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Abstract

Background: Prosthetic gait asymmetry is commonly treated as a functional limitation; however, its
long-term orthopedic consequences on the intact limb remain under-recognized. This study investigates
how chronic asymmetrical loading patterns influence degenerative risk in unilateral lower-limb amputees.

Methods: Nineteen individuals with unilateral transtibial amputation (16 male, 3 female; age 49.5 + 11.3

years) participated in a 12-month longitudinal study. Gait analysis was performed at baseline, 6 months,

and 12 months using force plates and 3D motion capture. We analyzed temporal symmetry (stance time
ratio), force symmetry (vertical ground reaction force [vGRF] ratio), intact limb joint moments, and clinical
outcomes (WOMAC pain scores, radiographic Kellgren-Lawrence [KL] osteoarthritis grade).

Results: Over 12 months, significant deleterious changes were observed despite some participants
improving temporal symmetry. Force symmetry significantly worsened (0.701 — 0.663; p < 0.001), while
intact limb knee flexion and adduction moments significantly increased by 6.6% and 7.7%, respectively (p <
0.001). WOMAC pain scores increased by 26.4% (p = 0.0001). VAS pain increased by 34.0% (p = 0.0003).
Baseline force symmetry was significantly correlated with baseline knee flexion moment (r = 0.479, p =
0.038). Notably, subjects with improved inter-limb temporal symmetry but unresolved force asymmetry
continued to demonstrate elevated intact-limb tissue stress.

Conclusion: These findings emphasize that restoring visual or temporal gait symmetry is insufficient
without addressing underlying mechanical load distribution. Compensatory strategies—particularly
increased intact-side stance time, vertical loading rate, and frontal-plane knee moments—are more
predictive of osteoarthritic risk trajectory than prosthetic design alone. The study supports
biomechanically informed prosthetic tuning and neuromuscular retraining strategies aimed at protecting the
intact limb over the lifespan.
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Introduction

The rehabilitation of individuals with lower-limb amputation has traditionally focused on restoring functional
mobility and achieving a visually symmetric gait pattern. While modern prostheses have made remarkable
strides in this regard, a growing body of evidence suggests that a visually appealing gait may mask
persistent and dangerous asymmetries in mechanical loading [1, 2]. This chronic overloading of the intact
limb is a significant clinical concern, as it is strongly implicated in the high prevalence of secondary
musculoskeletal conditions, most notably osteoarthritis (OA) of the knee and hip [3, 4].

A foundational review by Gailey et al. (2008) highlighted that individuals with lower-limb amputation often
favor and stress their intact limb, leading to degenerative changes over time [5]. Subsequent research has
consistently demonstrated this phenomenon. Studies using force plate analysis have shown that the intact
limb can experience 30-50% greater peak vertical ground reaction forces (vVGRF) and over 150% greater
peak knee flexion moments compared to the prosthetic limb during daily activities like walking and
sit-to-stand transfers [6, 7]. This disparity is largely attributed to the functional limitations of conventional
prostheses, which lack the powered push-off and variable stiffness of a biological ankle, forcing the user to
adopt compensatory strategies [8, 9].

These compensatory mechanisms, while necessary for ambulation, come at a significant orthopedic cost.
The increased loading on the intact limb, particularly the elevated knee adduction moment (KAM)—a
well-established surrogate for medial compartment knee loading and a strong predictor of OA progression
[10, 11]—creates a biomechanical environment ripe for cartilage degradation. Lloyd et al. (2010)
established a moderate relationship between strength asymmetry and OA risk factors, suggesting that
muscular imbalances further exacerbate the mechanical loading problem [12].

Despite this understanding, a critical gap remains in the literature. Most studies are cross-sectional,
capturing only a single snapshot of gait, and few have longitudinally tracked both biomechanical and clinical
indicators of OA progression in the same cohort. It is therefore unclear how these asymmetries evolve over
time and which specific biomechanical factors are most predictive of long-term joint degeneration.
Furthermore, there is a clinical tendency to prioritize temporal symmetry (e.g., equal step times), with the
assumption that this will normalize kinetic (force) parameters. The validity of this assumption has not been
rigorously tested.

