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OBJECTIVES: To evaluate how transtibial amputation (TT) affects bodyweight distribution, voluntary knee joint
position sense (JPS), and quadriceps (QUA) and hamstrings (HAM) strength in prosthetized patients.

METHODS: Only TT patients who had been prosthetized for more than one year were included, and an age-
paired able-bodied group was used as control. The participants stood on force plates with their eyes open to
measure bodyweight distribution between the limbs. Knee voluntary JPS was assessed by actively reproducing a
set of given arbitrary joint angles using a video analysis approach, and QUA and HAM strength were assessed
isometrically with a hand-held dynamometer.

RESULTS: Sixteen TT subjects (age: 39.4±4.8 years) and sixteen age-paired control subjects (age: 38.4±4.3 years)
participated in the study. The amputees supported their bodyweight majorly on the sound limb (54.8±8.3%,
po0.001). The proprioceptive performance was similar between the amputated (absolute error (AE): 2.2±1.6o,
variable error (VE): 1.9±1.6o, constant error (CE): -0.7±2.0o) and non-amputated limbs (AE: 2.6±0.9o, VE: 2.1±0.9o,
CE: 0.02±2.3o), and was not different from that of control subjects (AE: 2.0±0.9o, VE: 1.4±0.4o, CE: -1.1±1.7o).
There was a considerable weakness of the QUA and HAM in the amputated limb compared with the sound limb
and control subjects (po0.001 both).

CONCLUSIONS: The asymmetric bodyweight distribution in the transtibial amputees was not accompanied by
a reduction in knee proprioception. There was significant weakness in the amputated limb, which could be a
potential issue when designing rehabilitation programs.
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’ INTRODUCTION

Lower limb amputation is a life-changing event that
modifies from basic locomotion (1,2) to social and psycho-
logical aspects (3). Approximately 40–80% of lower limb
amputations are due to vasculopathy and diabetes (4,5).
However, in younger individuals, lower limb loss occurs
mainly due to traumatic events, such as road traffic or
gunshot injuries (5,6). Trauma-related amputations are the

primary etiology in developing countries and represent a
substantial cause of amputation worldwide (4,5). Despite the
limitations imposed on the patient, transtibial amputation
(TT), at least when performed at the distal third of the lower
leg, enables the patient to have a physically active lifestyle
after proper prosthetic fitting and rehabilitation (7,8).

Limb amputation was previously associated with thigh
muscle atrophy and fat permeation in the stump compared
with the sound limb and able-bodied subjects (9), modified
knee joint kinematics during gait and stair climbing (1,10,11),
and an augmented muscle voluntary activation of the biceps
femoris—measured as the integrated surface electromyogra-
phy signal—during gait (8).
Several studies have investigated the muscle strength of

TT patients (12–17). Besides the methodological differences—
isokinetic vs. isometric evaluation, different velocities, and
devices—in general, the studies suggested a reduced strength
of both knee extensors and flexors in comparison with the
sound limb (12–17). This is a clinically relevant finding, givenDOI: 10.6061/clinics/2021/e2486
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that thigh muscle weakness could lead to poor performance
during standing and gait, thus compromising the execution of
daily functional tasks (12).
The TT procedure leads to loss of all muscles, tendons,

ligaments, and articular capsule, seriously affecting the lower
limb, and consequently, body function (9,18). These struc-
tures are essential not only for locomotion but they also
function as sensory receptors, which, when absent, may
compromise proprioception (9,18). Conscious propriocep-
tion involves kinesthesia, force sense, and joint position
sense (JPS) (19). Few studies have investigated propriocep-
tion alterations in TT patients and they have presented different
results (20–22). These conflicting findings are probably due to
different methodological approaches (i.e., joint angular repro-
duction and passive movement detection) and not to standar-
dized amputation procedures (23). Although the knee joint
capsule is kept intact, the interaction between the stump and
the prosthetic limb may alter the JPS by merely changing the
effort needed to move the limb due to changes in its mass (24).
JPS can be assessed using both involuntary (passive) and
voluntary movements, the latter being more useful because it
mimics the joint motion in real-life situations (25,26).
Bodyweight is supported by the non-amputated (NAMP)

limb in the orthostatic position, not only at rest (27–29)
but also during gait (30), increasing the mechanical load at
its joints (12–17). At early rehabilitation stages, the NAMP
limb supports up to 60% of the bodyweight (27–29,31).
This asymmetrical weight distribution also produces balance
changes, which increase the risk of falling, while the higher
mechanical demand placed on the sound limb is suggested
as the main factor for osteoarthritis development and the
overuse symptoms observed in TT patients (32,33).
A better understanding of neuromuscular changes due

