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Abstract

Background: The use of knee braces early after anterior cruciate ligament (ACL) reconstruction is a controversial
issue. The study preliminarily compares the effect of a traditional brace blocked in knee extension and a new
functional brace equipped with a spring resistance on walking and strength performance early after ACL
reconstruction performed in the acute/subacute stage.

Methods: 14 ACL-reconstructed patients wore either a traditional (Control group: CG, 7 subjects) or a new
functional brace (Experimental group: EG 7 subjects) until the 30" post-operative day. All patients were tested
before surgery (T0), 15, 30, and 60 days after surgery (T1, T2, and T3, respectively). Knee angular displacement and
ground reaction forces (GRF) during the stance phase of the gait cycle were analyzed at each session and, at T3,
maximal voluntary isometric contraction (MVIC) for knee flexor/extensor muscles was performed. Limb symmetry
indexes (LSI) of GRF and MVIC parameters were calculated.

Results: At T3, EG showed greater peak knee flexion angle of injured limb compared to CG (41 +2°vs 32+ 1°, p<
0.001). During weight acceptance, a significant increase of anteroposterior GRF peak and vertical impulse from T1 to
T3 was observed in the injured limb in EG (p < 0.05) but not in CG (p > 0.05). EG showed a greater side-to-side LS|
of weight acceptance peak of anteroposterior GRF at T2 (113 +23% vs 69+ 11%, p < 0.05) and T3 (112 +23% vs
84+ 10%, p < 0.05).

Conclusions: The preliminary findings from this study indicate that the new functional brace did help in improving
gait biomechanical pattern in the first two months after ACL reconstruction compared to a traditional brace locked
in knee extension.
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Background

Anterior cruciate ligament (ACL) tear is one of the most
common injuries in pivoting and cutting sports that very
often ends up with ligament reconstruction [1, 2]. There-
fore, the development of effective post-surgical rehabilita-
tion protocols capable of mitigating the future risk of
knee-related issues plays an essential role in the safe return
to previous activities, i.e. sport practice and/or activities of
daily living [3—6]. Although being standardized in most of
the clinical settings, the rehabilitation protocol should be
susceptible to changes and adapted to the needs of the sin-
gle patient at different timings over the entire recovery
process [7]. Early post-surgical ACL rehabilitation (0-
6 weeks post-surgery) usually involves the loading and
mobilization of the injured limb as well as the adoption of
orthopedic braces. Despite its large adoption following
ACL reconstruction [8], evidence from systematic reviews
and meta-analysis indicates that traditional bracing adds
no significant benefit in the short term on the clinical out-
comes of function and stability when added to standard
therapy [9-11]. Consequently, the adoption or not of a
post-operative brace remains a subject of debate.

After ACL rupture, patients develop peculiar strategies
of neuromuscular activation to prevent joint instability ac-
cording to the motor task performed [12, 13]. In the mid-
and long-term perspective, this is often associated with
persistent thigh muscles weakness in the operated limb,
thereby leading to a side-to-side asymmetry that alters nor-
mal knee and lower limb mechanics during daily motion
[14, 15]. For instance, during walking and functional tasks,
reductions in the peak of knee flexion angle, external knee
flexion moment, vertical impulse as well as posterior peak
of ground reaction force have been observed in the oper-
ated limb of patients with ACL lesion and reconstruction
[16-19]. Accordingly, after the reconstruction, it is well
known that reaching a complete range of motion is one of
the main goals of the early rehabilitation [4]. Moreover, re-
cent improvements in surgical practices have allowed to
achieve a greater knee joint stability immediately after sur-
gery [20], making more stressful rehabilitation procedures
possible. In the current literature, the traditionally investi-
gated types of knee brace include prophylactic, rehabilita-
tive and functional braces [10], none of which directly
applies a resistance to the flexion of knee joint over the en-
tire range of motion. There is some evidence that trad-
itional knee braces, especially functional ones, are able to
improve the management of anteroposterior knee shear
forces and increase knee flexion angle during walking in
ACL-reconstructed patients [21-23]. Nevertheless, it is still
not clear whether braces designed to resist/assist knee joint
movement can actually improve the early phase of rehabili-
tation compared to generally adopted brace types. In
particular, to which extent the neuromuscular alterations
in flexors/extensors activation profiles and their related
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biomechanical outcomes after ACL reconstruction could
be modified by a brace which facilitates knee extension
and resists to flexion is yet to be investigated. Therefore,
the study aimed at retrospectively evaluating the walking
performance outcomes after the adoption of an innovative
brace model in comparison to a traditional brace locked in
full extension in ACL reconstructed patients during the
early stages of the rehabilitation process. It was hypothe-
sized that the proposed brace model would lead to a
greater recovery of both gait mechanics and hamstrings
force production in the first two months after surgery.

Methods

Study population

In this retrospective study, patient data was selected from
the database of Villa Stuart Sport Clinic. All patient under-
went ACL reconstruction in the period of April-May 2018.
Before the study was initiated, approval from the institu-
tional review board of the University of Rome “Foro Italico”
was obtained to analyze the patients’ data. An apriori power
analysis (G*Power 3.1.9.2 software) was calculated with a
significance level of a=0.05, a power of 90% and an effect
size f of 0.30, with results indicating 22 subjects per group.
However, only fourteen consecutive patients with unilateral
isolated rupture of ACL who underwent surgical recon-
struction from the database were eligible to be included in
this study, which, therefore, has to be considered as prelim-
inary. Criteria for including patients in the analysis were a
complete active knee range of motion and absence of joint
locking and knee swelling. Patients were excluded if a con-
comitant injury of any other ligament of both lower limbs,
meniscal injury or previous surgical interventions on both
knees were reported during the pre-surgery medical
examination. Furthermore, patients who missed one or
more follow-up testing sessions were excluded. In-
cluded patients were participating in recreational activ-
ities, with a physical activity level defined as a Tegner
Activity Scale level 3-6 [24].

