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High-demand tasks show that ACL 2

reconstruction is not the only factor
in controlling range of tibial rotation:
a preliminary investigation

Mark Zee'"®, Michele Keizer’®, Jos van Raaij*®, Juha Hijmans*®, Inge van den Akker-Scheek'® and
Ron Diercks'

Abstract

Background Excessive range of tibial rotation (rTR) may be a reason why athletes cannot return to sports after ACL
reconstruction (ACLR). After ACLR, rTR is smaller in reconstructed knees compared to contralateral knees when meas-
ured during low-to-moderate-demand tasks. This may not be representative of the amount of rotational laxity during
sports activities. The purpose of this study is to determine whether rTR is increased after ACL injury compared to the
contralateral knee and whether it returns to normal after ACLR when assessed during high-demand hoptests, with
the contralateral knee as a reference.

Methods Ten ACL injured subjects were tested within three months after injury and one year after reconstruction.
Kinematic motion analysis was conducted, analysing both knees. Subjects performed a level-walking task, a single-leg
hop for distance and a side jump. A paired t-test was used to detect a difference between mean kinematic variables
before and after ACL reconstruction, and between the ACL-affected knees and contralateral knees before and after
reconstruction.

Results RTR was greater during high-demand tasks compared to low-demand tasks. Pre-operative, rTR was smaller
in the ACL-deficient knees compared to the contralateral knees during all tests. After ACLR, a greater rTR was seen
in ACL-reconstructed knees compared to pre-operative, but a smaller rTR compared to the contralateral knees, even
during high-demand tasks.

Conclusion The smaller rTR, compared to the contralateral knee, seen after a subacute ACL tear may be attrib-
uted to altered landing technique, neuromuscular adaptation and fear of re-injury. The continued reduction in rTR
one year after ACLR may be a combination of this neuromuscular adaptation and the biomechanical impact of the
reconstruction.

Trial registration: The trial was registered in the Dutch Trial Register (NTR: www.trialregister.nl, registration ID NL7686).
Keywords Anterior cruciate ligament injury, Motion capture system, In vivo analysis, Range of tibial rotation, Knee
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Background

In the population of young athletes, return to sports after
ACL reconstruction (ACLR) has become an increasingly
relevant outcome. A review of literature shows that a
mere 55% of athletes can return to a competitive form of
sports after ACLR [1]. Historically, reconstruction tech-
niques have focused on restoring anterior tibial transla-
tion (ATT). However, it is known that the ACL also plays
an important role in limiting tibial rotation [2]. Excessive
tibial rotation can potentially lead to giving way. This per-
sistent feeling of giving way may be a reason why athletes
cannot perform at their pre-injury level of sports.

Tibial rotation has so far been measured during low-
to-moderate-demand tasks (e.g. walking, cutting, pivot-
ing). Increased tibial rotation is demonstrated in chronic
ACL deficiency compared to healthy knees. After ACLR,
decreased rTR compared to healthy knees has been
shown [3-16]. Decreased tibial rotation after ACLR does
not comply with a potential persistent feeling of giving
way after ACLR. One reason might be, that up to now,
subjects have not been tested under sports related cir-
cumstances. While cutting and pivoting are considered
relevant for sports activities, hoptests have the poten-
tial to test the combination of eccentric and concentric
power and strength and neuromuscular coordination
and knee stability [17]. We consider the fact that patients
experience more rotational instability during high-
demand activities like jumping, ultimately hampering
return to sports rates.

Successful performance on a battery of hop tests is rec-
ommended as one of the criteria for return to sports, as
these tasks simulate high-demand activities during piv-
oting sports, albeit in a controlled environment [18-20].
Measuring tibial rotation during hop tests using motion
capture systems may provide more insight into knee kin-
ematics during return-to-sports activities.