to traumatic TT is paramount to the development of com-
prehensive and meaningful clinical interventions. Although
changes in bodyweight distribution after TT are well docu-
mented (27–29), few studies have aimed to assess voluntary
knee JPS (21) and knee extensor and flexor strength together,
therefore, justifying further investigations. Thus, the goals of
this study were to verify the effect of TT on bodyweight
distribution, voluntary knee JPS, and quadriceps (QUA) and
hamstrings (HAM) strength in prosthetized patients. As
some intervening variables (i.e., stump length, age, and time
from prosthesis use) could influence the outcome, we chose
to control those variables. We hypothesized that alterations
in bodyweight distribution, knee JPS, and QUA and HAM
strength should be observed when compared with the sound
limb and with age-paired healthy subjects.

’ MATERIALS AND METHODS

Participants
The TT group included patients aged between 18 and

50 years, who underwent unilateral amputation due to
traumatic etiology, and had been using the prosthesis for at
least one year. Patients were excluded if they were diabetic,
reported previous knee injury or surgery in any of the limbs,
or presented with neurological, vascular, vestibular, or
visually diagnosed disorders. All patients wore the same
standard lower limb endoskeletal prosthesis (Ethnos, Brazil)
with a dynamic foot (Ossur, Iceland). Control subjects were
age-paired and recruited from the staff of the hospital’s
rehabilitation division. The Tegner score was used to mea-
sure work level, physical activity, and sport-related activity

engagement in both groups (34), and the dominant (DON)
leg was self-defined as the preferred kicking leg (Table 1).
This study was approved by the hospital’s ethics committee
(process #01128818.0.0000.5273). All volunteers were pre-
viously informed about the procedures and goals of the
study and they provided written consent to participate.

Procedures
This was an analytical, controlled cross-sectional with

control group study. All the procedures were performed
during a single testing session, lasting no longer than two
hours, on a day that the patient usually had a routine
medical screening scheduled (conducted between April-
June 2019). First, the participants were asked to complete
the bodyweight distribution test, followed by knee exten-
sion JPS, and by maximal voluntary isometric contractions
of QUA and HAM. Bodyweight distribution was meas-
ured while the subject wore the prosthetic leg. On other
hand, JPS and muscle strength evaluations were conducted
on both limbs (without the prosthesis). All devices and
methods used were highly reliable, as reported elsewhere
(35–37).

Assessment of bodyweight distribution
We used a set of two separate 24� 40 cm force plates

(Globus Ergo System, Italy) to quantify bodyweight dis-
tribution. Volunteers were asked to stand still in an
orthostatic position with one foot on each force plate for
60s. They were then instructed to look forward to a fixed
point at the eye level on the wall, 2m away. This was
performed three times, with a 30s rest period between each
measurement. Ground reaction force was calculated as an
average of the three measurements for each limb, and
bodyweight distribution was defined as a percentage of the
total ground reaction force.

Assessment of proprioception
Knee proprioception was assessed using JPS. The subjects

were seated on a chair with their backs entirely supported,
their hips flexed at approximately 90o (0o=full extension), and
their lower legs hanging freely (Figure 1). The test consis-
ted of the experience and reproduction of a joint position
through voluntary movements with the participants blind-
folded, as described in a previous study (26). Briefly, the test
began with the volunteers’ lower legs hanging relaxed, then
the evaluator asked the volunteers to slowly extend their
knees until the command to ‘‘stop’’ and keep that position
for three seconds (experienced position). Then, the evaluator
asked the volunteers to ‘‘return to the start position and
relax,’’ and after 3 seconds of rest, the command ‘‘show me
where your knee was before’’ was given, so the volunteers
slowly extended their knees, trying to reach the experienced
position (reproduced position) while holding their limbs for
more than 3s. This procedure was performed four times
for each limb after three unrecorded familiarization trials,
and the knee angles tested were randomly assigned. All
procedures were video-recorded on the sagittal plane using a
smartphone camera (Motorola Moto X Play, 21 Mpx, Full
HD). The camera was positioned 1.1m from the ground level
in a stable tripod kept 1.5m from the subject. Styrofoam balls
were fixed at the hip, femur lateral epicondyle, and at the
most distal portion of the stump or in the malleolus of the
fibula (Figure 1). The knee joint angle was measured from
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the footage using ImageJ software (National Institutes of
Health, Bethesda, Maryland, USA). The difference between
the reproduced and experienced positions was used to
calculate the absolute error (AE), variable error (VE), and
constant error (CE), where AE corresponds to the absolute
average, VE to the standard deviation, and CE to the average
of the attempts (25,26).