Surgical procedure and rehabilitation protocol

Surgical procedures included arthroscopic anatomical
transtibial reconstruction of ACL with autologous trans-
plantation from single-bundle patellar (PT, 7 subjects) or
double-bundle semitendinosus and gracilis tendon (ST-
GR, 7 subjects), performed by the same highly experienced
surgeon between 10 and 30 days after the injury. After
surgery, all patients wore a brace until the 30™ post-
operative day and were granted full load on the operated
limb from the 3™ day. Two different types of brace were
assigned at surgeon and physiatrist’s discretion. Seven
subjects (control group, CG, 5 males and 2 females, 3 PT
and 4 ST-GR, age: 37 + 15 years; body mass: 61+7 kg,
height: 169 + 9 ¢cm) wore a traditional brace locked at 0°
knee extension (GNT-601, FGP S.R.L., Dossobuono, Italy),
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while 7 subjects (experimental group, EG, 3 males and 4
females, 4 PT and 3 ST-GR, age: 34 + 11 years; body mass:
77 + 12 kg, height: 174 +1 cm) wore an innovative brace
(RehaBrace, FGP S.R.L., Dossobuono, Italy) (Fig. 1).

This brace, in addition to the knee full-extension lock-
ing, is equipped with a polycentric junction spring sys-
tem that creates a 2.5 kg resistance to knee flexion, thus
promoting the activity of flexor muscles during the gait
cycle with a complete range of motion. During the first
15 days after surgery, patients of both EG and CG had
the brace locked in full knee extension, while the func-
tional brace was unlocked to complete range of motion
between 15 and 30 days after surgery in the EG. A stan-
dardized physiotherapy treatment of 5 consecutive days
per week was administered to each patient until the end
of the 2™ month after surgery (Table 1).

After obtaining consent to the use of personal data for
research purposes from all patients, performance data was
processed anonymously and in compliance with privacy.

Experimental procedures and equipment

After a 10-min warm-up with a cycle ergometer, patients
were asked to walk in a straight line at self-selected
comfortable speed on an 8 m walkway. A force platform
(model 9281 B; KISTLER, Winterthur, Switzerland) was
embedded into the floor in the middle of the walkway to
measure ground reaction forces (GRF) during the stance

Fig. 1 Representative picture of the two models of brace: traditional
brace locked at 0° knee extension (a) and functional brace with
resistance to knee flexion and its polycentric spring system (b and
). The picture was taken from the producing company’s website
and permission to publish was obtained from the company
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Table 1 Rehabilitation protocol followed by ACL-reconstructed
subjects from 15" day to 2" month after surgery. NMES =
Neuromuscular Electrical Stimulation; ROM = Range of Motion;
CKC = Closed Kinetic Chain

1%t and 2" week

Weight bearing with brace

Passive mobilization
Active quadriceps NMES
Straight leg raises

Calf strengthening
Hamstrings light stretching
2" to 4™ week

Weight bearing with brace
Active mobilization

Active quadriceps NMES
Squatting exercises
Straight leg raises

Calf strengthening
Adductor strengthening
Hamstrings light stretching
4™ to 8™ week

Full ROM recovery

Weight bearing without brace
Active mobilization
Squatting exercises

Calf strengthening

Active quadriceps NMES
CKC resistance training
Quadriceps stretching

Hamstrings stretching

phase of gait cycle. A series of 5 to 10 familiarization tri-
als depending on the degree of confidence were per-
formed, to allow the subject to step onto the force plate
with no changes in the walking behavior. Three trials
per each leg (healthy and injured) were then performed
in a randomized order. An electrogoniometer (Biomet-
rics Ltd, Gwent, United Kingdom) was placed on the
knee of the investigated lower limb with the two sensors
aligned with thigh and shank axes. As part of the clinical
routine, all patients underwent a total of 4 testing ses-
sions at different timings: before the surgery (T0), at 15,
30 and 60 days after the surgery (T1, T2, and T3, re-
spectively). At T3 subjects were tested for maximal vol-
untary isometric contraction (MVIC) of knee extensor
muscles at 30° and 90° of knee flexion and of knee
flexors at 90° of knee flexion in both limbs. During the
assessment, patients were seated on a leg extension ma-
chine (Technogym, Forli-Cesena, Italy) for the knee ex-
tension and on a leg curl machine (Technogym) for the
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knee flexion contraction. Patients were fastened using
three crossing belts on both machines. Muscle force was
recorded using a load cell connected to a computerized
system unit (MuscleLab; Bosco-System Technologies,
Rieti, Italy). The maximal voluntary isometric contrac-
tion task consisted of a progressive increase to a max-
imum force exerted by the leg muscles. Patients were
able to follow their performance on a computer screen
and were verbally encouraged to achieve a maximum
and to maintain that maximum for at least 2 s before
relaxing. Maximal isometric force production was calcu-
lated as the higher 1-s average reached within the trials.
Peak forces exerted by each limb were recorded.