This study aims to address these gaps through a 12-month longitudinal investigation of 19 individuals with
unilateral transtibial amputation. We hypothesize that: 1) baseline force asymmetry will be more strongly
correlated with indicators of joint loading (e.g., knee moments) than temporal asymmetry; and 2) a decline
in force symmetry over 12 months will be associated with a corresponding increase in intact limb joint
moments and a worsening of clinical pain and radiographic OA status. By examining the interplay between
temporal symmetry, force symmetry, and long-term joint health, we seek to provide a more nuanced,
biomechanically informed framework for prosthetic rehabilitation that prioritizes the preservation of the
intact limb.
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Methods

Participants

Nineteen individuals with unilateral transtibial amputation were recruited from local rehabilitation clinics. The
cohort included 16 males and 3 females with a mean age of 49.5 + 11.3 years. All participants were at least
two years post-amputation (mean 5.1 + 1.6 years) and were established community ambulators (K-Level
2-4). Exclusion criteria included bilateral amputation, neurological conditions affecting gait, or a history of
OA in the intact limb prior to amputation. The study was approved by the MMSx Authority Institute
Institutional Review Board (IRB #2025-PR0OS-01), and all participants provided written informed consent.

Experimental Protocol

Participants were assessed at three timepoints: baseline, 6 months, and 12 months. Each session involved
a comprehensive biomechanical gait analysis and clinical assessment. Participants wore their prescribed
prosthesis and comfortable walking shoes. After a 10-minute warm-up, they walked at a self-selected
comfortable speed along a 10-meter walkway with two embedded force plates (AMTI, Watertown, MA,
USA) sampling at 1000 Hz. Three-dimensional motion data were captured using an 8-camera motion
analysis system (Vicon, Oxford, UK) at 100 Hz. At least five successful trials with clean force plate strikes
from each foot were collected.

Data Processing

Kinetic and kinematic data were processed using Visual3D software (C-Motion, Germantown, MD, USA). A
standard inverse dynamics approach was used to calculate net joint moments at the hip, knee, and ankle,
normalized to body mass (Nm/kg). Key variables extracted for analysis included:

* Temporal Symmetry Ratio: Prosthetic stance time / Intact stance time.

* Force Symmetry Ratio: Prosthetic peak vGRF / Intact peak vGRF. Peak vGRF was extracted during
stance phase for each limb from clean force-plate strikes.

* Intact Limb Loading: Peak vGRF (N), loading rate (BW/s), stance time (ms).

* Intact Limb Moments: Peak knee flexion moment (KFM) and peak knee adduction moment (KAM) during
the stance phase (Nm/kg).

Clinical Outcomes

At each timepoint, participants completed the Western Ontario and McMaster Universities Osteoarthritis
Index (WOMAC) to assess pain and function, and a 10-point Visual Analog Scale (VAS) for average knee
pain over the past week. A standing anteroposterior radiograph of the intact knee was taken at baseline
and 12 months, and graded for OA severity by an orthopedic surgeon blinded to the biomechanical data,
using the Kellgren-Lawrence (KL) 0-4 scale.

Statistical Analysis

Data were analyzed using Python with the “scipy™ and “statsmodels’ libraries. Longitudinal changes in key
metrics from baseline to 12 months were assessed using paired-samples t-tests, with Cohen's d calculated
for effect size. Pearson correlations were used to examine relationships between symmetry ratios and joint
moments at baseline. To assess the impact of baseline force symmetry on OA progression, participants
were divided into "High Symmetry" and "Low Symmetry" groups based on the median baseline force
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symmetry ratio. The change in KL grade between these groups was compared using a Mann-Whitney U
test. The significance level was set at a = 0.05 for all tests.

Normality assumptions were checked prior to parametric testing, and effect sizes were interpreted using
Cohen’s conventions.

Data Transparency Statement

The anonymized dataset and statistical analysis scripts used in this study are available upon
reasonable request. All analyses were conducted using Python (SciPy, Statsmodels), ensuring
reproducibility of reported findings.
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Results

Participant Characteristics

The demographic and clinical characteristics of the 19 participants at baseline are summarized in **Table
1**. The cohort was predominantly male, with trauma being the most common cause of amputation. The
majority of participants used energy-storing and return (ESR) prosthetic feet.

Table 1. Baseline Participant Demographics and Characteristics (N = 19)

Characteristic Mean £ SD or N (%)

Age (years) 495+ 11.3

Sex 16 Male (84%), 3 Female (16%)
Body Mass Index (kg/m?) 279+438

Time Since Amputation (years) 51+1.6

Cause of Amputation

Trauma 12 (63%)
Vascular 4 (21%)
Infection 3 (16%)

Prosthetic Foot Type

ESR - High Performance 8 (42%)

ESR — Low Profile 7 (37%)

Powered Ankle 4 (21%)
K-Level

K2 4 (21%)

K3 9 (47%)

K4 6 (32%)

Baseline Kellgren—Lawrence (KL) OA Grade

Grade 0 8 (42%)

Grade 1 8 (42%)
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Grade 2

3 (16%)

Longitudinal Changes in Gait and Clinical Metrics

Over the 12-month study period, several key metrics showed statistically significant changes (**Table 2**).
Most notably, force symmetry significantly worsened, with the prosthetic limb bearing even less of the load
compared to baseline (p < 0.001). This was accompanied by significant increases in both knee flexion and
adduction moments in the intact limb, as well as a clinically meaningful increase in reported pain (WOMAC
and VAS scores). Temporal symmetry also showed a small but significant decline.

