suggesting that gait patterns were modified in both groups, but to a
greater extent in the AL group.

Further analysis indicated that only the first (p = 0.018), the third (p
= 0.016), and the fourth (p = 0.006) PC scores presented significant
differences between the controls and the HG AL. The first eigenvector
(Fig. 2B) identified key differences between the two groups, including
ankle angle at initial contact (Variable 1 of Table 1), maximal plantar
flexion in stance (Var. 3), maximal dorsiflexion in swing (Var. 4), and
percentage swing time (Var. 31). The third eigenvector highlighted
differences in the first peak of force (Var. 19) and net ankle work in
stance (Var. 28) (Fig. 2D), while the fourth detected differences in
percentage stance time (Var. 29) (Fig. 2F). No significant differences
were observed between groups for the remaining eigenvectors.

4. Discussion

The aim of this study was to investigate the gait pattern of patients
with leprosy and foot drop as a secondary disability, focusing on kine-
matics, dynamics, and ground reaction force (GRF). The patients'
affected limb gait patterns were compared with the unaffected limb and
control participants. A PCA decomposition was used to analyze the
scores of gait variables, along with global normality and symmetry
indices.

The results showed that patients with foot drop exhibited changes in
their gait patterns of both legs compared to control participants (Fig. 2),
consistent with previous studies on foot drop caused by other pathol-
ogies. Specifically, the patients had a reduced gait speed and stance time
percentage, and an increased swing time percentage. Patients also
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Table 2
Kinematic gait parameters (mean =+ standard deviation).
HG CG P/ES P/ES P/ES
AL UNL . RL SI (ALXUNL) (ALx CG) (UNLx CG)
ANKLE
Ankle angle at initial contact (deg) —-16.8 —6.6 —70.0% -5.4 5.1% 0.01*/ 0.02%/ 0.704/
+8.3 +10.3 +2.5 d=1.09 d=1.85 d=0.16
Maximal dorsiflexion in stance (deg) 11.6 11.8 6.9% 10.2 3.0% 0.433/ 0.384/ 0.264/
+3.7 +4.9 +25 r=0.16 r=0.07 d=0.41
Maximal plantar flexion in stance (deg) —-29.1 £11.5 —14.6 —38.2% —18.8 —2.2% 0.018*/ 0.023*/ 0.286/
+11.6 + 5.8 d=1.25 d=1.13 d=0.45
Maximal dorsiflexion in swing (deg) -12.4+6.2 2.4 —137.5% -1.4 —8.8% 0.041%*/ <0.001*/ 0.115/
+7.6 + 3.9 r=0.41 r=0.79 d=0.62
Maximal pronation in stance (deg) —6.4 -5.9 12.9% -5.0 —9.2% 0.534/ 0.892/ 0.397/
+ 5.2 + 2.8 + 2.1 r=0.12 r=0.02 r=0.17
Maximal supination in stance (deg) 7.8 7.7 0.12% 5.2 -7.1% 0.704/ 0.081/ 0.123/
+4.3 +4.4 +2.0 d=0.02 d=0.77 d=0.73
KNEE
Maximal flexion in stance (deg) 15.5 17.4 0.5% 13.3 -3.1% 0.534/ 0.497/ 0.125/
+10.0 + 8.6 + 4.6 d=0.20 d=0.28 d=0.59
Maximal flexion in swing (deg) 559 +17.4 51.8 1.3% 57.2 4.8% 0.754/ 0.959/ 0.799/
+12.8 +11.2 r=0.06 r=20.01 r=0.05
Frontal plane amplitude in stance (deg) 12.6 10.6 4.8% 6.1 —2.8% 0.476/ 0.046*/ 0.047%/
+9.3 +5.5 +29 d=0.26 d=0.94 d =1.02
HIP
Maximal hip flexion in stance (deg) 32.1 +£10.8 34.2 —5.5% 323 —2.5% 0.279/ 0.939/ 0.605/
+10.8 +73 d=0.19 d=0.02 d = 206
Maximal hip extension in stance (deg) -5.9 —6.7 24.9% —6.0 6.0% 0.649/ 0.964/ 0.835/
+11.3 +10.0 +6.4 d=0.07 d=0.01 d=0.08
Maximal hip flexion in swing (deg) 39.4 36.4 7.3% 34.8 —0.9% 0.433/ 0.180/ 0.237/
+11.8 +11.0 +6.7 r=0.16 r=0.27 r=0.23
Maximal adduction in stance (deg) 3.4 3.1 54.1% 6.4 9.8% 0.843/ 0.09/ 0.043*/
+4.9 +5.1 +29 d=0.05 d=0.75 d=0.72
Maximal abduction in stance (deg) -7.9 —6.6 —7.4% —6.1 3.5% 0.425/ 0.308/ 0.689/
+4.8 +2.6 + 3.4 d=0.33 d=0.43 d=16
PELVIS
Tilt range (deg) 6.8 +5.1 5.7+ 3.1 0.002/r = 0.50
Obliquity range (deg) 6.9+ 2.8 8.1+5.0 0.807/r = 0.23
Rotation range (deg) 11.1 + 4.4 11.4 £ 3.9 0.882/d = 0.07