Data analysis

To evaluate the kinematic changes in the knee joint mo-
bility during gait, the maximum flexion angle during the
stance phase and the knee angle at heel contact with the
force plate were calculated. The timing of heel contact
with the force platform was defined as the instant at which
the vertical component of GRF reached 10 N. The analysis
of anteroposterior (AP) and vertical (VT) components of
GRF was performed to investigate their management
throughout the entire rehabilitation process. In particular,
the first peak after heel contact (PeakyT) and the impulse
from heel contact to the peak (Impulsey ) were computed
from the VT GREF, while the two consecutive force peaks
(1°* and 2" Peak,p) during the weight acceptance and
push-off periods of stance phase, respectively, were ob-
tained from the AP component (Fig. 2).

Maximal isometric force production was calculated as
the higher 1-s average reached within the trials. Peak
forces exerted by each limb were recorded at 30° (Extso)
and at 90° (Extgy) of knee flexion for extensors and at
90° of flexion for flexors (Flexq).

Each kinetic and force parameter was normalized by
the subject’s body weight and was calculated for both
the healthy and injured leg.

In addition, a limb symmetry index (LSI) for Peakyr, 1**
and 274 Peakup, Extzo, Ext o9 and Flexgy was calculated as
follows:

_ injured o
 healthy

100

where the value of 100% indicates an equal capacity
across the injured and healthy legs.

Statistical analysis

An operator who was unaware of the group’s brace adop-
tion performed all statistical analysis. A mixed-design ana-
lysis of variance (ANOVA) was conducted on both
kinematic and kinetic parameters to evaluate the main ef-
fects of time (TO, T1, T2 and T3) and group (CG x EQG),
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Fig. 2 Knee angle, AP GRF and VT GRF of a representative trial.
Vertical dotted line indicates the heel contact with the force plate.
HC: heel contact; 1% Peakyp: positive peak of AP GRF during weight
acceptance; 2" Peakyp: negative peak of AP GRF during push-off;
Peakyr: peak of VT GRF after heel contact; Impulseyy: impulse of VT
GRF from heel contact to first peak

and their interaction (time x group). The assumptions of
normal data distribution and equality of variance were
evaluated using the Shapiro—Wilk test and the Levene’s
test, respectively. When a significant interaction effect was
observed, follow-up analysis with pairwise comparisons
was separately performed within each group to examine
differences across time measures and within each time
measure for between-group differences. Post hoc proce-
dures were also adopted for between- and within-group
differences when significant main effects of group and
time were found, respectively. One-way ANOVA was used
to test group differences in LSI of MVICs at T3. Statistical
analysis was conducted using SPSS (version 21.0, IBM,
Chicago, IL). A significance level of o was set at 0.05 and
further follow-up analyses are provided with the Bonfer-
roni corrected p-values.
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Results

Significant main effects of time (F(3,36) =40.143, p<
0.001) and group (F(1,12) = 8.524, p < 0.05) were found in
maximum knee flexion angle of the injured leg (Fig. 3).
Post hoc analysis revealed that angle values at T1
were significantly lower than values at TO, T2 and T3
in both groups (p <0.05) and that T2 was significantly
lower than T3 in EG only (p <0.05). In addition, EG
showed greater knee flexion angle values than CG at
T3 (p<0.001). No significant effects were found in
the healthy leg (p > 0.05).

A significant main effect of group was observed in
knee angle at heel contact of the healthy leg (F(1,12) =
16.696, p < 0.01), with EG displaying greater values than
CG at TO and T2 (p < 0.01) (Fig. 3). No significant differ-
ences were found in the injured leg (p > 0.05).

Table 2 shows the kinetic parameters (Peakyt, 1°* and
2" Peak up, Impulseyt) at different time measures for the
two groups in the healthy and injured leg. ANOVA
showed a significant effect of time on Peakyr in the
healthy leg (F(3,36) = 3.780, p < 0.05) and in the injured leg
(F(3,36) =4.290, p < 0.05). However, a significant difference
between time measures was only observed in the EG in
the healthy leg (F(3,18) = 4.834, p < 0.05), with Peaky be-
ing greater at T3 compared to TO (p < 0.05).

ANOVA showed a significant effect of interaction on
the 1°* Peak,p in the injured leg (F(3,36) = 8.039,
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p <0.001), with no significant effects being found in the
healthy leg (Table 2). Specifically, EG displayed greater peak
values at T3 with respect to TO and T1 in the injured leg
(p <0.01), whereas pairwise comparisons revealed no sig-
nificant changes between time measures in CG (p > 0.05).
Furthermore, EG had greater 1% Peak,p compared to CG
at T3 (p < 0.005).

A significant effect of time was found in the 274 Peak o p
in the injured leg (F(3,36) = 18.809, p < 0.001), with no sig-
nificant effects being found in the healthy leg (p > 0.05)
(Table 2). Pairwise comparisons showed that 2™ Peakp
was greater at T3 compared to TO and T1 in EG (p<
0.05), while it was greater at T2 than T1 in CG (p < 0.05).

ANOVA showed a significant interaction effect between
time and group on the Impulseyt in the healthy leg (F(3,
36) =3.555, p<0.05) (Table 2). In particular, Impulsey
values at T1 were lower than values at TO and T3 in EG (p <
0.05), whereas no significant differences were found in CG
(p > 0.05). Furthermore, between-group comparisons showed
that EG had greater Impulseyt compared to CG at T3 (p <
0.05). A significant effect of time on Impulsey in the injured
leg was found (F(3,36) = 6.697, p < 0.01), although post hoc
analysis revealed that it was significant in EG only (F(3,18) =
7445, p <0.005) (Table 2),with greater values of Impulseyt
being observed at T3 with respect to TO and T1 (p < 0.05).