Assessment of muscle strength
We used a hand-held dynamometer (Nicholas MMt

Handheld Dynamometer, Model 001160, Lafayette Instru-
ment Company, USA) to assess the QUA and HAM muscle
strength. The participants were positioned in the same way
as for the JPS test. The dynamometer was positioned
anteriorly or posteriorly on the most distal portion of the
stump/leg (Figure 1a). For each test, volunteers were asked to
isometrically perform the maximum voluntary contraction
(MVC) against the dynamometer, which was held with the aid
of an inelastic strap. MVC was conducted with the knee flexed
at 90o (0o=knee fully extended) and kept for at least 5s. Three
attempts were performed with a 30s rest period between each,
and only the maximum value was used for the analyses. The
test order between muscle groups and limbs was rando-
mized, and before each test, three submaximal trials (50%,
75%, and 100% of perceived maximum effort) were
performed for familiarization and warm-up. All procedures
were video-recorded, and images were used to measure the
lever arm to calculate the joint torque (product of force by
the lever arm). The lever arm was defined as the distance
between the femoral lateral epicondyle and the most distal
part of the stump or limb where the dynamometer was
positioned. The peak torque value was recorded for further
statistical analyses.

Statistical analysis
Data were presented as mean±SD. Data distribution was

verified and classified as normal (p40.05) using the Shapiro-
Wilk test. First, the DON and non-dominant (NDON) limbs
of the control group were compared using Student

́
s t-test

for independent samples to evaluate if the DON limb could
be used for subsequent analysis as the control limb (CTL).
One-way ANOVA for independent samples was used to
compare the amputated (AMP) and NAMP limbs with the
CTL. The Bonferroni post-hoc test was adopted when needed
to verify the differences between pairs of limbs. The effect
size was assessed by Z2p and classified as small (0.01),
medium (0.06), and large (0.14). Statistical procedures were
performed using the SPSS software (IBM SPSS Inc., version
19, Chicago, IL, USA), and data were considered statistically
significant at pp0.05.

’ RESULTS

A total of 88 consecutive patients were selected from the
hospital’s amputee center rehabilitation program. The first
attempt of contact with the patients was made by a
standardized telephone call (conducted by CHSFF) between
April and June 2019 to collect preliminary data and ask for
interest in participating in the study. Of the total, 36 patients
had a TT with non-traumatic etiology, 16 were older than
the pre-defined inclusion age range, 18 of the patients could
not be reached, and two subjects refused to participate in the
study. A total of 16 TT patients and 16 control subjects
participated in this study (Figure 2).
We did not observe differences in the demographic

characteristics between the amputees and control groups
(Table 1). None of the TT required walking aids (e.g., cane or

Table 1 - Demographic characteristics of the amputees and control groups.

Variable Amputees (n=16) Control (n=16) p-value

Age (years)
mean (SD) 39.4 (4.8) 38.4 (4.3) 0.55
Minimum 31 31
Maximum 48 47

Sex, number (%)

Men 11 (6.0) 9 (56.0) NA
Women 5 (31.0) 7 (44.0)

Weight (kg)
mean (SD) 81.3 (22.2) 72.1 (14.0) 0.17
Minimum 48 52
Maximum 125 98

Height (m)

mean (SD) 1.70 (0.10) 1.70 (0.10) 0.24
Minimum 1.53 1.56
Maximum 1.82 1.81

BMI (kg/m2)
mean (SD) 27.3 (6.0) 25.5 (3.6) 0.31
Minimum 20.4 19.6
Maximum 38.6 33.5

Amputated limb, number (%)
Right 10 (62.5) NA NA
Left 6 (37.5) NA

Dominance, number (%)
Right 14 (87.5) 16 (100)
Left 2 (12.5) 0 (0)

Tegner score (pts)
mean (SD) 3.6 (1.9) 4.8 (2.0) 0.12
Minimum 1 3
Maximum 7 9

BMI: body mass index. NA: not applicable. The p-value were obtained using t-tests for independent measures.

3

CLINICS 2021;76:e2486 Balance and neuromuscular function
Fontes Filho CHS et al.



crutches), reported phantom limb, or stump pain. Also,
we did not observe significant differences between the DOM
and NDOM limbs of the control group for any studied
variable: bodyweight distribution (mean±SD, DOM: 37.4±
6.8 kg, NDOM: 37.7±7.1 kg, p=0.88), AE ( DOM: 2.0±0.9o,
NDOM: 2.6±1.1o, p=0.98), VE (DOM: 1.4±0.4o, NDOM:
1.8±0.8o, p=0.92), CE (DOM: -1.1±1.7o, NDOM: -1.9±1.8o,
p=0.22), QUA peak torque (DOM: 112.3±26.5 Nm, NDOM:
120.0±29.4 Nm, p=0.44), and HAM peak torque (DOM:
55.1±16.3 Nm, NDOM: 55.3±9.5 Nm, p=0.98). The TT
group demonstrated an asymmetrical bodyweight distribu-
tion, with more weight on the NAMP limb (Table 2). We did
not observe significant differences in any of the propriocep-
tion measures between the limbs (Table 2). For both QUA
and HAM peak torque, the AMP limb demonstrated a lower
value than the NAMP and CTL (Table 2).