We hypothesize that range of tibial rotation (rTR) is
greater in the ACL deficient knee compared to the con-
tralateral intact knee and remain similar after ACLR
when measured during high-demand functional tasks,
replicating sports activities, while a decrease is seen dur-
ing low-demand tasks, as is seen in previous studies. This
study aims to determine rTR before and after ACLR,
assessed during low- and high-demand functional tests.

Methods

Design

This trial was set up as a multicentre prospective
cohort study. Martini Hospital and University Medical
Center Groningen (UMCG), both large teaching hos-
pitals, served as recruiting centers. The study protocol
was reviewed and approved by the Institutional Review
Board of UMCG (registration ID 2015/524, UMCG trial
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Register No. 201501098). The trial was registered in the
Dutch Trial Register (NTR: www.trialregister.nl, registra-
tion ID NL7686).

Participants

From June 2016 to June 2018 all patients diagnosed with
ACL injury in one of the participating hospitals were
consecutively screened for eligibility to participate in
the study. Inclusion criteria were: (1) age 18-35 years,
(2) unilateral ACL rupture confirmed by physical exami-
nation, (3) less than three months post-injury at time of
diagnosis, (4) at least six weeks of conservative therapy,
(5) intact contralateral knee on physical examination, (6)
absence of concomitant injury to cartilage, bone, menis-
cus or other ligaments on MRI. Exclusion criteria were:
(1) any history of fractures, osteotomy or previous liga-
ment reconstructive surgery in the lower extremities or
spine, (2) neurological conditions leading to musculo-
skeletal disorders, (3) any other musculoskeletal pathol-
ogy of the lower limbs (i.e. concomitant ligamental
injuries or meniscal injuries), (4) inability to complete
questionnaires in Dutch.

As presence or absence of any concomitant knee injury
can influence the degree of tibial rotation; as injury to
the menisci and anterolateral structures of the knee are
known to play a role [21], we only included subjects with-
out concomitant injury to the knee.

Conservative therapy prior to testing was initiated
upon diagnosis and consisted of physiotherapy sessions
at least 2 times per week. Pre-rehabilitation was per-
formed according to the Dutch guideline on ACL injury
and focused on decrease of effusion, increase of range
of motion and quadriceps and hamstrings strengthening
exercises.

Surgical procedure

All subjects underwent anatomic, single-bundle ACLR
using a semitendinosus/gracilis graft as part of usual care.
Both tendons were doubled to create a four-strand graft.
The femoral tunnel was created independent of the tibial
tunnel via an anteromedial portal technique. For femoral
fixation a suspension type fixation was used (Endobut-
ton, Smith&Nephew, London, UK). After pretensioning
(60N), tibial fixation was performed by using a PEEK
screw and plug (Biosure PK, Smith&Nephew, London,
UK). Surgical procedures were performed by two ortho-
paedic surgeons experienced in ACLR. Surgeon alloca-
tion was dependent on site of inclusion.

Motion data collection

The motion data collection was performed at the motion
lab of UMCG’s Department of Rehabilitation Medi-
cine. The motion lab consists of a 9 m walkway with two
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40 x 60 cm force plates (AMTL; Watertown, MA, USA)
embedded in the floor. An 8-camera optoelectronic
motion capture system (VICON MX, Vicon Motion Sys-
tems Ltd., Oxford, UK) sampling at 100 Hz was used.
The position of 22 14 mm spherical markers distributed
on the lower extremities according to Hayes and Davis
was recorded [22]. Marker placement was performed by
the same researcher during this study. After static and
dynamic calibration, joint centres were calculated using
VICON Nexus software v2.8 (VICON MX, Vicon Motion
Systems Ltd., Oxford, UK). For the complete procedure
and its sensitivity, see Keizer and Otten (2020) [23].

All subjects performed three tasks: (1) level walking
at a self-selected pace; (2) a single-leg hop for distance
(SLHD, maximum forward jump, jumping and landing
on the same leg) (see Fig. 1); and (3) side jump (S], maxi-
mum sideways jump, jumping from and landing on the
same leg) (see Fig. 2).