A significant interaction effect between time and group
was observed in LSI of 1% Peakp (F(3,36) = 6.827, p < 0.01)
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Fig. 3 Mean and standard deviation of maximum knee flexion angle and knee flexion angle at heel contact in the healthy and injured leg.  Significantly different vs T0,
T2 and T3 in both EG and CG (p < 0.05); ® Significantly different vs T2 in EG (p < 005); € Significantly different EG vs CG (p < 0.001); @ Significantly different vs CG (p < 005)
J
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Table 2 Mean (SD) of normalized kinetic parameters at different time measures for EG and CG groups in the healthy and injured
leg. P values of significant effect of Time and Group interaction are provided. NBW: Newtons normalized by subject’s body weight.

NS: no significant effect of interaction

Healthy leg Injured leg
EG CG TG EG CG TG
Peakyt (NBW) T0 1(0.07) ® 0(0.10) NS 1.02 (0.08) 1.09 (0.07) NS
T1 04 (0.04) 1.08 (0.07) 1.04 (0.04) 1.06 (0.07)
T2 3 (0.09) 1.11 (0.07) 1.02 (0.09) 1.10 (0.07)
T3 3(0.10) ° 1.13 (0.06) 1.11(0.11) 1.13 (0.06)
1°* Peakap (NBW) T0 0.13 (0.03) 0.15 (0.05) NS 11 (0.05) @ 0.14 (0.03) 000
T1 0.13 (0.01) 0.14 (0.04) 0.09 (0.03) * 0.10 (0.03)
T2 0.14 (0.06) 0.16 (0.02) 0.15 (0.05) 0.12 (0.03)
T3 0.17 (0.04) 0.15 (0.01) 0.19 (0.03)° 0.13 (0.02)
2 Peakap (NBW) T0 -0.14 (0.03) 5(0.03) NS -0.16 (0.04) ° -0.17 (0.03) NS
T1 -0.11 (0.03) -0.13 (0.04) -0.12 (0.03) ° -0.12 (0.03) °
T2 -0.15 (0.02) -0.16 (0.02) -0.15 (0.03) -0.15 (0.02) ®
T3 -0.21 (0.04) -0.17 (0.02) -0.21 (0.04) ° -0.17 (0.01)
Impulseyr (NBW/s) T0 338(0.79) ® 341 (2.33) 024 277 (133)° 293 (1.60) NS
T1 141 (041)° 241 (1.33) 2.82 (0.99) ® 265 (0.72)
T2 352 (241) 2.30 (0.89) 395 (1.69) 3.54 (0.92)
T3 643 (217)°° 355(161) 519 (1.13) @ 379 (1.72)

? Significantly different between time measures (p < 0.05). For time measure pairing in significant pairwise comparisons, please refer to the text

P Significantly different vs CG (p < 0.05)

(Fig. 4). Pairwise comparisons revealed that changes be-
tween time measures were significant in CG only, with LSI
of 1% Peak,p being lower at T2 compared to TO (p < 0.05).
Between-group comparisons showed that EG had greater
LSI of 1** Peakp compared to CG at T2 and T3 (p < 0.05).

No significant effects were found in the analysis of LSI
of MVIC (p > 0.05) (Table 3).

Discussion

The results of this preliminary study showed that the
adoption of the new functional brace improved the kine-
matics of the injured knee and the management of both

anterior—posterior and vertical GRFs during walking at
the early stages of the rehabilitation process following
ACL reconstruction in comparison to the traditional
brace.

In this investigation, the experimental group showed a
greater knee flexion angle (about + 10°) of the injured leg
as well as a better side-to-side limb symmetry in the 1*
peak of antero-posterior GRF (about + 28%) compared
to control group during the stance phase of walking two
months after surgery. Gait asymmetries have long been
identified as a common surgery-related problem in the
early rehabilitation after ACL reconstruction [25-27],

Peaky 15t Peak,p 21 Peak,p
150 1 150 - a a 150
100 1 = I = 100 - f T 100 - M-t
S I b
17
-
50 A 50 I I 50
0 0 0
TO T1 T2 T3 TO Tl ) T3 TO Tl T2 T3
EG mCG
Fig. 4 Mean and standard deviation of LS| of Peakyr, 1°* Peakap and 2" Peakap. Horizontal dotted line indicates optimal limb symmetry index
value (100%). 2 Significantly different vs CG (p < 0.05). ° Significantly different vs TO (p < 0.05)
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Table 3 Mean (SD) of LSI of MVIC of knee extensors (Extso and
Extgg) and flexors (Flexqo) at T3 from EG and CG. P values of
comparisons between groups are provided

EG cG p value
Extso (%) 62.7 (14.1) 65.9 (22.9) /51
Extoo (%) 54.8 (24.5) 585 (14.5) 737
Flexqo (%) 66.8 (104) 67.1 (26.1) 978

with possible implications for the initiation of degenera-
tive processes [28]. Subjects showing greater magnitude of
gait asymmetries in the first months may present similar
imbalances when returning to running [25] and subse-
quently to sport [26], with walking adaptations detected
up to 2 years after surgery [29]. Moreover, it is known that
kinematic and kinetic alterations after ACL injury and sur-
gery affect lower limbs bilaterally [30-32], with these al-
terations also occurring in the uninjured leg during
walking activities [16, 17, 26, 33]. This is further con-
firmed by our results showing significant changes over
time in the non-operated leg, especially in the EG (Table
2). Therefore, the early biomechanical improvement in the
gait pattern observed in the experimental group may help
ACL-R subjects to rapidly restore movement quality and
to achieve rehabilitation milestones, thus decreasing the
possibility of short and long-term complications [34].