’ DISCUSSION

The goals of this study were to verify the effect of TT on
bodyweight distribution, proprioception, and thigh muscle
strength. The main findings were that amputee patients
demonstrated an asymmetrical bodyweight distribution,
with no differences in knee JPS. Nevertheless, both the

QUA and HAM muscles were weaker in the amputated limb
than in the sound limb and control subjects.

Lower limb amputation imposes changes on the body’s
mechanical behavior during tasks in standing position,
characterized by altered kinematics of ambulation (1,10,11)
and obstacle crossing (2). An asymmetrical weight distribu-
tion increases the mechanical load on the joint surface, which
is a factor for osteoarthritis (17,38). Our results confirm the
previously reported asymmetrical bodyweight distribution
(27–29), with the prosthetic limb usually carrying approxi-
mately 45% of the total bodyweight (28,29). Previously, pain,
discomfort, and insecurity have been suggested as factors for
bodyweight asymmetry (39). However, since none of our TT
patients reported pain, discomfort on the stump-prosthetic
interface, or insecurity, we cannot directly link those factors
with the bodyweight distribution results. Although we
cannot discard that at a subconscious level, patients still
have unreported issues.

We did not observe differences in JPS between the AMP
and NAMP limbs, as with the control subjects. This corro-
borates previous studies that also did not observe proprio-
ception deficits in amputee patients (20,21). It is expected
that TT results in the loss of entire populations of mechan-
oreceptors during both the traumatic event and the surgery.
Theoretically, a decrease in the number of mechanoreceptors
alone is sufficient for proprioception impairment. Moreover,
joint capsule mechanoreceptors are considered the main
structures responsible for measuring joint motion, and
voluntary muscle contraction allows the assessment of sensory
information coming from the muscle spindles and Golgi
tendon organs (24). We suggest that the lack of proprioception
deficits can be explained by maintaining the knee joint
structures (i.e., joint capsule, ligaments, and tendons) and by
the voluntary muscle actions used during the JPS test.

Previous observations have reported weaker QUA and
HAM on the AMP limb (12,13,17). Loyd et al. (17) analyzed
subjects with multi-cause amputations, ranging from trauma
to peripheral vascular diseases. However, given the high
coefficient of variation (approximately 60%), the effects of
comorbidities and advanced age of the non-traumatic
patients confounded the results. Isakov et al. (12) used an
adapted isokinetic dynamometer device to measure knee
isometric extension and flexion of TT amputees of unre-
ported etiology, reporting values similar to ours (QUA: 35.6
±25.4, and HAM: 25.1±13.5 Nm). Moirenfeld et al. (13) also
used a standard isokinetic device to measure the QUA and
HAM strength (velocity of 120o/s) of traumatic TT amputees.
They reported that the patients used the prosthesis during
the test to allow proper fitting of the device, thus reducing
the QUA and HAM strengths to 50% and 35%, respectively,
compared with the sound limb.

The hand-held dynamometer used in this study has
already been demonstrated to be a feasible and reliable
method to measure muscle strength (36). This approach was
adopted because the stump length did not fit the standard
isokinetic dynamometer device. In addition, we preferred to
measure strength without the prothesis to directly assess the
subject’s limb, preventing torque production between the
prosthesis and the stump, which could be painful and
generate biased results. Interestingly, the QUA seems to be
more affected than the HAM, corroborating previous
observations (13). The QUA and HAM were, respectively,
3.8 and 2.6 times stronger in the sound limb than in the AMP
limb. We hypothesized that this smaller difference in HAM

Figure 1 - Overview of the experimental conditions. a) Repre-
sentative set-up to video recording during the joint position
sense and strength evaluation. The black circles represent the
Styrofoam balls used to measure distance and angles. The
squares represent the positions used to set the hand-held dyna-
mometer. b) Step-by-step representation of the joint position
sense, b-1: demonstrated the start position B90o of knee flexion,
b-2: the experienced position, b-3: the subject returning to
the start position and waiting for the evaluator’s subsequent
commands, b-4: the reproduced position. The difference
between the reproduced and experienced positions were used
for calculating proprioception indices. The angles 45o and 30o are
example values.
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muscle strength could emerge from the prosthesis weight
working as resistance to knee flexion during ambulation
(1,10,11). This resistance probably produces an increase in the
mechanical demand of the HAM, reducing the strength
impairment. Although these ideas are solely speculative, the
atrophy of the QUA was previously reported to be greater
than that in the semitendinosus muscle (16–31% vs. 5%) (40),
reinforcing this idea. However, future investigations should
be performed to confirm this.
This is the first study that concomitantly assessed body-

