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Accepted: Background and Objective: Chronic heart failure (CHF) is associated with reduced cardiac output,
August 29, 2026 diminished muscle strength, and impaired balance. Conventional biomechanical studies often focus on

discrete variables and may therefore overlook important continuous, time-dependent changes
throughout the gait cycle. This study aimed to provide a more comprehensive biomechanical assessment
using Statistical Parametric Mapping (SPM) to analyze kinetic and kinematic data during the stance phase
of gait in patients with CHF compared with healthy individuals.
Materials and Methods: In this case-control study, 20 patients with CHF, characterized by an ejection
fraction <40%, New York Heart Association functional class II-11I, and independent walking ability, were
compared with 20 healthy controls matched for age, sex, and body mass. Three-dimensional kinematic
data and ground-reaction forces were collected during walking. Hip, knee, and ankle joint angles and
moments were calculated using inverse dynamics, and joint moments were normalized to body mass.
Stance-phase data were time-normalized to 101 points, and SPM{t} tests were used to compare time-
series curves between groups. Where appropriate, gait speed was controlled for using analysis of
covariance.
Results: Compared with healthy controls, patients with CHF demonstrated greater mediolateral ground-
reaction force during 18-55% and 85-93% of the stance phase. Hip extension in the sagittal plane was
greater during 42-53% of stance, while hip adduction in the frontal plane was greater during 10-100%
of stance. In the transverse plane, hip internal-rotation moment was greater during early stance (3-8%)
and lower during late stance (72-90%). Similarly, knee internal-rotation moment was greater during
early stance (4-10%) and lower during late stance (78-90%). At the ankle, eversion moment was greater
during 2-7% and 15-18% of stance, whereas internal-rotation moment was lower during 18-26% and 43~
80% of the stance phase.
Conclusion: Patients with CHF exhibit significant alterations in whole-trajectory gait mechanics during
Keywords; the stance phase, including greater mediolateral ground-reaction force, increased hip adduction, and
Chronic heart failure. Gait time-dependent alterations in hip, knee, and ankle joint moments. The direction of some joint-moment
’ differences varied across the stance phase, highlighting temporal patterns that may be overlooked by

3nal}’5157 Kinetics, conventional discrete analyses. SPM provides a useful approach for identifying the timing and duration
Kinematics, Statistical of biomechanical alterations throughout the stance phase. Accounting for gait speed is also important
Parametric Mapping when interpreting biomechanical differences in this population. These findings may inform rehabilitation

interventions targeting lower-limb strength, balance, and neuromuscular control.
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Extended Abstract

1. Introduction

Chronic heart failure (CHF) is a clinical
syndrome in which structural or
functional cardiac impairment reduces
cardiac output and compromises oxygen
delivery to peripheral tissues, resulting in
symptoms such as dyspnea, fatigue, and
reduced exercise tolerance (1). Mobility
impairment and frailty are common
consequences of CHF and are associated
with reduced functional independence,
decreased quality of life, and increased
mortality (2). Additionally, reduced muscle
mass and strength (sarcopenia) are
prevalent in these patients and are
independently associated with adverse
outcomes (3-5).

As a fundamental daily activity, gait is
altered in patients with CHF. Previous
studies have primarily described discrete
variables and have shown that these
patients walk at slower speeds, with
shorter step lengths and poorer balance
(6). Panizzolo et al., in one of the few
detailed biomechanical analyses,
demonstrated that despite similar
preferred walking speeds between the two
groups, patients with CHF produce greater
mechanical work in the ankle plantarflexor
muscles for a given muscle volume and
rely more on the ankle than the hip for
propulsion (7). However, a critical review
of the literature indicates that most
previous studies have adopted a
descriptive and discrete approach, such as
recording peak values or mean angles, and
have predominantly focused on the
sagittal plane.

Exclusive focus on the sagittal plane
and discrete variables has two important
limitations. First, motor control and lateral
stability during the single-leg stance phase
involve joint moments and angles in the

frontal and transverse planes, which may
provide important information about
balance and gait stability. Second,
biomechanical gait signals are inherently
continuous and time-dependent.
Summarizing a continuous waveform into
a single peak or mean value can result in
the loss of information regarding the
timing and duration of abnormalities and
the pattern of mechanical loading
throughout the stance phase (8).