HS - Leprosy group; AL — Affected limb; UNL — Unaffected limb. CG - control group; RL - right leg. SI - symmetry index; negative value indicates that AL < UNL and left
limb < RL. * Values in bold indicate significant differences. P-value (p), Cohen's effect size (ES) (d) and effect size r for nonparametric data (r). Positive angles (+)
flexion; dorsiflexion; adduction and foot supination. Negative angle (—) extension; plantarflexion; abduction, and foot pronation.

showed a decrease in sagittal ankle range of motion, plantar flexor
torque, and net ankle work, especially in the AL, as previously observed
in foot drop caused by other pathologies (Kinsella and Moran, 2008;
Newman et al., 2007; Voigt and Sinkjaer, 2000; Wiszomirska et al.,
2017). These results support our initial hypotheses. Additionally, the
patients showed an increased knee frontal plane angular amplitude,
reduced hip adduction, and an increased pelvic tilt range. Most of these
modifications were observed in both parametric (Tables 2 and 3) and
multivariate analyses (Fig. 2).

4.1. Symmetry

The study also examined the symmetry of gait patterns in patients
with foot drop. The results showed increasing PCA-based standard dis-
tances from the UNL to the AL (Table 3), along with a higher symmetry
index (SI) in the HG, indicating an asymmetric gait pattern with a
worsening in the AL, as reported in previous studies (Balaban and Tok,
2014; Chen et al., 2005). The largest SIs were observed in ankle motion,
hip extension and adduction, horizontal GRFs, plantar flexion torque,
knee and hip extensor torques, and net ankle work (Tables 2 and 3).
Conversely, the control group exhibited markedly lower SI values.
Symmetry is an important indicator of gait health, and the lack of
symmetry can affect proper walking technique (Kutilek et al., 2014).
Rehabilitation professionals aim to restore a symmetrical gait pattern in
patients with foot drop (Nadeau, 2014)

4.2. Gait speed and temporal variables

The results indicated that the HG patients walked 21% slower than
controls (Table 3), which is consistent with previous studies on other
clinical conditions (Balaban and Tok, 2014; Li et al., 2018; Wiszomirska
et al., 2017). Gait speed is a clinical measurement that reflects overall
gait performance (Balaban and Tok, 2014; Middleton et al., 2015). A
slower gait pattern may be an adaptation to reduce the risk of falls (Van
lersel et al., 2007) by adopting a more cautious gait pattern with hob-
bling (Wiszomirska et al., 2017). Decreased velocity is likely the result of
multiple factors, including debilitated neural control, impaired swing,
and reduced muscle strength and mobility (Chen et al., 2005). It nega-
tively affects independence and lowers the quality of life (Ekstrom et al.,
2011). Previous studies have shown that knee torque is closely related to
gait speed in normal subjects (Kirtley et al., 1985; Oberg and Karsznia,
1994), but in this study, only plantar flexion torque showed differences
between groups.