weight distribution, knee active JPS, and QUA and HAM
strength in traumatic TT amputees. Together, the tests
provide more information about the clinical status of these
patients, which may help physicians and physical therapists
in the development of new rehabilitation programs. This
study presents as strong points that all patients presented
with the same etiology (traumatic), which influenced the
surgical technique, and wore the same kind of prosthetic
limb, which influenced gait pattern. In addition, we used

standardized, replicable, and widely reported methods for
all tests (25,26,35–37), allowing experimental set replication
even in a clinical environment. Moreover, the present study
had a larger sample size than other studies (20–22). On the
other hand, the fact that patients underwent amputation and
immediate postoperative rehabilitation in different centers
are weak points, although these were minimized by the fact
that all patients received the same pre- and immediate post-
prosthetic rehabilitation protocols. Although the patients
did not demonstrate proprioceptive deficits, this result
should be considered with caution. We only evaluated a
single conscious proprioception sub-modality, and we are
unaware of studies that evaluated the sense of force in
this population. The improvement of lower limb strength
should be continuously addressed in this population, which
probably will affect in the bodyweight asymmetry and gait
patterns. We evaluated only post-traumatic amputees, well-
adapted to wearing a prosthesis for a long time, without
pain, discomfort, or any rehabilitation-related problems.

Table 2 - Bodyweight distribution, proprioception, and muscular strength in amputees and control subjects.

Variable AMP NAMP CTL p-value Z2p

Bodyweight distribution (%) 45.2±8.3* 54.8±8.3 49.7±2.3 o0.001 0.25
AE (o) 2.2±1.6 2.6±0.9 2.0±0.9 0.39 0.04
VE (o) 1.9±1.6 2.1±0.9 1.4±0.4 0.13 0.08
CE (o) -0.7±2.0 0.02±2.3 -1.1±1.7 0.26 0.06
QUA peak torque (Nm) 31.6±13.3# 119.4±56.2 112.3±26.5 o0.001 0.56
HAM peak torque (Nm) 23.5±10.7# 61.5±26.1 55.1±16.3 o0.001 0.46

AMP, amputated limb. NAMP, non-amputated limb. CTL, control limb (control group dominant leg). AE, absolute error. VE, variable error. CE, constant
error. QUA, quadriceps. HAM, hamstrings. *Significantly different from NAMP. #Significantly different from the NAMP and CTL groups. The p-values were
obtained using one-way ANOVA. The Z2p represents the effect size measure.

Figure 2 - A flow diagram of the recruitment, total eligible participants, and the final sample in the study.
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Thus, the results should be analyzed in terms of the sample
characteristics and not by generalization.
In conclusion, bodyweight was asymmetrically distributed

between the AMP and NAMP limbs. However, no altera-
tions in the ability to sense and reproduce knee joint angles
were demonstrated using an active test. QUA and HAM
weakness observed in the AMP limb suggests that, although
the patients were wearing the prosthetic limb for a long time,
their strength level was still low.

’ ACKNOWLEDGMENTS

The authors would like to thank Jessica P. do Rio for her assistance during
data collection.

’ AUTHOR CONTRIBUTIONS

Fontes Filho CHS was responsible for the study conception, data collection,
manuscript writing, review and approval of the final version. Laett CT was
responsible for the data collection and analysis, manuscript writing, review
and approval of the final version. Gavilão UF was responsible for the data
collection and analysis, manuscript review and approval of the final version.
Campos Jr JC was responsible for the data collection and analysis,
manuscript review and approval of the final version. Alexandre DJA was
responsible for the study conception, manuscript review and approval of the
final version. Cossich VRA was responsible for the study conception, data
collection and analysis, manuscript writing, review and approval of the final
version. Sousa EB was responsible for the study conception, manuscript
writing, review and approval of the final version.