The analysis of GRF during the stance phase of walking
showed no difference between groups for Peakyt in the
injured leg. On the contrary, the initial vertical impulse
showed an increment two months after surgery compared
to values before and 15 days after surgery in the EG only.
To speculate, the evolution of vertical impulse combined
with similar values of Peakyt in the EG could be ascribed
to an improved ability in loading the reconstructed limb
and in dissipating GRFs over time. This is further sup-
ported by the fact that the experimental group has shown
greater knee flexion angle, which is known to affect the
impact absorption ability [33, 35]. In addition, MVIC ana-
lysis two months after surgery showed no significant
between-group difference mainly because of the small and
heterogenous sample size including ACL-R subjects oper-
ated using different autografts (Patellar vs Semitendinosus
and Gracilis tendon) which are known to create graft-
specific strength deficit in the donor site during the re-
habilitation process [36, 37].

The experimental group showed a greater LSI of the
first anterior—posterior peak of GRF compared with the
control group as early as the first month after surgery
and after the adoption of the brace. Furthermore, a re-
duction in LSI of the first anterior—posterior peak of
GRF was observed after one month of brace adoption
with respect to pre-surgery level in CG but not in EG.
Continuous exercise due to the applied resistance to the
hinge of the brace has shown to help in achieving better
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limb symmetry in the gait pattern compared with trad-
itional post-operative brace locked in full extension and
no patient complained of discomfort or pain in the auto-
graft scar area. It has been shown that hamstrings weak-
ness after ACL reconstruction may alter knee mechanics
during gait [14]. This creates aberrant adaptations, shift-
ing cartilage loading and therefore contributing to the
development of joint degenerative process [38—40]. In
addition, the presence of hamstrings weakness after sur-
gery seems to be related to the kind of rehabilitation
undertaken by the patients [41], thus, early post-
operative approaches aiming at targeting hamstrings
strengthening and restoring normal gait from the first
phases may be helpful in the long-term morphofunc-
tional recovery perspective. We have limited our evalua-
tions to the first 2 months after ACL surgery, in order to
rule out other factors underlying functional recovery
such as any change in daily living activities, adherence to
the rehabilitation protocol and personal motivations.
However, the small sample size in this study makes diffi-
cult to extend the current findings to general population
and, therefore, should be taken into account when ap-
plying such evidence to clinical practice.

The study presents limitations that need to be considered
when interpreting the current findings. The small sample
size may have influenced the observed results as an effect of
inter-subject variability is likely expected with a low number
of participants, thereby making the study preliminary. For
instance, the different knee angle at heel contact between
the two groups that was observed in the healthy leg before
surgery (T0) could be attributable to the low number of in-
cluded patients. In addition, the presence of different types
of graft (PT and ST-GR), although almost balanced across
the two groups, may have played a role in the observed ef-
fects, especially MVIC measurements, as it has been shown
to influence the strength of knee flexor and extensor mus-
cles [42]. For future perspective, the inclusion of a greater
number of patients, possibly with similar characteristics (i.e.
same type of graft), would therefore decrease the heterogen-
eity of the sample, likely strengthening the present findings
and unveiling more subtle differences related to the adop-
tion of the proposed functional knee brace.

In conclusion, the present preliminary results indicate
that, for ACL reconstructed subjects involved in the early
post-surgery rehabilitation, the adoption of the new func-
tional brace with continuous leg-applied resistance to
knee flexion allows a greater recovery of injured knee
kinematics and better management of sagittal ground re-
action force during gait, particularly at weight acceptance,
compared to traditional knee brace locked in full exten-
sion. To date, the medical choice on whether to use a
post-operative brace is up to the surgeons’ discretion due
to its non-significant additional benefit on the knee func-
tion and stability in the short term when added to
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standard therapy [9-11]. However, preliminary findings
from this study suggest that the adoption of the new func-
tional knee brace could be considered as a viable alternative
to traditional brace for a better recovery of the gait bio-
mechanics, reducing the risk of joint damaging while add-
ing an intrinsic rehabilitation with the persistent applied
resistance. Noteworthy, this could be considered to be
adopted in a selected population which is not able to fol-
low a structured and supervised rehabilitation practice
during the early stages of the rehabilitation process.
Nevertheless, future studies with larger and more homo-
geneous samples are needed to provide more robust evi-
dence and, in addition, to understand whether the use of
this type of braces can help the recovery of strength after
ACL reconstruction.

Abbreviations

ACL: Anterior cruciate ligament; ANOVA: Analysis of variance;

AP: Anteroposterior; GRF: Ground reaction force; LSI: Limb symmetry index;
MVIC: Maximal voluntary isometric contraction; PT: Patellar tendon; ST-

GR: Semitendinosus and gracilis; VT: Vertical

Acknowledgements
Not Applicable

Authors’ contributions

JER, LL and LR conceived and designed the research. JER and VL analysed
data and all authors interpreted the experimental results. JER, VL and LR
wrote the manuscript. All authors edited, revised and approved the final
version of the manuscript.

Funding
Not applicable.

Availability of data and materials
The datasets used and/or analysed during the current study are available
from the corresponding author on reasonable request.