Furthermore, the AL had a decreased percentage of stance time and
an increased swing time (Table 3), similar to previous studies on
Duchenne muscular dystrophy (Goudriaan et al., 2018) and stroke
(Nadeau, 2014). Additionally, an analysis of the ground reaction force
showed that the AL patients had a reduced second peak of force and
ankle plantar flexor torque (Table 3), as well as an increased first peak of
force (Fig. 2D). These findings suggest difficulty controlling swing dur-
ing stance on the AL (Kim and Eng, 2003). Consequently, the UNL might
need to be quickly oscillated to bear weight on the good safe side
(Lauziere et al., 2014), which might explain the instability during
weight transfer on the limb with foot drop.
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Table 3
Ground reaction force (GRF), moment, and work parameters. Standard distance from PCA analysis is also included.
HG CG P/ES P/ES P/ES
AL UNL SI RL oI (ALXUNL) (ALxCG) (AIxCG)
GRF
. . 101.5 98.6 97.8 0.373/ 0.085/ 0.222/
F 1 k (%B 2.0% —2.8%
irst vertical peak (%BW) +£10.9 +54 0% £40 8% d=0.33 r=0.33 r=0.24
. 98.6 100.7 104.1 0.583/ 0.033*/ 0.467/
0, — 0/ 0,
Second vertical peak (%BW) 152 187 1.6% 155 0.1% r— o011 = 0.41 r—015
Braking peak -8.2 -8.3 4.3% —10.0 -10.4% 0.838/ 0.094/ 0.064/
(%BW) + 3.3 + 2.4 +1.8 d =0.03 d = 0.68 d=0.8
Propulsive peak 10.2 11.8 o 10.7 N 0.168/ 0.730/ 0.837/
(%BW) + 4.4 +3.2 —23.7% +3.1 ~13.6% d=0.42 d=0.13 d=0.35
Medial peak —-0.6 -0.9 o —-0.6 o 0.458/ 0.978/ 0.149/
(%BW) +1.1 + 1.0 87.9% + 1.0 —0.9% d=0.27 r=0.01 r=0.29
Lateral peak 4.1 4.8 3.7 0.169/ 0.362/ 0.021/
—18.7% —9.8%
(%BW) +1.1 +1.0 8.7% +1.2 9-8% d=0.66 d=0.35 d = 0.99
MOMENT
Ankle-Plantar flexor 0.99 1.22 1.24 0.228/ 0.037/ 0.907/
—29.2% —8.5%
(Nm/kg) +0.3 + 0.2 + 0.3 d=0.51 d =0.95 d =0.09
0.06 0.12 0.06 0.497/ 0.809/ 0.344/
- —_ 0, — 0/
Knee-Extensor (Nm/kg) +0.31 £0.19 36.8% +£0.18 12.5% d=0.23 r=0.05 r=0.19
. 0.83 0.79 0.70 0.776/ 0.289/ 0.208/
Hip-E Ni —17.8% —15.3%
ip-Extensor (Nm/kg) +£0.53 +0.31 7-8% £0.10 5-3% d=0.09 d=034 d =0.39
Hip-Flexor -0.63 —0.64 —0.88 0.913/ 0.068/ 0.06/
4.0% —5.1%
(Nm/kg) + 0.32 + 0.26 + 0.32 d =0.03 d=0.78 d =0.82
TOTAL WORK
. —0.03 —-1.93 —4.58 0.477/ 0.04%/ 0.230/
— 0, 0,
Net ankle work in stance (J/kg) 1543 L 707 10.1% 1519 4.7% d—0.30 d— o085 d— 0.42
TEMPORAL VARIABLES
0.021*/ 0.016*/ 0.244/
— 0, 0,
Percentage stance 59.7 £ 3.1 64.0 + 3.2 6.0% 62.7 + 2.3 1.2% r— 0.49 d=1.099 r—0.241
. 0.021*/ 0.168/ 0.063/
0, 0,
Percentage swing 399 +4.1 35.2+ 4.0 9.6% 379+ 1.8 0.8% = 0.49 d— 0631 r—0.372
Gait speed (m/s) 0.82 +£ 0.2 1.05 + 0.2 0.003*/d =1.15
STANDARD 0.034*/ <0.001*/ <0.001*/
DISTANCE 9.76 +5.25 564+24 229406 r=0.69 r=1.07 r=1.00