’ REFERENCES

1. Pröbsting E, Bellmann M, Schmalz T, Hahn A. Gait characteristics of
transtibial amputees on level ground in a cohort of 53 amputees - Com-
parison of kinetics and kinematics with non-amputees. Can Prosthetics
Orthot J. 2020;2(2). https://doi.org/10.33137/cpoj.v2i2.32955

2. De Asha AR, Buckley JG. The effects of laterality on obstacle crossing
performance in unilateral trans-tibial amputees. Clin Biomech (Bristol,
Avon). 2015;30(4):343-6. https://doi.org/10.1016/j.clinbiomech.2015.03.001

3. Horgan O, MacLachlan M. Psychosocial adjustment to lower-limb
amputation: a review. Disabil Rehabil. 2004;26(14–15):837-50. https://doi.
org/10.1080/09638280410001708869

4. Moxey PW, Hofman D, Hinchliffe RJ, Jones K, Thompson MM, Holt PJ.
Epidemiological study of lower limb amputation in England between
2003 and 2008. Br J Surg. 2010;97(9):1348-53. https://doi.org/10.1002/bjs.
7092

5. Ziegler-Graham K, MacKenzie EJ, Ephraim PL, Travison TG, Brookmeyer
R. Estimating the prevalence of limb loss in the United States: 2005 to
2050. Arch Phys Med Rehabil. 2008;89(3):422-9. https://doi.org/10.1016/
j.apmr.2007.11.005

6. Katiyar AK, Agarwal H, Priyadarshini P, Kumar A, Kumar S, Gupta A,
et al. Primary vs delayed primary closure in patients undergoing lower
limb amputation following trauma: A randomised control study. Int
Wound J. 2020;17(2):419-28. https://doi.org/10.1111/iwj.13288

7. Bragaru M, Dekker R, Geertzen JH, Dijkstra PU. Amputees and sports:
a systematic review. Sport Med. 2011;41(9):721-40. https://doi.org/
10.2165/11590420-000000000-00000

8. Isakov E, Burger H, Krajnik J, Gregoric M, Marincek C. Knee muscle
activity during ambulation of trans-tibial amputees. J Rehabil Med.
2001;33(5):196-9. https://doi.org/10.1080/165019701750419572

9. Fraisse N, Martinet N, Kpadonou TJ, Paysant J, Blum A, André JM. Les
muscles de l’amputé tibial Muscles of the below-knee amputees. In:
Annales de réadaptation et de médecine physique. 2008. p. 218-27.

10. Alimusaj M, Fradet L, Braatz F, Gerner HJ, Wolf SI. Kinematics and
kinetics with an adaptive ankle foot system during stair ambulation of
transtibial amputees. Gait Posture. 2009;30(3):356-63. https://doi.org/
10.1016/j.gaitpost.2009.06.009

11. Fradet L, Alimusaj M, Braatz F, Wolf SI. Biomechanical analysis of ramp
ambulation of transtibial amputees with an adaptive ankle foot system.
Gait Posture. 2010;32(2):191-8. https://doi.org/10.1016/j.gaitpost.2010.
04.011

12. Isakov E, Burger H, Gregorič M, Marinček C. Isokinetic and isometric
strength of the thigh muscles in below-knee amputees. Clin Biomech
(Bristol, Avon). 1996;11(4):232-5. https://doi.org/10.1016/0268-0033(95)
00078-X

13. Moirenfeld I, Ayalon M, Ben-Sira D, Isakov E. Isokinetic strength and
endurance of the knee extensors and flexors in trans-tibial amputees.
Prosthet Orthot Int. 2000;24(3):221-5. https://doi.org/10.1080/03093640
008726551

14. Tugcu I, Safaz I, Yilmaz B, Göktepe AS, Taskaynatan MA, Yazicioglu K.
Muscle strength and bone mineral density in mine victims with transtibial
amputation. Prosthet Orthot Int. 2009;33(4):299-306. https://doi.org/
10.3109/03093640903214075

15. Pedrinelli A, Saito M, Coelho RF, Fontes RB, Guarniero R. Comparative
study of the strength of the flexor and extensor muscles of the knee
through isokinetic evaluation in normal subjects and patients subjected to
trans-tibial amputation. Prosthet Orthot Int. 2002;26(3):195-205. https://
doi.org/10.1080/03093640208726648

16. Renström P, Grimby G, Larsson E. Thigh muscle strength in below-knee
amputees. Scand J Rehabil Med Suppl. 1983;9:163-73.

17. Lloyd CH, Stanhope SJ, Davis IS, Royer TD. Strength asymmetry
and osteoarthritis risk factors in unilateral trans-tibial, amputee gait.
Gait Posture. 2010;32(3):296-300. https://doi.org/10.1016/j.gaitpost.
2010.05.003

18. Smith DG, Fergason JR. Transtibial amputations. Clin Orthop Relat Res.
1999;(361):108-15. https://doi.org/10.1097/00003086-199904000-00015

19. Han J, Waddington G, Adams R, Anson J, Liu Y. Assessing propriocep-
tion: A critical review of methods. J Sport Health Sci. 2016;5(1):80-90.
https://doi.org/10.1016/j.jshs.2014.10.004

20. Eakin CL, Quesada PM, Skinner H. Lower-limb proprioception in above-
knee amputees. Clin Orthop Relat Res. 1992;(284):239-46.

