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ABSTRACT

Background: Minor lower extremity amputations (LEA) compromise postural control and increase the risk of falls.
This issue is exacerbated by conditions such as diabetes, which affect proprioception and sensorimotor mecha-
nisms. While orthopedic devices, including prostheses and orthoses, are frequently prescribed, their specific role
in restoring postural control remains underexplored. This scoping review aimed to synthesize current research on
postural control in individuals with a minor LEA and to evaluate the interventions that may improve balance.
Methods: A systematic search was conducted across databases (MEDLINE, CINAHL, SPORTDiscus, Cochrane) and
grey literature, targeting studies employing biomechanics (e.g., kinetics, kinematics), functional tests (e.g.,
Functional Reach Test, Timed Up and Go) and self-reported assessments of balance confidence, fall risk, and
physical performance.

Results: Fifteen articles involving 288 individuals with various levels of minor LEA were included. Increased risk
of falling were evidenced by lower scores on functional balance tests, with postural deficits confirmed by
biomechanical measurements in both static and dynamic conditions. Custom orthotic devices improved func-
tional performance and biomechanical outcomes, suggesting their effectiveness in restoring balance. Prosthetic
devices, such as custom prosthetic shoes, enhanced postural stability and facilitated smoother weight transitions
during tasks. However, small sample sizes and inconsistent evaluation protocols, complicate understanding of
their effectiveness in rehabilitation.

Conclusion: This scoping review highlights the underestimated postural challenges experienced by individuals
with a minor LEA and supports the role of orthotic and prosthetic interventions in restoring balance. High-quality
research to guide clinical decision-making in this population is needed.

1. Introduction

shift is primarily attributable to the timely and effective assessment and
management of foot complication, as well as surgical practices that

Lower extremity amputations (LEA), which can be classified as major
(proximal to the ankle joint) or minor (through or distal to the ankle
joint) [1], significantly disrupt an individual’s functional abilities [2]
and quality of life [3,4]. Diabetes mellitus (DM) and peripheral arterial
diseases (PAD) are the two main etiologies of non-traumatic LEAs [5,6].
These diseases can lead to foot ulcers, infections and eventually LEA.
The constant global rise in the prevalence of DM and PAD is contributing
to the overall increase in the incidence of LEAs [7-9]. However, recent
epidemiological studies indicate a decrease or stabilization in the rate of
major LEAs, while the incidence of minor LEAs is rising [10,11]. This

prioritize ankle joint preservation [12,13]. Despite this trend, research
has predominantly focused on major LEAs, thereby leaving a gap in the
understanding of the specific changes in biomechanics in individuals
with a minor LEA. Among the functional deficits observed in individuals
with a minor LEA, impairments in postural control are particularly
concerning as they may exacerbate mobility limitations [13], increase
the risk of falls [14], and compromise quality of life [4], highlighting the
need for specific rehabilitation strategies designed for these individuals.

Postural control is essential for the safe execution of daily activities
and involves integrating sensory information from the visual [15-18],

* Correspondence to: 3351, boulevard des Forges, Trois-Rivieres, QC G8Z 4M3, Canada.

E-mail address: maxime.acien@uqtr.ca (M. Acien).

https://doi.org/10.1016/j.gaitpost.2025.08.064

Received 15 January 2025; Received in revised form 13 July 2025; Accepted 11 August 2025

Available online 12 August 2025

0966-6362/© 2025 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).


https://orcid.org/0009-0005-2511-341X
https://orcid.org/0009-0005-2511-341X
mailto:maxime.acien@uqtr.ca
www.sciencedirect.com/science/journal/09666362
https://www.elsevier.com/locate/gaitpost
https://doi.org/10.1016/j.gaitpost.2025.08.064
https://doi.org/10.1016/j.gaitpost.2025.08.064
http://crossmark.crossref.org/dialog/?doi=10.1016/j.gaitpost.2025.08.064&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

M. Acien et al.

vestibular [16-19], and somatosensory systems [20-23], while acti-
vating motor strategies to stabilize the body and avoid falls [24,25]. Any
disruption to these systems, regardless of the underlying cause, increases
the risk of falls and compromises physical and mental health [26-28]. In
individuals with a minor LEA, the loss of sensory receptors, and changes
in joint and muscle structures can severely affect postural control by
disrupting proprioceptive and somatosensory feedback [29-31]. This
results in an overreliance on the visual and vestibular systems [32,33],
weight-bearing asymmetries [30,34,35], and disrupted muscle activa-
tion patterns [36,37]. In addition, many LEAs are performed in in-
dividuals with DM, a condition that further exacerbates postural
instability through peripheral nerve damage, impairing tactile sensi-
tivity, lost or reduction of vibratory sensitivity, proprioception, and
kinesthesia [21,38]. The combination of these factors in individual with
a diabetes-related LEA results in even greater postural instability [39].

Previous literature reviews have explored the relationship between
balance, postural control, and fall risk in individuals with a major LEAs
[40-44]. Nevertheless, none has focused in individuals with a minor
LEA, despite the fact that they are also affected by mobility impairments
[45], reduced physical abilities [46], and an increased risk of secondary
health complications [47]. Furthermore, external aids such as prosthe-
ses, ankle-foot orthoses (AFOs) and foot orthoses (FOs) are commonly
prescribed following a minor LEA [48-50]. Although the efficacy of such
devices has been demonstrated in populations with postural deficits and
a high risk of falls [51], evidence of their effectiveness in restoring
postural control in individuals with a minor LEA is still quite limited.
Therefore, our primary objective is to synthesize published knowledge
that have examined postural control in individuals with a minor LEA.
This scoping review seeks to identify the postural control deficits in
individuals with a minor LEA, providing a comprehensive overview of
the current state of knowledge on the topic. Secondly, we will explore
interventions to restore postural control in individuals with a minor
LEA. An emphasis will be placed on external orthopedic interventions
such as prostheses, AFOs and FOs, and in therapeutic reeducations
designed to enhance balance and stability. By synthesizing these find-
ings, this scoping review aims to inform future research and rehabili-
tation practices, thereby contributing to the development of more
effective interventions to improve balance abilities and quality of life in
this population.

2. Methods

This scoping review was conducted in accordance with the meth-
odological framework developed for scoping reviews [52,53], and used
the Preferred Reporting Items for Systematic Review and Meta-Analysis
Protocols for Scoping Reviews (PRISMA-ScR) guidelines [54]. The pro-
tocol was published [55].

Toe
Metatarsal-phalangeal
Syme
Transmetatarsal
Tarsometatarsal
(Lisfranc) .
Mid-tarsal
(Chopart)
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2.1. Research question

“What quantitative data are available regarding balance deficits in
individuals who have undergone a minor LEA?” and “What tools and/or
treatments are identified as capable of modifying postural control?”

2.2. Inclusion criteria

This scoping review includes individual of any age who have un-
dergone a minor LEA at the ankle joint or more distal [1] (see Fig. 1). We
focused on quantitative outcomes concerning the balance abilities and
postural control of these individuals. This data must include biome-
chanical variables such as related to balance changes and fall risk, as
well as information obtained from questionnaires and functional tests
designed to assess postural abilities and balance confidence (see
Table 1). Our secondary objective is to identify the various interventions
aimed at improving function impaired in individuals with a minor LEA.
These may include but not limited to prostheses, orthoses, orthopedic
insoles, adapted footwear, as well as pre- and post-operative awareness
or exercise programs.