HS - Leprosy group; AL — Affected limb; UNL — Unaffected limb. CG - control group; RL - right leg. SI — symmetry index; a negative value indicates that AL < UNL and
left limb < RL. BW — Body weight. * Values in bold indicate significant differences. p-value (p), Cohen's effect size (d) and effect size r for nonparametric data (r). *Peak

moment values are reported.
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Fig. 2. Scatter plots of principal
components scores from CG (red dot),
AL (black circle), and UNL (black
plus) subjects. First and second (A),
third and fourth (C), and fifth and
sixth (E) PC scores. The red elliptical
boundary corresponds to the CG PCs'
95% confidence interval. The prin-
cipal component of PCs with statisti-
cal differences between CG and AL of
HG are PC1 (B), PC2 (D), and PC3 (F).
The red horizontal dotted lines corre-
sponded to 80% of loading factors. In
the x-axis, the numbers from 1 to 31
correspond to the variables presented
in Table 1. (For interpretation of the
references to colour in this figure
legend, the reader is referred to the
web version of this article.)
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4.3. Kinematics

The most affected joint in the HG was the ankle in the sagittal plane
(Table 2 and Fig. 2B), which is similar to foot drop caused by other
diseases (Btazkiewicz and Wit, 2019; Kinsella and Moran, 2008; New-
man et al., 2007; Voigt and Sinkjaer, 2000; Wiszomirska et al., 2017).
The associated findings include a small ankle dorsiflexion range at heel
strike, reduced plantar flexion at the terminal stance, and foot drop in
the swing phase. These are primarily caused by weakness of dorsiflexor
muscles and spasticity of plantar flexors, whenever present (Dreher
et al., 2014; Stewart, 2008). As a result, there is no heel strike at the first
contact with the ground in the AL, and the forefoot takes over the load
(Wiszomirska et al., 2017). Furthermore, the inability to maintain active
dorsiflexion during the swing phase results in foot drop, which affects
the energy cost, reduces walking speed, and increases instability and the
risk of falls (Miller et al., 2017).

The increase in plantar flexion angle during terminal stance (Table 3
and Fig. 2B) has been observed previously (Balaban and Tok, 2014).
Apart from the peroneal nerve, the tibial nerve, which is another branch
of the sciatic nerve, is also commonly involved in leprosy due to
compression caused by the flexor retinaculum in the tarsal tunnel of the
ankle retromalleolar area (Cohen and de Miranda, 2020). This generates
an intrinsic foot muscle dysfunction, which plays an essential role during
push-off (Balaban and Tok, 2014).

Contrary to previous studies (Wiszomirska et al., 2017), sagittal knee
and hip compensations have not been used by the patients to facilitate
foot clearance of the affected leg during the swing phase. In a study with
Charcot-Marie-Tooth patients with foot drop, Don et al. (2007) found no
increased hip and knee flexion during the swing phase. They reported
reduced hip and knee flexion during the swing phase. Similarly, Chen
et al. (2005) observed reduced knee flexion in the paretic limb during
swing in post-stroke hemiparetic patients. In both studies, the primary
compensation mechanism for the reduced knee flexion during swing was
raising the trunk in pre-swing and swinging with pelvic hiking. In our
study, HG increased the pelvic tilt range (Table 2). This finding is
associated with balance dysfunction and weight-bearing asymmetry,
similar to chronic stroke patients (Karthikbabu et al., 2016).

Inverse dynamics, reaction forces, and energy analyses.

The highest loading factor for the third principal component was
observed during the vertical first peak of force (Fig. 2D). Despite having
a higher average value for the AL, this variable did not show any sta-
tistical differences in the parametric tests (Table 3). Gait discrete pa-
rameters cannot account for the high degree of correlation between
various aspects of an individual's gait (Tingley et al., 2002), unlike
multivariate analysis (Chau, 2001). A large first peak of force is asso-
ciated with higher gait impact, which can be a risk factor for injuries due
to overuse. Altered body geometry during initial contact may reduce
shock attenuation (James et al., 2010).