21. Latanioti EP, Angoules AG, Boutsikari EC. Proprioception in above-the-
knee amputees with artificial limbs. ScientificWorldJournal. 2013;2013:
417982. https://doi.org/10.1155/2013/417982

22. Liao KI, Skinner HB. Knee joint proprioception in below-knee amputees.
Am J Knee Surg. 1995;8(3):105-9.

23. Hillier S, Immink M, Thewlis D. Assessing Proprioception: A Systematic
Review of Possibilities. Neurorehabil Neural Repair. 2015;29(10):933-49.
https://doi.org/10.1177/1545968315573055

24. Proske U. What is the role of muscle receptors in proprioception? Muscle
Nerve. 2005;31(6):780-7. https://doi.org/10.1002/mus.20330

25. Cossich V, Mallrich F, Titonelli V, de Sousa EB, Velasques B, Salles JI.
Proprioceptive deficit in individuals with unilateral tearing of the
anterior cruciate ligament after active evaluation of the sense of joint
position. Rev Bras Ortop. 2014;49(6):607-12. https://doi.org/10.1016/
j.rbo.2013.07.009

26. Bennell K, Wee E, Crossley K, Stillman B, Hodges P. Effects of experi-
mentally-induced anterior knee pain on knee joint position sense in
healthy individuals. J Orthop Res. 2005;23(1):46-53. https://doi.org/
10.1016/j.orthres.2004.06.008

27. Isakov E, Mizrahi J, Ring H, Susak Z, Hakim N. Standing sway and
weight-bearing distribution in people with below-knee amputations. Arch
Phys Med Rehabil. 1992;73(2):174-8.

28. Nadollek H, Brauer S, Isles R. Outcomes after trans-tibial amputation: the
relationship between quiet stance ability, strength of hip abductor muscles
and gait. Physiother Res Int. 2002;7(4):203-14. https://doi.org/10.1002/
pri.260

29. Hlavackova P, Franco C, Diot B, Vuillerme N. Contribution of each leg
to the control of unperturbed bipedal stance in lower limb amputees:
new insights using entropy. PLoS One. 2011;6(5):e19661. https://doi.org/
10.1371/journal.pone.0019661

30. Sadeghi H, Allard P, Duhaime M. Muscle power compensatory mechan-
isms in below-knee amputee gait. Am J Phys Med Rehabil. 2001;80(1):
25-32. https://doi.org/10.1097/00002060-200101000-00007

31. Summers GD, Morrison JD, Cochrane GM. Amputee walking training:
a preliminary study of biomechanical measurements of stance and bal-
ance. Int Disabil Stud. 1988;10(1):1-5. https://doi.org/10.3109/09638288
809164048

32. Struyf PA, van Heugten CM, Hitters MW, Smeets RJ. The prevalence of
osteoarthritis of the intact hip and knee among traumatic leg amputees.
Arch Phys Med Rehabil. 2009;90(3):440-6. https://doi.org/10.1016/j.apmr.
2008.08.220

33. Farrokhi S, Mazzone B, Yoder A, Grant K, Wyatt M. A Narrative
Review of the Prevalence and Risk Factors Associated With Development
of Knee Osteoarthritis After Traumatic Unilateral Lower Limb Amputa-
tion. Mil Med. 2016;181(S4):38-44. https://doi.org/10.7205/MILMED-D-
15-00510

34. Tegner Y, Lysholm J. Rating systems in the evaluation of knee ligament
injuries. Clin Orthop Relat Res. 1985;(198):43-9.

35. Pueo B, Penichet-Tomas A, Jimenez-Olmedo JM. Reliability and validity
of the Chronojump open-source jump mat system. Biol Sport. 2020;
37(3):255-9. https://doi.org/10.5114/biolsport.2020.95636

36. Bohannon RW. Hand-held compared with isokinetic dynamometry for
measurement of static knee extension torque (parallel reliability of
dynamometers). Clin Phys Physiol Meas. 1990;11(3):217-22. https://doi.
org/10.1088/0143-0815/11/3/004

37. Arvin M, Hoozemans MJ, Burger BJ, Verschueren SM, van Dieën JH,
Pijnappels M. Reproducibility of a knee and hip proprioception test in

6

Balance and neuromuscular function
Fontes Filho CHS et al.