Compliance with ethical standards

Ethics approval and consent to participate

All procedures performed in studies involving human participants were in
accordance with the ethical standards of the institutional research committee
(University of Rome “Foro ltalico” — CAR47/2020) and with the 1964 Helsinki
declaration and its later amendments or comparable ethical standards.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 20 June 2020 Accepted: 20 September 2020
Published online: 02 October 2020

References

1. Moses B, Orchard J, Orchard J. Systematic review: Annual incidence of ACL
injury and surgery in various populations. Res Sport Med. 2012,20:157-79.
https://doi.org/10.1080/15438627.2012.680633.

2. Mall NA, Chalmers PN, Moric M, et al. Incidence and trends of anterior
cruciate ligament reconstruction in the United States. Am J Sports Med.
2014;42:2363-70. https://doi.org/10.1177/0363546514542796.

3. Kruse LM, Gray B, Wright RW. Rehabilitation after anterior cruciate ligament
reconstruction: a systematic review. J Bone Joint Surg Am. 2012;94:1737-48.
https://doi.org/10.2106/JBJS.K.01246.

4. Van Melick N, Van Cingel REH, Brooijmans F, et al. Evidence-based clinical
practice update: Practice guidelines for anterior cruciate ligament

20.

21.

22.

Page 8 of 9

rehabilitation based on a systematic review and multidisciplinary consensus.
Br J Sports Med. 2016;50:1506-15. https//doi.org/10.1136/bjsports-2015-
095898.

Heusdens CHW, Zazulia K, Roelant E, et al. Study protocol: a single-blind,
multi-center, randomized controlled trial comparing dynamic
intraligamentary stabilization, internal brace ligament augmentation and
reconstruction in individuals with an acute anterior cruciate ligament
rupture: LIBR3 stud. BMC Musculoskelet Disord. 2019,20:547. https://doi.
0rg/10.1186/512891-019-2926-0.

Legnani C, Peretti GM, Del Re M, et al. Return to sports and re-rupture rate
following anterior cruciate ligament reconstruction in amateur sportsman:
long-term outcomes. J Sports Med Phys Fitness. 2019;59:1902-1907. https//
doi.org/10.23736/50022-4707.19.09678-6.

Lobb R, Tumilty S, Claydon LS. A review of systematic reviews on anterior
cruciate ligament reconstruction rehabilitation. Phys Ther Sport. 2012;13:
270-8. https://doi.org/10.1016/j.ptsp.2012.05.001.

Delay BS, Smolinski RJ, Wind WM, Bowman DS. Current practices and
opinions in ACL reconstruction and rehabilitation: results of a survey of the
American Orthopaedic Society for Sports Medicine. Am J Knee Surg. 2001;
14:85-91.

Andersson D, Samuelsson K, Karlsson J. Treatment of Anterior Cruciate Ligament
Injuries With Special Reference to Surgical Technique and Rehabilitation: An
Assessment of Randomized Controlled Trials. Arthrosc - J Arthrosc Relat Surg.
2009;25:653-85. https//doi.org/10.1016/j.arthro.2009.04.066.

Yang gang X, Feng J tao, He X, et al. The effect of knee bracing on the
knee function and stability following anterior cruciate ligament
reconstruction: A systematic review and meta-analysis of randomized
controlled trials. Orthop Traumatol Surg Res. 2019;105:1107-14. https;//doi.
0rg/10.1016/j.0tsr.2019.04.015.

Andrade R, Pereira R, Cingel Van R, et al. How should clinicians rehabilitate
patients after ACL reconstruction? A systematic review of clinical practice
guidelines (CPGs) with a focus on quality appraisal (AGREE II) Br J Sports
Med. 2019;1-9. https://doi.org/10.1136/bjsports-2018-100310.

Rocchi JE, Labanca L, Laudani L, et al. Timing of Muscle Activation Is Altered
During Single-Leg Landing Tasks After Anterior Cruciate Ligament
Reconstruction at the Time of Return to Sport. Clin J Sport Med. 2018;00:1.
https://doi.org/10.1097/jsm.0000000000000659.

Hasegawa T, Otani T, Takeda K, et al. Anterior Cruciate Ligament
Reconstruction Does Not Fully Restore Normal 3D Knee Kinematics at 12
Months During Walking and Walk-Pivoting: A Longitudinal Gait Analysis Study.
J Appl Biomech. 2015;31(5):330-9. https://doi.org/10.1123/jab.2014-0175.
Abourezk MN, Ithurburn MP, McNally MP, et al. Hamstring Strength
Asymmetry at 3 Years after Anterior Cruciate Ligament Reconstruction
Alters Knee Mechanics during Gait and Jogging. Am J Sports Med. 2017:45:
97-105. https://doi.org/10.1177/0363546516664705.

Lewek M, Rudolph K, Axe M, Snyder-Mackler L. The effect of insufficient
quadriceps strength on gait after anterior cruciate ligament reconstruction.
Clin Biomech. 2002;17:56-63. https://doi.org/10.1016/50268-0033(01)00097-3.
Capin JJ, Zarzycki R, Ito N, et al. Gait Mechanics in Women of the ACL-
SPORTS Randomized Control Trial: Interlimb Symmetry Improves Over Time
Regardless of Treatment Group. J Orthop Res. 2019;37:1743-53. https:;//doi.
0rg/10.1002/jor.24314..

Capin JJ, Khandha A, Zarzycki R, et al. Gait mechanics and tibiofemoral
loading in men of the ACL-SPORTS randomized control trial. J Orthop Res.
2018;36:2364-72. https//doi.org/10.1002/jor.23895.