Table 1
Inclusion and exclusion criteria for screening selection.

Inclusion criteria Exclusion criteria

Level of — Toe(s) Experimental groups
LEA — Ray(s) composed exclusively of
— Metatarsal-phalangeal individuals with major LEA
— Transmetatarsal level:
— Tarsometatarsal (Lisfranc) — Transtibial
— Midtarsal (Chopart) — Knee
— Ankle (Syme) — Transfemoral
— Hip

Outcomes — Biomechanics: kinetics (e.g.,
ground reaction force, peak
plantar pressures, center of
pressure excursion in medial-
lateral and anterior-posterior
planes during quiet or dynamic
standing, ...); kinematics (e.g.,
body displacement, joint angles,
...); electromyography

— Functional balance test scores
— Balance scales
Study — Peer-reviewed original studies
design — Quantitative and quantitative
part of mixed-method studies
— Case reports/series, dissertation,
thesis, annals of congresses,
conference proceedings,
presentations, posters

Study that tested tasks
unrelated to balance and
postural control

— Qualitative studies

— Study protocol

— Meta-analyses, narrative,
and systematic reviews

Mid-tarsal (Chopart)

Tarsometatarsal (Lisfranc)
Transmetatarsal

Metatarsal-phalangeal

Fig. 1. Levels of minor LEAs. Modified from Kyle Kizziah’s original work available at: https://www.artstation.com/artwork/L24VXk.
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2.3. Search strategy

A comprehensive search, with an academic librarian, was under-
taken across the following databases: SPORTDiscus, CINAHL, MEDLINE,
and the Cochrane Library. Additionally, clinical trial registries such as
ClinicalTrials.gov were consulted, as well as grey literature via BASE,
ProQuest Dissertations and Theses, and to a lesser extent Google
Scholar. The search terms included synonyms and keywords related to
amputation, amputation level, balance and posture. No temporal limi-
tations were applied. Only studies conducted in French or English and
involving human subjects were considered. The preliminary search
strategy has been described in the scoping review protocol [55], and was
adapted specifically to each database (see Supplementary Material 1).

2.4. Study selection

Potential studies were imported into EndNote v.21.2 (Clarivate An-
alytics, PA, USA) to remove duplicates. Two independent reviewers (MA
and AD) screened titles and abstracts in accordance with the established
inclusion criteria. The remaining potential studies were then subjected
to a full-text review for further evaluation (see Table 1). In case of
disagreement between the reviewers, a third reviewer was consulted
(GM). The selection process is documented using a PRISMA flow dia-
gram [54].

2.5. Data analysis

The methodological quality of the selected articles was assessed

Gait & Posture 122 (2025) 339-351

using the open access Critical Appraisal Tools developed by the Joanna
Briggs Institute [56]. The checklist contains between 8 and 13 questions,
which differ depending on the study design. Each question was
answered with a value of “yes” (1), “no”, “unclear” or “n/a” (0).
Consequently, higher scores indicate a higher level of methodological
quality and a lower risk of bias. The quality assessment was carried out
by two independent reviewers (MA and AD). Consequently, studies will
be contrasted according to their respective results. However, a poor
methodological quality score was not considered in determining inclu-
sion. This evaluation was performed retrospectively after the studies
selection.

Data were extracted from the studies included in this scoping review,
synthesized and presented in tabular form, and subsequently summa-
rized in narrative form.

3. Results
3.1. Literature search yield

The preliminary search of the databases yielded 5958 records.
Initially, 1473 were identified as duplicates and were removed. Subse-
quently, the remaining 4485 original underwent title and abstract
screening, resulting in the exclusion of 4303 that did not meet the in-
clusion criteria. Of the remaining studies, 182 were selected for a full-
text comprehensive review. Finally, 169 were excluded, with the pri-
mary reasons for exclusion being the population or the task performed
(see Supplementary Material 2 for the reasons for exclusion). Two sup-
plementary articles [57,58] were subsequently identified through a

Identification of studies via databases and registers

Records identified from
databases (n=4839):

* MEDLINE (n=3458) .
* CINAHL (n=969) .
e SPORTDiscuss (n=355) .

* Cochrane (n=57)

Additional records from
other sources (n=1119):

ProQuest (n=550)
BASE (n=338)
Clinicaltrial.gov (n=231)

Total articles (n=5958)

Duplicate articles excluded
(n=1473)

A

Records after duplicates removed (n=4485) »>

Records excluded
(n=4303)

A

Full-text excluded (n=169)

Full text articles assessed for eligibility (n=182)

o population (n=122)
o outcomes (n=22)
o study design (n=17)

A

o language (n=8)

Article included (n=13)

Additional source included
from Google Scholar (n=2)

A

A

Final inclusion (n=15)

[ Included ] [ Eligibility ] [ Screening ] [ Identification ]

Fig. 2. Selection process flowchart according to preferred reporting items for systematic reviews and meta-analyses extension for scoping reviews (PRISMA-ScR).
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manual search of Google Scholar. Consequently, 15 studies were
included. The complete inclusion process is displayed in a PRISMA
flowchart in Fig. 2 [54].

3.2. Quality assessment

Scores related to the quality assessment for the 15 included studies
are displayed in Table 2. The detailed scoring is outlined in Supple-
mentary Material 3. The Kappa statistic was used to assess the agree-
ment between the reviewers (see Fig. 3). The Kappa value was 0.56
(95 % CI: 0.04-1.08, P = 0.037), which is categorized as a moderate
agreement between the reviewers.

3.3. Characteristics of the included studies

The characteristics of the included studies are presented in Table 2.
Most methodological designs were quasi-experimental studies (n = 5;
34 %) [60,64,65,68,70], followed by case reports (n = 4; 27 %) [57,58,
66,71] and cross-sectional studies (n =4; 27 %) [59,62,63,67]. The
remaining two were a cohort study (n = 1; 6 %) [61] and a randomized
controlled trial (n=1; 6 %) [69]. The included studies were
geographically diverse, with five originating from the United States of
America (34 %), two from France (14 %), Canada (14 %) and
United-Kingdom (14 %), and one from Italia (6 %), Uruguay (6 %),
Turkey (6 %), and Egypt (6 %). We identified two studies published
before 2000 (14 %), three between 2000 and 2009 (20 %), six between
2010 and 2019 (40 %) and four between 2020 and 2024 (28 %).

3.4. Population

The included studies comprised 288 participants, 213 male and 75
female (see Table 2). Of these, 152 individuals had a minor LEA, and 42
individuals were considerate as control and defined as healthy in-
dividuals with no particular health condition. Two studies included in-
dividuals with a major LEA in their sample [67,69]. These studies were
included in the review as the results were disaggregated across the
different amputation groups. A total of 48 individuals with a major LEA
were identified across the included articles. Two studies included in-
dividuals with DM as the experimental group but at different stages of
foot complications (diabetic neuropathy and diabetic foot ulcer, 23 in-
dividuals in both groups) [62,63]. These two articles involved the same
participants on different tasks, both of which met the inclusion criteria
for the review. Finally, one study included a cohort of individuals with a
LEA who received a different treatment than the control group [69].