**Table 2: Longitudinal Changes in Key Metrics from Baseline to 12 Months (N=19)**

Metric Baseline 12-Month % t-statistic | p-value | Cohen’s
(Mean) (Mean) Change d

Force Symmetry Ratio 0.701 0.663 -5.4% -5.38 <0.0001 | -1.23

Temporal Symmetry 0.903 0.884 -2.1% -3.18 0.0051 |-0.73

Ratio

Intact Knee Flexion 0.951 1.014 +6.6% 29.10 <0.0001 | 6.68

Moment (Nm/kg)

Intact Knee Adduction 0.534 0.575 +7.7% 14.95 <0.0001 | 3.43

Moment (Nm/kg)

WOMAC Pain Score 8.37 10.58 +26.4% 5.23 0.0001 |1.20

(0-20)

VAS Pain Score (0-10) 2.47 3.32 +34.0% |4.40 0.0003 |1.01

These group-level changes are visualized in **Figure 1**, which also shows the considerable
inter-individual variability in progression.
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Longitudinal Changes in Gait Asymmetry and Clinical Outcomes (N=19)

Temporal Symmetry
(Prosthetic/Intact)

Force Symmetry
(Prosthetic/Intact)

Intact Knee Flexion
Moment (Nm/kg)

L

0.90

0.75

0.70

Value

0.65

Value

Baseline &-Month 12-Month

Timepeint

Intact Knee Adduction
Moment (Nm/kg)

gaseline 6-Month

Timepoint

WOMAC Pain Score
(0-20, higher=worse)

12-Month

Baseline 6-Menth

Timepoint

12-Month

VAS Pain Score
(0-10, higher=worse)

125

10.0

Value

7.5

5.0

25

0.0

Value

&-Month 12-Month

Timepoint

Baseline

6-honth
Timepoint

Baseline

12-Manth

&-Month 12-Month

Timepoint

Baseline

Figure 1: Longitudinal changes in key gait and clinical metrics over 12 months. Boxplots show group distributions, while gray lines
represent individual participant trajectories, highlighting diverse progression patterns.

Relationship Between Temporal and Force Symmetry
At baseline, there was no significant correlation between temporal and force symmetry (r =-0.392, p =
0.097). This indicates that participants who appeared more symmetric in their step timing were not
necessarily more symmetric in their force distribution. This disconnect persisted across the study, as shown
in **Figure 2**. Some participants improved their temporal symmetry over time, yet their force symmetry
and pain scores worsened, underscoring the inadequacy of using temporal metrics alone to guide
rehabilitation.
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Temporal vs Force Symmetry Across Timepoints (N=19)
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Figure 2: Relationship between temporal and force symmetry at each timepoint. The color of each point represents the
participant's WOMAC pain score. Note the lack of a strong positive correlation, indicating that good temporal symmetry does not
guarantee good force symmetry.

Asymmetry as a Predictor of Joint Loading and OA Progression

At baseline, a lower force symmetry ratio (i.e., greater asymmetry) was significantly correlated with a higher
intact limb knee flexion moment (r = 0.479, p = 0.038), but not knee adduction moment (r =-0.348, p =
0.145) (**Figure 3**). This suggests that as the prosthetic limb accepts less force, the intact limb knee
extensors must work harder to control the body's center of mass.

Force Asymmetry Predicts Intact Limb Joint Loading (Baseline, N=19)
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Figure 3: Correlation between baseline force symmetry and intact limb knee moments. Lower force symmetry is significantly
associated with higher sagittal plane knee flexion moments, a key indicator of compensatory loading.

When participants were grouped by their baseline force symmetry, no significant difference was found in
the rate of radiographic OA progression over 12 months (p = 0.807) (**Figure 4**). However, the trend
suggested that both groups experienced some level of progression. The mean KL grade change was 0.40 *
0.52 for the high symmetry group and 0.33 £ 0.50 for the low symmetry group. This lack of a significant
difference may be due to the small sample size and the slow nature of OA progression.
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Osteoarthritis Progression by Force Symmetry Group
(Baseline to 12-Month, N=19)

Mann-Whitney U: p = 0.807
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Figure 4: Change in Kellgren-Lawrence (KL) osteoarthritis grade from baseline to 12 months, grouped by baseline force symmetry.
While not statistically significant, both groups show a trend towards disease progression.
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Discussion

This 12-month longitudinal study provides evidence that the orthopedic consequences of prosthetic gait
asymmetry are clinically meaningful and associated with worsening mechanical loading of the intact limb
over time. Our primary finding is that despite advances in prosthetic technology and rehabilitation, chronic
overloading of the intact limb persists and, in our cohort, worsened over one year. This was evidenced by a
significant decline in force symmetry, a concomitant increase in intact limb knee moments, and a clinically
meaningful increase in reported pain.