Lin PE, Sigward SM. Subtle alterations in whole body mechanics during gait
following anterior cruciate ligament reconstruction. Gait Posture. 2019,68:
494-9. https;//doi.org/10.1016/}.9aitpost.2018.12.041.

Dai B, Butler RJ, Garrett WE, Queen RM. Using ground reaction force to
predict knee kinetic asymmetry following anterior cruciate ligament
reconstruction. Scand J Med Sci Sports. 2014;24:974-81. https://doi.org/10.
1111/sms.12118.

Ayeni OR, Evaniew N, Ogilvie R, et al. Evidence-Based Practice to Improve
Outcomes of Anterior Cruciate Ligament Reconstruction. Clin Sports Med.
2013;32:71-80. https://doi.org/10.1016/j.csm.2012.08.008.

Lowe WR, Warth RJ, Davis EP, Bailey L. Functional bracing after anterior
cruciate ligament reconstruction: A systematic review. J Am Acad Orthop
Surg. 2017;25:239-49. https://doi.org/10.5435/JAAOS-D-15-00710.

Lu TW, Lin HC, Hsu HC. Influence of functional bracing on the kinetics of
anterior cruciate ligament-injured knees during level walking. Clin Biomech.
2006;21:517-24. https://doi.org/10.1016/j.clinbiomech.2005.12.017.


https://doi.org/10.1080/15438627.2012.680633
https://doi.org/10.1177/0363546514542796
https://doi.org/10.2106/JBJS.K.01246
https://doi.org/10.1136/bjsports-2015-095898
https://doi.org/10.1136/bjsports-2015-095898
https://doi.org/10.1186/s12891-019-2926-0
https://doi.org/10.1186/s12891-019-2926-0
https://doi.org/10.23736/S0022-4707.19.09678-6
https://doi.org/10.23736/S0022-4707.19.09678-6
https://doi.org/10.1016/j.ptsp.2012.05.001
https://doi.org/10.1016/j.arthro.2009.04.066
https://doi.org/10.1016/j.otsr.2019.04.015
https://doi.org/10.1016/j.otsr.2019.04.015
https://doi.org/10.1136/bjsports-2018-100310
https://doi.org/10.1097/jsm.0000000000000659
https://doi.org/10.1123/jab.2014-0175
https://doi.org/10.1177/0363546516664705
https://doi.org/10.1016/S0268-0033(01)00097-3
https://doi.org/10.1002/jor.24314.
https://doi.org/10.1002/jor.24314.
https://doi.org/10.1002/jor.23895
https://doi.org/10.1016/j.gaitpost.2018.12.041
https://doi.org/10.1111/sms.12118
https://doi.org/10.1111/sms.12118
https://doi.org/10.1016/j.csm.2012.08.008
https://doi.org/10.5435/JAAOS-D-15-00710
https://doi.org/10.1016/j.clinbiomech.2005.12.017

Rocchi et al. BMC Musculoskeletal Disorders

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

(2020) 21:644

Stanley CJ, Creighton RA, Gross MT, et al. Effects of a knee extension
constraint brace on lower extremity movements after ACL reconstruction.
Clin Orthop Relat Res. 2011,469:1774-80. https://doi.org/10.1007/511999-
010-1633-9.

Tegner Y, Lysholm J. Rating systems in the evaluation of knee ligament
injuries. Clin Orthop Relat Res. 1985. https://doi.org/10.1097/00003086-
198509000-00007.

Sigward SM, Lin P, Pratt K. Knee loading asymmetries during gait and
running in early rehabilitation following anterior cruciate ligament
reconstruction: A longitudinal study. Clin Biomech. 2016;32:249-54. https.//
doi.org/10.1016/j.clinbiomech.2015.11.003.

Di Stasi SL, Logerstedt D, Gardinier ES, Snyder-Mackler L. Gait Patterns Differ
Between ACL-Reconstructed Athletes Who Pass Return-to-Sport Criteria and
Those Who Fail. Am J Sports Med. 2013;41:1310-8. https.//doi.org/10.1177/
0363546513482718..

Ito N, Capin JJ, Arhos EK, et al. Sex and mechanism of injury influence knee
joint loading symmetry during gait 6 months after ACLR. J Orthop Res jor.
2020,24822. https://doi.org/10.1002/jor.24822.

Hart HF, Culvenor AG, Collins NJ, et al. Knee kinematics and joint moments
during gait following anterior cruciate ligament econstruction: A systematic
review and meta-analysis. Br J Sports Med. 2016;50:597-612. https://doi.org/
10.1136/bjsports-2015-094797.

Roewer BD, Di Stasi SL, Snyder-Mackler L. Quadriceps strength and weight
acceptance strategies continue to improve two years after anterior cruciate
ligament reconstruction. J Biomech. 2011;44:1948-53. https://doi.org/10.
1016/} jbiomech.2011.04.037.

Konishi Y, Aihara Y, Sakai M, et al. Gamma loop dysfunction in the
quadriceps femoris of patients who underwent anterior cruciate ligament
reconstruction remains bilaterally. Scand J Med Sci Sport. 2007;17:393-9.
https://doi.org/10.1111/j.1600-0838.2006.00573 x.

Culvenor AG, Alexander BC, Clark RA, et al. Dynamic Single-Leg Postural
Control is Impaired Bilaterally Following ACL Reconstruction: Implications
for Reinjury Risk. J Orthop Sports Phys Ther. 2016;46:1-28. https://doi.org/10.
2519/jospt.2016.6305.

Benjaminse A, Holden S, Myer GD. ACL rupture is a single leg injury but a
double leg problem: too much focus on ‘symmetry” alone and that's not
enoughl. Br J Sports Med. 2018,bjsports-2017-098502. https.//doi.org/10.
1136/bjsports-2017-09850.