With the exception of three studies involving children [61,67,68], all
other studies involved adults (>18 years old), the majority aged 50 or
more. Participants ranged from 20 to 83 years. The average age of the
adult participants was 59.7 years (+ 7.5 years). In all studies including a
control group, this group was matched for age, with a mean age of 62.1
years (£ 7.4 years).

3.5. Level and etiology of amputation

Among the individuals with a minor LEA, the selected studies
included different levels of amputation (see Fig. 1). We identified nine
Syme amputations, one mid-tarsal disarticulation, two tarsometatarsal
disarticulations, 75 transmetatarsal amputations (TMA), 24 ray ampu-
tations, 55 amputations of one or more toes (including four amputations
of all toes and five hallux amputations). Fourteen participants across six
studies [59-61,64,66,71] had a bilateral minor LEAs, while the
remaining individuals had unilateral ones [57,58,62,63,65,67-70]. One
study included two individuals with a TMA on one side and transtibial
amputation (TTA) on the contralateral side [60].

The majority of minor LEAs were related to PAD with a primary
etiology of DM (n = 129) [57,59,60,62-65,69]. Other causes of minor
LEAs was meningococcemia (n = 1) [58], trauma (n =4 across four
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studies) [66,68,70,71] and cancer (n = 1) [70]. In the three pediatric
studies, the etiology was congenital (n = 17) [61,67,68].

3.6. Intervention

We identified seven out of fifteen studies that reported outcomes
related to orthotic interventions that may improve the postural function
in individuals with a minor LEA [57,58,60,64,65,70,71]. Two assessed
total-contact FOs [64,65], two focused on AFOs [58,64], and one eval-
uated several therapeutic shoe configurations related to length (full;
short) and combinations with AFOs, total-contact FOs, and
rigid-rocker-bottom soles [60]. Other orthotic interventions included a
custom tarsometatarsal prosthesis [57], two Syme prostheses [70], and a
prosthetic shoe [71].

With regard to non-prosthetic interventions, one study evaluated the
impact of pre-amputation education on post-amputation balance abili-
ties [69], while another examined the influence of a vestibular stimu-
lation system on postural control [66].

3.7. Outcomes

The outcomes and main results are presented in Table 3. The
included studies are classified according to the type of variable of in-
terest such as balance scales, functional balance tests, and biomechanics
(e.g., quiet standing and dynamic balance tasks).

3.7.1. Balance scales

In five studies, postural abilities and balance on various ordinal
scales were quantified. Two studies conducted the Physical Performance
Test (PPT) [59,60], reporting significantly lower scores in individuals
with a TMA-DM compared to the control, particularly in mobility and
coordination tasks, such as walking with a turn, climbing flight of stairs
or picking up a coin from the floor [59]. Specific adapted orthopedic
prescriptions enhanced test performance in TMA-DM population. The
PPT scores were improved in the conditions full-length shoe and
rigid-rocker-bottom, short shoe and rigid-rocker-bottom, and short shoe
with an AFO and rigid-rocker-bottom than in the control shoe condition
[60].

One study administered the Community Balance and Mobility scale
(CB&M) and observed lower scores for all three LEAs groups compared
to the control individuals [67]. The performance in individuals with a
Syme amputation was comparable to that reported in major LEAs,
confirming the pronounced functional limitations. Statistical tests be-
tween subgroups were not performed due to the low sample size for each
amputation level [67].

One study employed the Berg Balance Scale (BBS) to evaluate fall
risk and post-amputation balance abilities in study participants [69].
The BBS scores was higher in the intervention group than in the control
group. Statistically significant differences were demonstrated between
the forefoot amputations (one or multiple toes) and TMA groups, but not
between major LEAs groups.

Finally, a simplified version of the Activities-specific Balance Con-
fidence (ABC) scale was assessed while wearing two Syme prostheses.
However, the scores did not exceed the minimum detectable change
values for either participant between conditions [70].

3.7.2. Functional balance test

Mueller and colleagues [59,60] reported that the reaching abilities in
individuals with a TMA-DM during the Functional Reach Test (FRT)
were 64 % lower than those of the control group, indicating a limitation
in their functional abilities. The scores of participants in the TMA-DM
were associated with an increased risk of falls compared with the
age-matched control group. Of the 15 participants with a TMA-DM, four
had even lower scores, indicating a very high risk of falls [59]. A com-
plementary study demonstrated that the reach distances remained
comparable between six different orthotics conditions [60].
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Table 2
Characteristics of the included studies.
Authors Country  Study design  Aim(s) Sample Experimental Amputation Control Age Quality
(year) size (M/ Etiology assessment
F)
Mueller USA Cross Compare function in 30 (18/ TMA (n = 15) Diabetes (n = 15) Healthy 62.3  High
et al. sectional patients with TMA-DM 12) o Unilateral (n = 12) participants +
(1997) and age/gender-matched e Bilateral (n = 3) (n=15) 9.2
[59] controls.
Mueller USA Quasi Determine whether 30 (20/ TMA (n = 30) Diabetes (n = 30) NA 61.7 Moderate
etal. experimental therapeutic footwear 10) e Unilateral (n = 24) +
(1997) improves functional e Bilateral (n = 4) 4.0
[60] mobility in patients with o TMA with TTA
TMA-DM. n=2)
Beyaert France Cohort Evaluate anatomical and 11 (7/4) Second toe (n = 11) Digital NA 9.1 Low
et al. functional effects of e Unilateral (n = 7) reconstruction
(2003) second toe removal in e Bilateral (n = 4) n=11
[61] children, including

impacts on foot structure,
balance, and gait.

Kanade UK Cross Compare weight-bearing 84 (73/ TMA (n = 5), Ray Diabetes (n = 16) DNP (n = 23); 62.8  High
(2006) sectional activities, such as a sit-to- 11) (n = 4), Hallux DFU (n = 23); +
[62] stand task, between four (n = 5), All 5 toes TTA (n = 22) 7.1
diabetic groups at (n = 1), First 2 toes
different stages of foot n=1)
complications, including
PFA and TTA.
Kanade UK Cross Compare standing balance 84 (73/ TMA (n = 5), Ray Diabetes (n = 16) DNP (n = 23); 62.8  High
etal. sectional between four diabetic 11) (n = 4), Hallux DFU (n = 23); +
(2008) groups, at different stages (n = 5), All 5 toes TTA (n = 22) 7.1
[63] of foot complications, (n = 1), First 2 toes
including PFA and TTA. n=1)
Spaulding USA Quasi Examine differences in 12 (12/ TMA (n = 6) Diabetes (n = 6) Healthy 58.0 Low
et al. experimental balance and pressure 0) e Unilateral (n = 5) participants +
(2012) distribution when wearing o Bilateral (n = 1) n==6) 10.3
[64] a FO alone or in
combination with an AFO.
El-Hilaly Egypt Quasi Investigate the effects ofa 20 (9/ Ray (n = 20) Diabetes (n = 20) NA 60.0  High
et al. experimental total contact insole and a 11)
(2013) flat insole on the plantar
[65] pressure in patients with
partial first ray
amputations.
Diot et al. France Case report Evaluate the effect of a 7 (7/0) Bilateral minor LEA Domestic accident Healthy 52.9  High
(2014) vestibular biofeedback on (n=1) (n=1) participants +
[66] the postural stability of an © Right foot: mid- n==6) 2.0
individual with a bilateral tarsal
minor LEA, compared with o Left foot: all toes
a matched control group.
Parent et al. Canada Case report Compare biomechanics 1(1/0) TMA (n=1) Meningococcemia NA 20.0 Low
(2014) using articulated AFO and (n=1)
[58] fixed carbon-fiber AFO,

both combined to toe filler
in patient with TMA.