The reduced second peak of ground reaction force in the AL
(Table 3), associated with lower ankle plantar flexor torque during
terminal stance, is linked with decreased propulsion torque during gait
(Newman et al., 2007; Wiszomirska et al., 2017). Previous studies have
reported similar results (Bowden et al., 2006; Balasubramanian et al.,
2007; Blazkiewicz et al., Wiszomirska et al., 2017). This mechanism
provides a slower progression of the body's center of mass over the foot
of support, more controlled ankle motion, and increased stability (Voigt
and Sinkjaer, 2000; Wiszomirska et al., 2017). The ankle plantar flexor
moment is related to the musculoskeletal system's active response, with
soleus and gastrocnemius providing vertical support throughout the
single-leg stance (Neptune et al., 2001). Loss or impairment of force
generation in plantar flexors can impact walking performance (Neptune
et al., 2001). Our patients did not show any differences in knee extensor
and hip flexor, and extensor torque in the sagittal plane (Table 3), unlike
previous studies on other diseases (Wiszomirska et al., 2017). However,
HG patients presented an increased knee adduction angle range in both
limbs and decreased hip adduction during stance in the UNL. Thus,
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compensations appear outside the sagittal plane in other joints due to
ankle impairment.

Our results show that the AL produced a small negative net ankle
work during stance (—0.03 J/kg, plantar flexion work) compared to
controls (—4.58 J/kg) (Table 3; Fig. 2D). This suggests a decrease in
plantar flexion eccentric contraction during stance.

4.4. Multivariate analysis

The standard distance clearly distinguished between the HG and CG
gait patterns and between the patients' AL and UNL (Table 3), with large
effect sizes observed in all cases. A reference value for gait normality
could be established using the standard distance (2.29 + 0.6) with
consistently increasing distances for the UNL (5.64 + 2.4) and the AL
(9.76 + 5.25), highlighting the degree to which each subject's AL and
UNL deviate from normality (Schutte et al., 2000). As such, the standard
distance could be used as an index for tracking disease progression and
evaluating treatment effects (Muniz et al., 2012), potentially benefiting
individuals with other gait-related conditions.

4.5. Study limitations

Our study is, to our knowledge, the first to report on the gait kine-
matics and dynamics of foot drop in leprosy using 3D gait analysis, but it
has some limitations. The Helen Hayes marker set, as described by
Kadaba et al. (1990), only partially reconstructs 3D foot kinematics,
particularly for ab/adduction, and does not consider the midfoot and
forefoot. Nonetheless, this marker set is still utilized with sufficient ac-
curacy to describe 3D ankle joint complex kinematics and can easily
reconstruct the whole lower extremity simultaneously, including the
ankle, knee, hip, and pelvis, and has been applied in various foot drop
gait studies (e.g., Karunakaran et al., 2019; Simonsen et al., 2010;
Wiszomirska et al., 2017).

Another limitation is the sample size. The relatively small number of
patients is directly related to the social and economic status of leprosy
patients, who have limited mobility and live in vulnerable areas, making
it challenging for them to attend and participate in gait analysis studies
at the university campus. To better evaluate the efficacy of post-surgical
correction of foot drop and gain a more thorough understanding of gait
improvement after surgical treatment, comparing our results with those
of future studies on post-surgical patients would be valuable.

5. Conclusions

Our patients who were cured of leprosy infection, but still had uni-
lateral foot drop, exhibited slower walking velocity and a reduced stance
phase percentage on the AL compared to the UNL and the control group.
Additionally, the gait cycle swing percentage and plantar flexion angles
in the AL during swing increased compared to UNL. Our patients
compensated for the foot drop by walking with a higher pelvic tilt and
knee frontal plane range, and reduced hip adduction in the UNL. The AL
showed a smaller second vertical reaction force peak, reduced plantar
flexor torque, and net ankle work.

PCA analysis calculated a larger standard distance from normality for
the AL, followed by the UNL. The PC loading factors indicated that the
most significant differences between groups were in ankle kinematics,
percentage swing, stance times, the first peak of ground reaction force,
and net ankle work during the stance phase. These findings can guide
rehabilitation exercises, tendon transfer surgeries, and follow-up treat-
ments for leprosy patients with permanent foot drop.
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