CLINICS 2021;76:e2486

https://doi.org/10.33137/cpoj.v2i2.32955
https://doi.org/10.1016/j.clinbiomech.2015.03.001
https://doi.org/10.1080/09638280410001708869
https://doi.org/10.1080/09638280410001708869
https://doi.org/10.1002/bjs.7092
https://doi.org/10.1002/bjs.7092
https://doi.org/10.1016/j.apmr.2007.11.005
https://doi.org/10.1016/j.apmr.2007.11.005
https://doi.org/10.1111/iwj.13288
https://doi.org/10.2165/11590420-000000000-00000
https://doi.org/10.2165/11590420-000000000-00000
https://doi.org/10.1080/165019701750419572
https://doi.org/10.1016/j.gaitpost.2009.06.009
https://doi.org/10.1016/j.gaitpost.2009.06.009
https://doi.org/10.1016/j.gaitpost.2010.04.011
https://doi.org/10.1016/j.gaitpost.2010.04.011
https://doi.org/10.1016/0268-0033(95)00078-X
https://doi.org/10.1016/0268-0033(95)00078-X
https://doi.org/10.1080/03093640008726551
https://doi.org/10.1080/03093640008726551
https://doi.org/10.3109/03093640903214075
https://doi.org/10.3109/03093640903214075
https://doi.org/10.1080/03093640208726648
https://doi.org/10.1080/03093640208726648
https://doi.org/10.1016/j.gaitpost.2010.05.003
https://doi.org/10.1016/j.gaitpost.2010.05.003
https://doi.org/10.1097/00003086-199904000-00015
https://doi.org/10.1016/j.jshs.2014.10.004
https://doi.org/10.1155/2013/417982
https://doi.org/10.1177/1545968315573055
https://doi.org/10.1002/mus.20330
https://doi.org/10.1016/j.rbo.2013.07.009
https://doi.org/10.1016/j.rbo.2013.07.009
https://doi.org/10.1016/j.orthres.2004.06.008
https://doi.org/10.1016/j.orthres.2004.06.008
https://doi.org/10.1002/pri.260
https://doi.org/10.1002/pri.260
https://doi.org/10.1371/journal.pone.0019661
https://doi.org/10.1371/journal.pone.0019661
https://doi.org/10.1097/00002060-200101000-00007
https://doi.org/10.3109/09638288809164048
https://doi.org/10.3109/09638288809164048
https://doi.org/10.1016/j.apmr.2008.08.220
https://doi.org/10.1016/j.apmr.2008.08.220
https://doi.org/10.7205/MILMED-D-15-00510
https://doi.org/10.7205/MILMED-D-15-00510
https://doi.org/10.5114/biolsport.2020.95636
https://doi.org/10.1088/0143-0815/11/3/004
https://doi.org/10.1088/0143-0815/11/3/004


healthy older adults. Aging Clin Exp Res. 2015;27(2):171-7. https://doi.
org/10.1007/s40520-014-0255-6

38. Nolan L, Wit A, Dudziñski K, Lees A, Lake M, Wychowañski M.
Adjustments in gait symmetry with walking speed in trans-femoral and
trans-tibial amputees. Gait Posture. 2003;17(2):142-51. https://doi.org/
10.1016/S0966-6362(02)00066-8

39. Jones ME, Bashford GM, Bliokas VV. Weight-bearing, pain and walking
velocity during primary transtibial amputee rehabilitation. Clin Rehabil.
2001;15(2):172-6. https://doi.org/10.1191/026921501676151107

40. Schmalz T, Blumentritt S, Reimers CD. Selective thigh muscle atrophy in
trans-tibial amputees: an ultrasonographic study. Arch Orthop Trauma
Surg. 2001;121(6):307-12. https://doi.org/10.1007/s004020000227

7

CLINICS 2021;76:e2486 Balance and neuromuscular function
Fontes Filho CHS et al.

https://doi.org/10.1007/s40520-014-0255-6
https://doi.org/10.1007/s40520-014-0255-6
https://doi.org/10.1016/S0966-6362(02)00066-8
https://doi.org/10.1016/S0966-6362(02)00066-8
https://doi.org/10.1191/026921501676151107
https://doi.org/10.1007/s004020000227

	title_link
	INTRODUCTION
	MATERIALS AND METHODS
	Participants
	Procedures
	Assessment of bodyweight distribution
	Assessment of proprioception
	Assessment of muscle strength
	Statistical analysis

	RESULTS
	Table  Table 1. Demographic characteristics of the amputees and control groups
	DISCUSSION
	Overview of the experimental conditions. arpar Representative sethyphenup to video recording during the joint position sense and strength evaluation. The black circles represent the Styrofoam balls used to measure distance and angles. The squares represen
	Table  Table 2. Bodyweight distribution, proprioception, and muscular strength in amputees and control subjects
	A flow diagram of the recruitment, total eligible participants, and the final sample in the study
	ACKNOWLEDGMENTS
	AUTHOR CONTRIBUTIONS

	REFERENCES
	REFERENCES