Feick et al. Canada Cross- Examine the relationships 20 (10/ Major LEA (n = 7) Acquired (n = 5) Healthy 9.7 High
(2016) sectional between balance and 10) Syme (n = 3) Congenital (n = 5) participants +
[67] mobility measures in (n=10) 2.5

children with unilateral
LEA and able-bodied

control.
Geil et al. USA Quasi Assess the effect of 9(4/5) Syme (n=4) Congenital (n = 3) Healthy 12.6  High
(2016) experimental backpack loads on Trauma (n = 1) participants +
[68] postural sway in children n=>5) 3.3
with a Syme amputation.
Novo et al. Uruguay  Case report Develop and functionally 1(1/0) Tarsometatarsal Diabetes (n = 1) NA 65.0  Very low
(2023) validate a new 3D-printed n=1)
[571 tarsometatarsal prosthesis

prototype compared to a
barefoot condition.

Toygar Turkey Randomized Examine the effect of an 60 (49/ Major LEA (n = 10) Diabetes (n = 30) Major LEA 60.7  Low
et al. controlled educational intervention 11) Tarsometatarsal n=9 +
(2023) trial on balance in individuals (n=1) TMA (n = 4); 8.4
[69] with a LEA-DM compared TMA (n = 6); Toe Toe (n = 10);
to a matched population n=28); Multiple toe
receiving no intervention. Multiple toe (n = 5) n=7)

(continued on next page)
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Table 2 (continued)
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Authors Country  Study design Aim(s) Sample Experimental Amputation Control Age Quality
(year) size (M/ Etiology assessment
F)
Slater et al. USA Quasi Compare patient-reported 2(1/1) Syme (n = 2) Trauma (n = 1) NA 42,5  Very low
(2024) experimental outcomes between Cancer (n=1) +
[70] crossover and traditional 8.5
energy-storing feet in two
individuals with a Syme
amputation.
Storniolo Italia Case report Explore balance 1(1/0) Bilateral amputation Severe frostbite NA 52.0  High
et al. impairments following of all five toes (n = 1) (n=1)
(2024) amputation and identify
[71] appropriate interventions
such as prosthetic fitting
or targeted training.
Abbreviations:

M=Male; F=Female; USA=United States of America; UK=United Kingdom; LEA=Lower Extremity Amputation, TTA=Transtibial Amputation; PFA=Partial Foot
Amputation; TMA=Transmetatarsal Amputation; DM=Diabete Mellitus; DNP=Diabetic Neuropathy; DFU=Diabetic Foot Ulceration; FO=Foot Orthoses; AFO=Ankle

Foot Orthoses; NA=Not Applicable.

Heatmap of Contingency Table (Linear Weighted Cohen's Kappa)
4

K = 0.5
very low 1 Cl
n=1 Observed agreement
3
low 1
o~ n=4 G
g :
H 29
] =]
= o
H o
& moderate =
4
n=6
R 1
high
n=4 1 3
s " s . 0
very low low moderate high
n=1 n=4 n=3 n=7
Reviewer 1

Fig. 3. Kappa contingency table. k = Kappa value; CI=Confidence interval.

The Timed Up and Go (TUG) test was reported in two articles [57,
64]. TUG times were significantly longer in individuals with a TMA
compared with a matched control group, and positively correlate with
DM duration [64]. The use of a custom 3D-printed prosthesis in an in-
dividual with a tarsometatarsal amputation resulted in improved TUG
performance, particularly in sit-to-stand transitions and in total TUG
time [57].

3.7.3. Biomechanics

3.7.3.1. Quiet standing. Of the 15 articles included, ten reported
biomechanical data collected in laboratory settings. Eight of these
studies examined quiet standing tasks using one [58,61,63,66,67], two
force plates [68,71], or F-Scan instrumented pressure insoles technology
[65]. Some authors have introduced additional variables, including
backpack loading [68], removal of visual sensory input [61,66], or one
leg stance condition [61].

While a study revealed no statistically significant difference in center
of pressure (CoP) root mean square in individuals with a Syme ampu-
tation compared to a control group (6.3 + 2.3 mm vs. 5.9 + 2.3 mm)
[67], other demonstrated an increase in total CoP excursion in in-
dividuals with a Syme amputation compared to controls (313.43
+ 158.40 mm vs. 293.72 + 165.99 mm) [68]. Another study demon-
strated that individuals with a minor LEA exhibited a greater CoP
excursion than the individuals with a TTA, despite not reaching statis-
tical significance (minor LEA: 1.24 £+ 0.41 m vs. TTA: 1.21 4+ 0.44 m,
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P = 0.843). The results were consistent in both the anterior-posterior
(AP) (minor LEA: 1.01 + 0.34 m vs. TTA: 1.00 &+ 0.36 m, P = 0.966)
and medial-lateral directions (ML) (minor LEA: 0.54 + 0.18 m vs. TTA:
0.50 + 0.20 m, P = 0.583) [63].

The addition of progressive loads up to 25 % of body-weight resulted
in a linear increase in both CoP excursion and velocity in the control
group, while the perturbation in the Syme amputation group was com-
plex and non-linear [68]. These disturbances occurred in the AP direc-
tion in the controls and in the ML direction in the Syme group [68]. The
absence of visual afferents also exacerbates postural instabilities. Some
authors demonstrated that CoP surface area was nearly five times larger
in an individual with a minor LEA and eyes-closed in comparison to
controls [66]. In individuals with a bilateral toe amputation, closing the
eyes during one-legged stance significantly reduced stance time
(20.0-13.3 £5.3s, P=0.01) and increased CoP displacement mean
rate (+151 + 66 to +263 4+ 102 mm/s, P = 0.01). In individuals with a
unilateral toe amputation, the operated side exhibited a greater reduc-
tion in stance time with eyes closed (14.7 £ 6.3-7.3 £ 4.7 s, P = 0.01)
compared to the contralateral side (17.7 + 5.2-10.6 &+ 5.3 s, P = 0.01).
The CoP displacement mean rate increased significantly in both groups
after eye closure in the one-leg stand compared to the unoperated feet
(+106 £+ 92 mm/s vs. +32 + 51 mm/s, P = 0.05) [61].