To address this methodological gap,
Statistical Parametric Mapping (SPM),
based on random field theory, enables
hypothesis testing across the entire
temporal trajectory without a priori
assumptions about the location of
differences while controlling the type I
error across the time series (8,9). Although
SPM has been applied to gait analysis in
patients with neurological disorders, such
as multiple sclerosis and stroke (10), its
application to patients with CHF remains
limited. In particular, whole-trajectory
biomechanical differences in the frontal
and transverse planes during gait in
patients with CHF remain insufficiently
characterized.

Therefore, the present study aimed to
compare kinetic and kinematic gait
parameters throughout the stance phase
between patients with CHF and healthy
individuals using SPM. We hypothesized
that patients with CHF would exhibit
different movement and joint-loading
patterns, particularly in the frontal and
transverse planes, during the stance phase
and that SPM analysis would reveal
temporal abnormalities that may remain
undetected by conventional discrete
analyses.

2. Methods

Twenty patients with CHF (reduced
ejection fraction <40%, NYHA functional
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class II-1II, able to walk independently,
and free of  neurological or
musculoskeletal disorders) and 20 age-,
sex-, and mass-matched healthy controls
participated in this case-control study,
which was conducted in accordance with
the Declaration of Helsinki. Kinematic data
were captured using six Basler cameras at
200 Hz with the Cleveland Clinic marker
set, while ground-reaction forces were
recorded using a single Kistler force plate
at 1000 Hz along a 6-m walkway. Marker
trajectories were low-pass filtered using a
fourth-order Butterworth filter at 6 Hz,
and ground-reaction forces were filtered
at 30 Hz. Joint angles and moments were
calculated using inverse dynamics in
MATLAB, and joint moments were
normalized to body mass.

Only the stance phase (0-100%) was
analyzed, and all time-series data were
time-normalized to 101 points. Two-
sample SPM{t} tests (o = 0.05) were used to
compare the mediolateral ground-
reaction force, hip sagittal- and frontal-
plane angles, and hip, knee, and ankle joint
moments between groups. Discrete
variables ~ were compared using
independent-samples t-tests. Because
gait speed may influence several gait
parameters, analyses incorporating gait
speed as a covariate were performed
where appropriate.

3. Results

Demographic and clinical characteristics
of both groups are presented in Table 1.
SPM revealed significant supra-threshold
clusters distinguishing the CHF and
healthy groups across the stance phase.
The CHF group demonstrated a greater
mediolateral ~ ground-reaction  force
during 18-55% and 85-93% of the stance
phase. In the sagittal plane, greater hip
extension was observed during 42-53% of

stance. In the frontal plane, hip adduction
was significantly greater in the CHF group
throughout 10-100% of the stance phase.

In the transverse plane, hip internal-
rotation moment was greater during early
stance (3-8%) but lower during late stance
(72-90%) in the CHF group. Similarly, knee
internal-rotation moment was greater
during early stance (4-10%) and lower
during late stance (78-90%). At the ankle,
eversion moment was greater during early
stance (2-7% and 15-18%), whereas
internal-rotation moment was lower
during 18-26% and 43-80% of the stance
phase. The timing, direction, statistical
significance, and effect sizes of the
significant SPM clusters are summarized
in Table 2.

4. Conclusion

Patients with CHF exhibit altered whole-
trajectory gait mechanics during the
stance phase, characterized by greater
mediolateral  ground-reaction  force,
increased hip extension and persistent hip
adduction, together with time-dependent
alterations in transverse-plane hip, knee,
and ankle joint moments. Notably, the
direction of some  joint-moment
differences varied across the stance phase,
with greater internal-rotation moments
during early stance and lower moments
during late stance at the hip and knee.
These temporal patterns may be
overlooked when gait is characterized
solely by discrete variables. SPM provides
a useful framework for identifying the
timing and duration of biomechanical
differences throughout the stance phase.
Because gait speed may influence
biomechanical gait parameters, its
potential confounding effect should be
considered when interpreting group
differences. The findings may help inform
rehabilitation strategies targeting lower-
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limb strength, balance, and
neuromuscular control in patients with
CHF.
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