Davis-Wilson HC, Pfeiffer SJ, Johnston CD, et al. Bilateral Gait 6 and 12
Months Post-Anterior Cruciate Ligament Reconstruction Compared with
Controls. Med Sci Sport Exerc. 2020;52:785-94. https://doi.org/10.1249/MSS.
0000000000002208.

Capin JJ, Khandha A, Zarzycki R, et al. Gait mechanics and second ACL
rupture: Implications for delaying return-to-sport. J Orthop Res. 2017;35:
1894-901. https://doi.org/10.1002/jor.23476.

Luc-Harkey BA, Harkey MS, Stanley LE, et al. Sagittal plane kinematics predict
kinetics during walking gait in individuals with anterior cruciate ligament
reconstruction. Clin Biomech. 2016;39:9-13. https://doi.org/10.1016/j.
clinbiomech.2016.08011.

Harput G, Erkan Kilinc H, Ozer H, et al. Quadriceps and hamstring strength
recovery during early neuromuscular rehabilitation after ACL Hamstring-
Tendon autograft reconstruction. J Sport Rehabil. 2015;24:398-404. https.//
doi.org/10.1123/jsr.2014-0224.

Sinding KS, Nielsen TG, Hvid LG, et al. Effects of Autograft Types on Muscle
Strength and Functional Capacity in Patients Having Anterior Cruciate
Ligament Reconstruction: A Randomized Controlled Trial. Sport Med. 2020.
https://doi.org/10.1007/540279-020-01276-x.

Scanlan SF, Favre J, Andriacchi TP. The relationship between peak
knee extension at heel-strike of walking and the location of thickest
femoral cartilage in ACL reconstructed and healthy contralateral
knees. J Biomech. 2013;46:849-54. https://doi.org/10.1016/j.jbiomech.
2012.12.026.

Slater LV, Hart JM, Kelly AR, Kuenze CM. Progressive changes in walking
kinematics and kinetics after anterior cruciate ligament injury and
reconstruction: A review and meta-Analysis. J Athl Train. 2017;52:847-60.
https://doi.org/10.4085/1062-6050-52.6.06.

Shimizu T, Markes AR, Samaan MA, et al. Patients With Abnormal Limb
Kinetics at 6 Months After Anterior Cruciate Ligament Reconstruction
Have an Increased Risk of Persistent Medial Meniscal Abnormality at

3 Years. Orthop J Sport Med. 2020;8:1-9. https://doi.org/10.1177/
2325967119895248.

41.

42.

Page 9 of 9

Ebert JR, Edwards P, Yi L, et al. Strength and functional symmetry is
associated with post-operative rehabilitation in patients following anterior
cruciate ligament reconstruction. Knee Surgery, Sport Traumatol Arthrosc.
2018,26:2353-61. https.//doi.org/10.1007/500167-017-4712-6.

Samuelsson K, Andersson D, Karlsson J. Treatment of Anterior Cruciate
Ligament Injuries With Special Reference to Graft Type and Surgical
Technique: An Assessment of Randomized Controlled Trials. Arthrosc J
Arthrosc Relat Surg. 2009;25:1139-74. https://doi.org/10.1016/j.arthro.2009.
07.021.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1007/s11999-010-1633-9
https://doi.org/10.1007/s11999-010-1633-9
https://doi.org/10.1097/00003086-198509000-00007
https://doi.org/10.1097/00003086-198509000-00007
https://doi.org/10.1016/j.clinbiomech.2015.11.003
https://doi.org/10.1016/j.clinbiomech.2015.11.003
https://doi.org/10.1177/0363546513482718.
https://doi.org/10.1177/0363546513482718.
https://doi.org/10.1002/jor.24822
https://doi.org/10.1136/bjsports-2015-094797
https://doi.org/10.1136/bjsports-2015-094797
https://doi.org/10.1016/j.jbiomech.2011.04.037
https://doi.org/10.1016/j.jbiomech.2011.04.037
https://doi.org/10.1111/j.1600-0838.2006.00573.x
https://doi.org/10.2519/jospt.2016.6305
https://doi.org/10.2519/jospt.2016.6305
https://doi.org/10.1136/bjsports-2017-09850
https://doi.org/10.1136/bjsports-2017-09850
https://doi.org/10.1249/MSS.0000000000002208
https://doi.org/10.1249/MSS.0000000000002208
https://doi.org/10.1002/jor.23476
https://doi.org/10.1016/j.clinbiomech.2016.08.011
https://doi.org/10.1016/j.clinbiomech.2016.08.011
https://doi.org/10.1123/jsr.2014-0224
https://doi.org/10.1123/jsr.2014-0224
https://doi.org/10.1007/s40279-020-01276-x
https://doi.org/10.1016/j.jbiomech.2012.12.026
https://doi.org/10.1016/j.jbiomech.2012.12.026
https://doi.org/10.4085/1062-6050-52.6.06
https://doi.org/10.1177/2325967119895248
https://doi.org/10.1177/2325967119895248
https://doi.org/10.1007/s00167-017-4712-6
https://doi.org/10.1016/j.arthro.2009.07.021
https://doi.org/10.1016/j.arthro.2009.07.021

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Study population
	Surgical procedure and rehabilitation protocol
	Experimental procedures and equipment
	Data analysis
	Statistical analysis

	Results
	Discussion
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Compliance with ethical standards
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	References
	Publisher’s Note