The use of assistive devices, including prostheses [71], FOs [58,65],
and a vestibular-tactile sensory substitution system [66], enhanced
standing abilities. A biofeedback system significantly reduce (-39 %) the
CoP trajectory surface area in an individual with a bilateral minor LEA,
compared to the initial condition [66]. With regard to the orthopedic
devices, a total-contact insole led to a more pronounced reduction of
plantar-pressure than both a flat insole and no-insole condition, while
standing, particularly under the first metatarsal, midfoot, medial and
lateral heel areas [65]. Orthotics design and materials also affected CoP
parameters in individuals with a minor LEA. A fixed carbon AFO allowed
the CoP to be projected forward of the center of base in comparison to an
articulated AFO, indicating improved weight distribution over the sup-
port base [58]. The type of footwear worn also has an impact on CoP
during quiet standing task. In the barefoot condition, CoP shifted ante-
riorly compared to a prosthetic shoes condition (44.65 vs. 37.54 mm),
reflecting a reduced AP base of support. The barefoot base of support
was also narrower than in the shod condition (22.5 vs. 24.9 cm).
However, CoP oscillations in AP and ML were similar in both conditions
[71].

3.7.3.2. Dynamic balance tasks. The three tasks explored were sit-to-
stand transitions [62], gait initiation [71] and TUG [57]. During
sit-to-stand transitions, the time to reach full knee extension and
postural stabilization did not differ significantly between the minor LEA
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Table 3
Methods, Outcomes and Main Results of the Included Studies.
Authors Methods (Outcomes) Intervention Results
(year)
Balance Scales
Mueller et al. Physical Performance Test (PPT) (8items: writing ~ NA Lower scores in participants with a minor LEA (8-

(1997) [59]

Mueller et al.
(1997) [60]

Feick et al.
(2016) [67]

Toygar et al.
(2023) [69]

Slater et al.
(2024) [70]

a sentence, simulated eating, lifting a book to put
on a shelf, putting on and removing a jacket,
picking up a penny from the floor, turning 360°,
walking 15.2 m, climbing a flight of stairs (12
steps); 7items: excludes stair climbing).

PPT (8items: writing a sentence, simulated eating,
lifting a book to put on a shelf, putting on and
removing a jacket, picking up a penny from the
floor, turning 360°, walking 15.2 m, climbing a
single of stairs (12 steps)).

Community Balance & Mobility (CB&M) scale
(CB&M score on 96)

Berg Balance Scale (BBS) (BBS score on 56)

Activity-specific Balance Confidence (ABC)
scale (5-option response 0-4)

Functional Balance Test

Mueller et al.
(1997) [59]
Mueller et al.
(1997) [60]

Spaulding
et al. (2012)
[64]

Novo et al.
(2023) [57]

Biomechanics
Beyaert et al.
(2003) [61]

Functional Reach Test (FRT) (reaching distance).

FRT (reaching distance).

Timed Up and Go (TUG) (TUG time)

TUG (transition times from Sit-to-Stand and Stand-
to-Sit; Gait time in Forward and Backward
Directions: Average gait time; Total Time Analysis:
Average duration of the whole trial).

Quiet Standing on a force plate; eyes-closed in
double and single-barefoot stance (stance time,
ML/AP sway frequency (>5 mm), and mean CoP
displacement rate (cumulated displacement
divided by the time in balance)).

Six types of footwear conditions:

(1) full-length standard shoe, with a toe filler.
(2) full-length shoe, TCI and an AFO.

(3) full-length shoe, TCI, and a RRB sole.

(4) full-length shoe, TCI, RRB sole and AFO.
(5) short shoe, TCI, and RRB sole.

(6) short shot, TCI, AFO, and RRB sole.

NA

Two educations groups:

(1) intervention group: specific education (gait
suggestions, orthosis, and prosthesis, exercise to
strengthen the low-extremity muscles, stump care/
hygiene, and coping strategies).

(2) control group: routine care and education.

Two Syme prosthesis conditions:
(1) low-profile energy-storing feet (ESF).
(2) high-profile crossover feet (XF).

NA

Six types of footwear conditions:

(1) full-length standard shoe, with a toe filler.
(2) full-length shoe, TCI and an AFO.

(3) full-length shoe, TCI, and a RRB sole.

(4) full-length shoe, TCI, RRB sole and AFO.
(5) short shoe, TCI, and RRB sole.

(6) short shot, TCI, AFO, and RRB sole.

Two orthotic conditions:

(1) below-ankle (BA) with shoes and insoles.
(2) combination of above and below-ankle (AABA)
with shoes, insoles and the addition of the Blue
Rocker AFO.

Two conditions:

(1) barefoot.

(2) a custom-made 3D-printed tarsometatarsal
prosthesis.

NA
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items: 21.1 vs 27.9 / 32;

7-items: 18.7 vs 24.1 / 28, P < 0.001).

Marked differences in times (t) and marks (m) for
mobility and coordination tasks:

walking + turn (t: 22.7 £ 7.0 s vs 14.9 £ 3.0 s,

P < 0.001; m: 2.5+ 1.0 vs 3.7 = 0.6, P < 0.001),
climbing stairs (t: 11.5 £ 8.7 s vs 4.8 £ 0.9 s,

P < 0.01; m: 2.5 + 0.8 vs 3.8 = 0.8, P < 0.001),
picking up a coin from the floor (t: 4.8 + 1.8 s vs 3.1
+1.1s, P =0.005; m: 2.2 + 0.8 vs 3.1 +£ 0.7,

P = 0.003).

Scores differed by footwear (P < 0.001).

Scores were significantly higher in conditions 3
(21.8), 5 (22.4), and 6 (22.7) compared to the
control condition 1 (20.4, P < 0.05)

Scores were significantly lower in children with a
LEA than in their able-bodied peers (54 + 12 vs 77
+ 11, P < 0.01). Scores were particularly low in
children with Syme (48—69) and transfemoral
(43—56) amputations. However, no statistical
comparisons were performed between subgroups.
In individuals with minor LEAs, scores were
significantly higher in the intervention group vs.
control (29.6 + 16.6 vs 18.4 + 17.4, P = 0.045).
Significant improvements were observed across
subgroups: single toe (47.0 & 14.5 vs 32.7 + 7.1,

P = 0.003), multiple toes (34.8 + 9.7 vs 22.1 + 8.7,
P =0.038), and TMA (33.0 + 9.2 vs 16.5 + 7.1,

P = 0.038). One participant with a tarsometatarsal
amputation scored 38 (no control comparison
available). Most intervention group participants
were classified as low fall risk, whereas controls
were mostly high risk. No significant difference was
found in major LEA scores (P = 0.067).

No difference in scores between the ESF and XF
conditions.

Participant 1 rated both prostheses equally (4.00),
while Participant 2 felt more balanced with the ESF
prosthesis (ESF = 3.63 vs. XF = 3.53).

FRT distance was shorter in the TMA-DM group vs
control (19.1 + 8.6 cm vs 31.5 £ 9.1 cm).

FRT distance did not significantly differ across
conditions (18.6, 18.8, 18.0, 18.1, 19.3, 17.5 cm,
P = 0.46).

TUG time was significantly longer in partial foot
amputation (PFA) participants vs controls (8.2 +
1.5s5vs 6.0 + 1.5 s, P = 0.025), with a positive
correlation between TUG time and diabetes duration
(r = 0.82). All PFA participants reported better
balance using the BA orthosis, only one participant
(PFA3 who had the longest diabetes duration and the
worst TUG time) felt more balanced with the AABA.
TUG time was reduced when using the prosthesis,
particularly during Sit-to-Stand transitions. No
difference for Stand to Sit, and only a slight
improvement was observed for round-trip walking.