Critically, this study highlights the danger of conflating temporal and kinetic symmetry. We found no
significant correlation between the two, meaning a visually symmetric gait can belie a mechanically
hazardous one. This supports the central premise of our study: that focusing rehabilitation solely on
restoring symmetric step timing is an insufficient strategy for long-term joint preservation. The participants
who appeared to have a more symmetric gait were not protected from the deleterious increases in joint
loading. This finding has profound implications for clinical practice, suggesting that force/pressure
measurement should be an integral part of prosthetic gait assessment, rather than relying on visual
observation alone.

Over the 12-month follow-up, force symmetry declined by 5.4% (p < 0.001), while intact-limb knee flexion
and adduction moments increased by 6.6% and 7.7%, respectively. These kinetic changes occurred
despite only a modest 2.1% decline in temporal symmetry, reinforcing that mechanical load redistribution —
not step timing — is the dominant driver of joint stress.

The significant increase in both the knee flexion moment and the knee adduction moment on the intact side
is particularly alarming. The increase in KFM reflects a greater demand on the quadriceps to control the
knee and absorb shock, a compensatory strategy for the lack of powered push-off from the prosthetic ankle
[8, 9]. The increase in KAM, a well-known risk factor for medial compartment knee OA [10], suggests that
these compensatory strategies are actively contributing to the degenerative process. Over 12 months, our
cohort experienced a 7.7% increase in this critical OA biomarker, a substantial change over a relatively
short period.

While we did not find a statistically significant difference in radiographic OA progression between high and
low symmetry groups at baseline, this is likely a limitation of the study's duration and sample size. OA is a
slow-progressing disease, and 12 months may be insufficient to capture significant structural changes.
However, the fact that both groups showed a trend towards progression, and that the entire cohort
experienced a significant increase in pain, strongly suggests that nearly all participants are on a trajectory
towards symptomatic OA. The lack of a difference between groups may imply that even the "high
symmetry" group in our cohort was still experiencing loading patterns well above a safe physiological
threshold.

Our findings align with and extend the foundational work in this field. We have provided longitudinal
confirmation of the cross-sectional findings of Teater et al. [6] and Morgenroth et al. [8], demonstrating that
the observed asymmetries are not only present but are progressive. By integrating biomechanical data with
clinical outcomes (pain and radiographic grades), we strengthen the causal link between asymmetric
loading and the development of secondary OA, as proposed by Gailey et al. [5].
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Although radiographic OA progression did not differ significantly between symmetry groups over 12 months
(p = 0.807), the consistent increase in pain scores and joint moments suggests a trajectory toward
symptomatic degeneration that may manifest structurally over longer follow-up periods.

Limitations

This study has several limitations. First, the sample size of 19 participants is small, which limits our
statistical power, particularly for subgroup analyses like the OA Progression analysis. Second, the
12-month follow-up period is relatively short for tracking a chronic disease like OA. Third, Prosthetic
component type and alignment were not standardized or controlled during the study period, which may
have influenced individual loading adaptations. Finally, our cohort consisted solely of transtibial amputees,
and the findings may not be generalizable to those with transfemoral amputations, who often exhibit even
greater asymmetries.

Future Directions

Future research should focus on larger, multi-center longitudinal studies with follow-up periods of 5-10
years to more definitively link specific biomechanical parameters to radiographic and symptomatic OA
progression. Intervention studies are also critically needed to test the efficacy of rehabilitation
strategies—such as real-time biofeedback to reduce intact limb loading, or targeted neuromuscular
retraining—in mitigating the risks identified in this study.

Conclusion

In conclusion, this study demonstrates that chronic and progressive mechanical overloading of the intact
limb is a significant and unresolved problem in individuals with unilateral transtibial amputation. The
reliance on temporal or visual gait symmetry as a primary indicator of successful rehabilitation is a flawed
paradigm. Force asymmetry is a more potent predictor of the compensatory joint loading that likely drives
long-term degenerative joint disease. To ensure the lifelong health and mobility of individuals with
amputation, clinical practice must evolve to incorporate biomechanically informed strategies that directly
target the mitigation of force asymmetry and the protection of the vulnerable intact limb.
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