In bilateral toe amputees, eye closure reduced one-
leg stance time (P = 0.01) and increased CoP
displacement rate (P = 0.01), with no significant
change in sway frequency. In unilateral cases, eye
closure also reduced stance time, more on the
operated side (P = 0.01) than on the non-operated

(continued on next page)
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Authors Methods (Outcomes) Intervention Results

(year)
side (P = 0.01). Mean CoP displacement increased in
both groups, with higher values on operated feet
compared to non-operated feet (P = 0.05).

Kanade et al. Sit-to-Stand movement (time to complete full NA No significant differences between groups in time to

(2006) [62] extension and stability; net joint moments (hip, full extension or stabilization (P = 0.209 and
knee and ankle); weight-bearing symmetry. P = 0.201). The DNP and PFA groups exhibited

symmetrical weight-bearing. In contrast, 56.5 % of
participants in the DFU group shifted weight on the
contralateral limb, indicating asymmetry.

Kanade et al. Quiet Standing on a force plate, in two feet NA Significant differences were found among the four

(2008) [63]

El-Hilaly et al.

(2013) [65]

Diot et al.
(2014) [66]

Parent et al.
(2014) [58]

Feick et al.
(2016) [67]

Geil et al.
(2016) [68]

Novo et al.
[571

Storniolo et al.

(2024) [71]

stance during 30 s (distance between the ankles,
mean anterior CoP position, CoP excursion (total,
AP, ML), and weight distribution between limbs).

Quiet Standing with F-Scan sensors (average
pressure in five metatarsal areas (M1-5), mid foot
area (MF), medial heel (MH) and lateral heel (LH)
areas).

Quiet Standing on a force plate; eyes closed in
double feet stance (CoP trajectory, CoP surface
area).

Quiet Standing on a force plate (CoP
displacement)

Quiet Standing on a force plate (CoP root mean
square (RMS) in combined AP/ML direction)

Quiet Standing on dual force plate, 40 s under
four backpack load conditions: 0, 10, 20, 25 %
(CoP excursion (total, ML, AP); mean CoP velocity
(total, ML, AP); 95 % confidence ellipse of CoP
excursion; weight bearing distribution).

TUG with inertial sensor (acceleration average
and range (AP, ML, vertical) during Sit-to-Stand
and Stand-to-Sit transitions; average angular
velocity during Mid and End turning phases.

Quiet Standing on a dual force plate, 30 s (CoP
position (AP, ML), CoP length, CoP range (AP, ML),
CoP total velocity, CoP ellipse area, weight
distribution, ankle joint centers position).

Gait Initiation (EMG: Erector Spinae, Obliquus
Abdominis, Biceps Femoris, Vastus Medialis,
Tibialis Anterior and Soleus; AP CoP excursion).

Three insole conditions:

(1) shoe, with no insole (NI).

(2) shoe, with custom total-contact insole (TCI)
(3) shoe, with regular flat insole (FI).

Vestibular biofeedback.

Two AFO conditions:

(1) articulated AFO with a toe filler.

(2) fixed carbon-fiber AFO with a toe filler.
NA

NA

Two conditions:

(1) barefoot.

(2) a custom-made 3D-printed tarsometatarsal
prosthesis.

Two conditions:
(1) barefoot.
(2) a prosthetic shoe.

groups for total and AP CoP excursion (P = 0.001
and P < 0.001), with a general decline in balance
from the DNP to TTA group, although PFA showed
greater CoP excursion than TTA. ML CoP excursion
varied significantly (P < 0.050) but showed no clear
trend. Ankle distance increased significantly from
DNP to TTA (P = 0.001), while forward CoP position
and weight-bearing did not differ between groups.
Highest peak pressures were at the mid metatarsal
(M3, M4), MF and the heel areas while standing.
Compared to the NI condition, both FI and TCI
reduced peak plantar pressures, with more
pronounced decrease when using the TCI. Significant
pressure decreases were observed at M1 (FI: -16 %,
P = 0.015; TCIL: =26 %, P = 0.022), MF (FI: -19 %,
TCI: =50 %, both P < 0.001), MH (FI: -23 %, TCI:
-56 %, both P < 0.001), and LH (FI: —24 %,

P < 0.001; TCL: -44 %, P = 0.022).

CoP trajectory surface area was greater in the minor
LEA participant than in able-bodied participants, in
both no-biofeedback and biofeedback conditions.
Greater stabilizing effect of biofeedback for the
minor LEA participant (—39 %) than for the able-
bodied group (—28 %).

CoP displacement was projected forward the center
of the base of support with the fixed carbon-fiber
AFO compared with the articulated AFO.

No significant difference in CoP RMS between the
able-bodied and LEA groups. Within LEA subgroups,
the Syme participant showed higher minimum CoP
RMS (4.1 mm) than the transtibial (2.6 mm) and
transfemoral (2.7 mm) participants.

In response to increasing backpack weight, CoP
excursion and velocity increased progressively in the
control group, while a non-linear pattern was
observed in children with a Syme amputation.
Values increased from 0 % to 10 % BW, decreased
from 10 % to 20 % BW, and increased again from
20 % to 25 % BW. Sway path shifted in the AP
direction in controls but in the ML direction in the
Syme group.

Using a custom prosthesis led to reduced
acceleration across all planes, indicating improved
overall stability. Angular velocity during mid-turn
remained unchanged but increased at the end of the
movement when using the prosthesis.

During quiet standing, AP CoP range and velocity
were ~50 % higher than in the ML direction. In the
barefoot condition, the CoP moved forward toward
the geometric center of the base of support. In the
shoe condition, the CoP moved backwards, closer to
the ankle joints, without improving overall stability.
EMG and CoP analyses revealed different gait
initiation strategies. Barefoot condition induced a
pivoting motion with contralateral trunk
engagement (increased erector spinae activation),
while shod condition led to a faster and symmetrical
forward motion.

Abbreviations:

EMG=Electromyography; CoP=Center of Pressure; ML=Medial-Lateral; AP=Anterior-Posterior; BW=Body Weight; PPT=Physical Performance Test; CB&M=Com-
munity Balance & Mobility; BBS=Berg Balance Scale; ABC=Activity-specific Balance Confidence; FRT=Functional Reach Test; TUG= Timed Up and Go; LEA=Lower
Extremity Amputation; TFA=Transfemoral Amputation; TTA=Transtibial Amputation; PFA=Partial Foot Amputation; TMA=Transmetatarsal Amputation;
DM=Diabete Mellitus; DNP=Diabetic Neuropathy; DFU=Diabetic Foot Ulceration; RRB=Rigid Rocker-Bottom; AFO=Ankle Foot Orthoses; ESF=Energy-Storing Feet;
XF=Crossover Feet; BA=Below-Ankle; AABA=Above Ankle and Below-Ankle; NI=No Insole; FI=Flat Insole; TCI=Total-Contact Insole; RMS=Root Mean Square;
NA=Not Applicable.
Bolded text indicates the methodology and specific test(s) used in each study.
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group and the diabetic neuropathy (DNP), diabetic foot ulcer (DFU) and
TTA groups (P = 0.209). Nevertheless, the time required to achieve
postural stability following full extension was found to be longer in the
minor LEA (7.4 s) and TTA (7.5 s) groups compared to the DNP (6.8 s).
The DFU group exhibited the longest time (9.1 s), though this did not
reach statistical significance (P = 0.201) [62]. Net force moments and
weight bearing during the sit-to-stand task demonstrated that unilateral
minor LEA did not affect the symmetrical movement performance, un-
like in DFU and TTA individuals [62]. During gait initiation task, the
participant demonstrated varying postural strategies, depending on the
experimental conditions. In the barefoot condition, the CoP demon-
strated slower and more limited displacement, with a smaller amplitude
in AP direction and reduced speed. The CoP demonstrated a faster and
wider displacement with prosthetic shoes, which resulted in an
improvement in propulsion. The body rotation is evidenced by the
higher AP amplitude of the scapular and pelvic markers. In contrast, the
postural adjustments in shoes exhibited bilateral inhibition of the
erector spinae, enabling a symmetrical and dynamic strategy [71].
Finally, a custom-made tarsometatarsal prosthesis improved the
spatiotemporal variables of the TUG test. Wearing the prosthesis resul-
ted in more regular and controlled accelerations during sit-to-stand and
stand-to-sit transitions, reducing fluctuations in AP, ML, and vertical
directions. Without the prosthesis, these movements showed increased
variability, indicating reduced stability. Angular velocity did not
significantly change during mid-turns, but a slight increase was
observed at the end of turns with the prosthesis [57].

4. Discussion

This scoping review examined postural deficits in individuals with a
minor LEA and the efficacy of various treatments, especially orthopedic,
in enhancing their postural function.

4.1. Outcomes

Minor LEAs, often perceived as having a relatively limited functional
impact compared to major LEAs, are associated with postural deficits
that are often underestimated. Some authors have described these dis-
turbances as “functional challenges” [57], “considerable functional limita-
tions” [59], or “considerably disrupted postural control” [66]. In some
cases, these deficits are comparable to those observed in individuals
with major LEAs [62,63,67,69].

These deficits are due to several biomechanical and neurosensory
changes. Primarily, decrease in foot length and loss of toes [63,71],
reduces the plantar-flexor lever arm and the ability to generate
plantar-flexor torque at the ankle [59,68]. As result, individuals have
challenges during activities requiring shifting weight to the forefoot [59,
60,71]. Minor LEAs also involve resection of the plantar aponeurosis,
loss of intrinsic foot muscles and toe proprioceptors [59,61,71] and a
disruption in somatosensory afferents [63,66] as a consequence of
plantar nerve resection [61,71]. Suppression of visual afferents exacer-
bate postural disturbances and, unlike able-bodied participants who can
use vestibular and somatosensory inputs from the feet and ankles, in-
dividuals with a minor LEA rely almost exclusively on vestibular infor-
mation to control posture due to the reduced base of support and loss of
associated somatosensory afferents [61,66]. Similar observations have
been documented in studies evaluating standing in control participants
supported on a partial foot support [72], and a hallux sensory depriva-
tion system [73], simulated a minor LEA condition. Furthermore, PAD,
DM and related complications (i.e., neuropathy), reducing the proprio-
ceptive and tactile capacity of the foot, further limiting the effectiveness
of postural mechanisms already compromised by the partial loss of
plantar structures [62,63,74]. It has been proposed that the forward
displacement of the CoP during balance tasks may be associated with an
attempt to enhance the afferent inflow from the residual forefoot [71].
In addition to somatosensory damage, DM can also affect the visual
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system (e.g., diabetic retinopathy) thereby adding another level of
complexity to postural impairments [75,76].

In response to biomechanical alterations, individuals with a minor
LEA frequently implement compensatory postural strategies to maintain
their balance. From a kinetic point of view, multiple studies have
documented an increase in CoP excursion in both the AP [63,71] and ML
[68,71] directions. Such an increase in CoP ML excursion may indicate
an increased reliance on hip abduction/adduction mechanisms rather
than an ankle dorsi/plantarflexion mechanism to compensate for ankle
proprioceptive deficits [68]. Authors have reported that individuals
with a minor LEA tend to increase their base of support to compensate
for deficits in ML stability [63,71]. Such asymmetries will be particu-
larly pronounced in dynamic balance activities [62].

In addition, certain levels of LEAs may predispose to increased
postural instability and even lead to new comorbidities such as foot
deformities or secondary amputations [61,65]. Toe amputation can
result in insufficient intermetatarsal stability due to the widening of the
intermetatarsal space caused by the removal of the segment [61]. These
deformities can also occur on the contralateral foot. Preferential weight
bearing on this limb would lead to excessive mechanical stress on the
contralateral great toe, which may contribute to the development of
hallux valgus [61]. Moreover, in cases of first ray amputation, in-
dividuals tend to have a supinated foot in the absence of the metatarsal
head and a portion of the metatarsal bone. This results in a lateral shift of
plantar-pressure in the standing position [65]. The loss of the pivoting
effect of the hallux and first toe, and the reduction in support area, re-
sults in a shift of weight to the mid-metatarsal and midfoot regions,
which are not physically designed to withstand increased pressure [65].
Excessive plantar-pressure in certain areas of the foot could result in an
increased risk of ulceration and subsequent amputation [65].

4.2. Interventions

This scoping review placed particular emphasis on external ortho-
pedic devices for the rehabilitation of postural function. The efficacy of
FOs, such as total-contact insoles, in managing postural deficits
following a minor LEA was demonstrated in three studies [60,64,65].
The use of a therapeutic shoe with a rigid-rocker-bottom sole and a
total-contact insert significantly improved function in individuals with a
TMA-DM [60]. In another study, the same research team demonstrated
that this same orthotic reduced maximum plantar-pressure on the re-
sidual limb compared to wearing standard shoes with toe fillers, thereby
reducing the risk of skin lesions on the residual limb and foot ulcers [77].
Similarly, total-contact FOs enabled a significant redistribution of
maximum plantar-pressure in ulcer-prone areas compared to a flat
insole, improving both static and dynamic postural function [65].
Bayaert et al. [61] in discussing their findings, also suggested that the
use of a FO could promote local tissue repair, particularly of the inter-
metatarsal ligament and delay the onset of contralateral mechanical
problems [61]. Moreover, in a population with TMA, all participants
exhibited an improvement in balance with the use of a total-contact FO,
in comparison to no FO condition. [64]. In contrast, the use of AFOs,
while intended to provide increased stability for the user, often caused
problems in individuals with a TMA [60,64]. In both studies, between
50 % and 59 % of participants refused to wear conditions that included
AFOs during the one-month adaptation period, reporting that they could
not tolerate the restriction of ankle mobility [60,64]. Some exceptions
were reported by the authors. Individuals with a bilateral TMA seemed
to prefer shortened therapeutic shoes [60]. An individual with anterior
compartment paralysis exhibited a preference for wearing AFOs condi-
tions [60], and another with the longest duration of DM felt more
balanced with the AFO than with the total-contact FO [64]. This
participant also had the longest TUG time, which led the authors to
suggest that the TUG might be an effective clinical test for differentiating
between patients with a TMA who are likely to benefit from an AFO
versus an FO design [64]. A recent study demonstrated not only an
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improvement in TUG time but also improvements in gait quality, sym-
metry, and spatiotemporal parameters at different test phases when an
individual with a tarsometatarsal amputation performed the assessment
using a custom 3D-printed prosthesis [57]. The authors even report a
significant improvement in the quality of life and ability to perform
activities of daily living in device users [57]. During gait initiation, the
use of a prosthetic shoe allowed for a smoother transition of body weight
and also promoted better symmetry in weight transfer in a participant
with a bilateral amputation of all toes [71]. These adjustments reduced
the reliance on costly compensatory strategies, such as pivoting move-
ments. Similarly, the forward displacement of the CoP while maintain-
ing a static posture may represent a postural strategy to accomplish the
task in a safer manner. The use of a prosthetic shoe allows for a more
dynamic and efficient movement, which is typical of physically active
individuals [71]. The aforementioned studies emphasize the signifi-
cance of prosthetic design in enhancing postural control and functional
mechanisms in individuals with a minor LEA.

Educational interventions have also demonstrated notable im-
provements in balance in individuals with a minor LEA [69]. The au-
thors assert that there is a strong correlation between balance and
walking in individuals with LEAs. Therefore, enhancing postural control
will facilitate improved ambulation and mitigate the risk of falls and
fall-related fear in individuals with a minor LEA [69]. Another study has
highlighted the urgent need to consider balance training in individuals
with a minor LEA, as is already provided for the rehabilitation of in-
dividuals with a major LEA [63].

4.3. Literature gaps

Seven of the studies exhibited a moderate to very low quality. The
majority of studies included are case reports [57,58,66,71], pilot studies
[64,67,68], or have a limited number of participants [70]. Several au-
thors expressed concerns regarding the limited statistical power [64,67,
68], and the incapacity to conduct statistical analysis [66,70], due to the
limited sample sizes. This may be attributed to the inherent difficulty in
recruiting patients with a minor LEA for research protocols [78]. This
poor statistical power limits the ability to generalize findings [68] and
optimize rehabilitation protocols.

Differences in assessment protocols, materials, and measures used
make it difficult to directly compare results across studies [67,68]. The
use of a single force platform may have precluded the observation of
certain mechanisms and postural compensations, particularly those
pertaining to AP and ML mechanisms, which require the use of two force
platforms [63,79]. The majority of biomechanical studies have
concentrated on the evaluation of quiet and static standing. However,
the authors concur that it is crucial to examine the postural adaptations
in individuals with a minor LEA in “more stressful situations” [61] or in
“dynamic balance and dual-task conditions” [63].

Some studies lack matched control groups [61,65] or comparisons
with other LEA levels, which limits the ability to specifically attribute
observed effects to the intervention or LEA level [67]. Kanade et al. [62,
63] included individuals with various levels of minor LEAs in the “partial
foot amputation” group, which obscured the specific characteristics
associated with each type of minor LEAs. Furthermore, the populations
studied are often specific and mainly composed of patients with DM [57,
59,60,62-64,66,69], which limits our understanding of the impact of
minor LEAs on postural control in individuals without systemic com-
plications [59]. To the best of our knowledge, no study has yet compared
postural control between a population with a minor LEA-DM and a
population with a minor traumatic LEA, nor has any study examined the
differences associated between several minor LEAs level.

Finally, longitudinal research on the long-term effects of in-
terventions remains underexplored. Studies mainly focus on the imme-
diate benefits of the intervention [57,58,65,71], with limited attention
paid to long-term adaptive processes and the potential influence on in-
dividuals’ quality of life [61,69]. Toygar et al. [69], only performed the
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BBS measurement three days after the operation, which may not reflect
the patient’s long-term state in terms of balance. A longer-term evalu-
ation or reassessment would have provided further evidence as to the
persistence of the educational effect over time. Similarly, Spaulding
et al. [64], recorded TUG time during the inclusion visit “in the hope of
using this as a pre-prescription analysis”. However, the measurement was
not reassessed after the acclimatization period to the orthotics solutions.
Additionally, there is a notable lack of rigorous comparative studies,
particularly between different prosthetic or orthotic, to determine which
is best suited to specific needs, such as the level or etiology of minor
LEAs, the most recent dates back to the last century and only looked at
TMA-DM individuals [60]. Robust longitudinal studies are therefore
required in order to gain insight into the progression of postural im-
pairments in individuals with a minor LEA and to ascertain the
long-term efficacy of rehabilitation interventions.

4.4. Perspectives

These limitations underscore several research priorities. It is rec-
ommended that future studies aim to recruit larger samples, including
diverse subgroups, to ensure representation across different LEAs eti-
ologies, including traumatic and vascular cases, as well as varying levels
of LEAs. Longitudinal designs are essential for understanding the
adaptive processes that occur over time and for evaluating the sustained
efficacy of interventions, particularly in the case of custom FOs.

The integration of advanced biomechanical analysis tools, including
motion capture, EMG, and dual force plates, will facilitate a more
detailed comprehension of compensatory postural strategies. Research
should incorporate dynamic balance assessments, such as TUG and FRT,
which are well-suited for evaluating fall risk and balance in individuals
with postural control disorders [42]. The TUG is particularly valuable as
it encompasses a range of challenging tasks, including sit-to-stand
transitions, gait initiation, and turns, which are frequently impaired in
individuals with a LEA [57,71]. Instrumentation of such tests would
provide reliable and repeatable biomechanical data on dynamic postural
control in individuals with a minor LEA [80-82].

Personalized orthotic solutions should be evaluated not only for their
biomechanical benefits, but also for their impact on functional inde-
pendence and quality of life. Future studies should use validated clinical
scales [42], to complement objective biomechanical assessments with
subjective assessments of balance and confidence.

4.5. Limitations

Significant heterogeneity in methodologies, participant characteris-
tics, and LEAs levels precluded the possibility of conducting meta-
analyses, thereby limiting the ability to quantitatively synthesize find-
ings. The review was limited to articles published in French and English,
which may have excluded relevant studies published in other languages.

5. Conclusion

This scoping review highlights the significant postural deficits
associated with minor LEAs and emphasizes the potential of various
orthotic and prosthetic interventions to mitigate these challenges. Dis-
tances reached by this population were 64 % shorter on the FRT test,
TUG times were 36 % slower, and there were an increased CoP excur-
sions while standing quietly, indicating a high risk of falling and sig-
nificant postural control imbalance. However, methodological
limitations such as heterogeneous protocols and various outcomes
measurements limit the generalizability of the current findings. The
interventions tend to demonstrate efficacy in improving postural control
in individuals with a minor LEA. However, given limited high-quality
evidence, small overall sample sizes, heterogeneity of interventions,
and short or absence of longitudinal assessments, our findings should be
interpreted with caution and should not be considered conclusive
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regarding the effectiveness of the intervention. Future research should
focus on larger, diverse subgroups of minor LEAs, longitudinal out-
comes, advanced biomechanical assessments, and comprehensive eval-
uations of functional and psychosocial outcomes. A more comprehensive
understanding of the postural mechanisms affected in minor LEAs could
improve care and quality of life in individuals with such conditions.
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