All jump trials were performed with hands in free
motion and with sports shoes on. To familiarize sub-
jects with the procedure and to make sure the entire foot
landed on the force plate, subjects were asked to perform
a dry run of the SLHD consisting of three practice tri-
als. The median of the three practice hops was used to
determine the starting distance from the force plates.
For the side jump, leg length (greater trochanter tip to
lateral malleolus tip) was used to determine the starting
distance. Three approved trials per task were recorded
for each knee to minimize the chances of data loss. Tri-
als were approved when tasks were performed correctly
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(i.e. stable landing for at least 3 s), the entire foot landed
on the force plate, and all markers were left in place.
Approximately 13 months after the first trial—12 months
after ACLR—the testing procedure was repeated.

Data processing

The positions of the markers provided data to determine
pelvic, femoral, tibial and foot segments. Using VICON
Nexus software v2.8 and an additional custom MATLAB
v9.7 script (The MathWorks Inc., Natick, MA, USA),
three-dimensional angular displacements and transla-
tions in the knee joint were calculated. Data processing
and analysis started at initial contact and continued for
200 ms. Initial contact was defined as the moment at
which the vertical ground-reaction force (GRF) was>5%
of the body weight. All data were smoothed using the
cross-validated quintic spline. Raw 3D marker position
data were filtered using a low-pass frequency convolution
filter of 10 Hz with zero lag. A maximum gap (tempo-
rary absence of marker identification) of ten frames was
accepted to fill in using the software. If a trial contained
gaps exceeding 2.5 ms smoothing of the data could not be
performed and was therefore rejected. If at least two suc-
cessful trials were available for a kinematic variable, the
variable was included in the analysis. Kinematic variables
quantified and included were: maximum knee flexion,
maximum knee extension, maximum knee valgus, max-
imum knee varus, ATT, rTR and knee flexion moment.
Knee flexion moment was calculated from the GRF
vector and its lever arm to the centre of the knee of the

Fig. 1 Example of a single-leg hop for distance



(2023) 18:194

Zee et al. Journal of Orthopaedic Surgery and Research

Page 4 of 11

Fig. 2 Example of a side jump

stance leg. To quantify ATT and knee angles, two coordi-
nate systems were reconstructed in the tested knee using
the customized MATLAB script based on the method of
Boeth et al. [24]. One system was reconstructed in the
femoral segment (parent system) and one in the tibial
segment (child system). The motion of each coordinate
system was consistent with the movement of the respec-
tive segment. ATT was quantified in millimetres using
the relative movement of the centre of rotation of the
tibial coordinate system relative to the centre of rotation
of the femoral coordinate system in the local tibial coor-
dinate system. Tibial rotation was quantified by the angle
between the two axes of rotation, as described by Keizer
and Otten [23]. Flexion/extension, varus/valgus angles
were obtained using scalar products as in the equations
explained by Robertson et al. [25].

Statistical analysis

Statistical analysis was performed using SSPS (v23; IBM
Corp, Armonk, NY, USA). Since we had a small sample
size, determining the distribution of the r'TR was impor-
tant for choosing appropriate statistical tests. A Shapiro—
Wilk test was performed and did not show evidence of
non-normality. Based on this outcome, and after visual
examination of the QQ plot, we decided to use paramet-
ric tests. Means were calculated for each subject over
the trials to obtain one value for each kinematic param-
eter per task. If at least two successful trials were avail-
able for a kinematic variable, the variable was included

in analysis. To compare means of a kinematic variable a
paired t-test was used with a significance level of p <0.05.
Three comparisons were made regarding the means of all
kinematic data:

« Comparison of the pre-operative ACL-deficient knee
vs. the post-operative ACL reconstructed knee (dif-
ferent time, same knee)

+ Comparison of the pre-operative ACL-deficient knee
vs. the pre-operative contralateral ACL-intact knee
(same time, different knee)

« Comparison of the post-operative ACL-recon-
structed knee vs. the post-operative contralateral
ACL-intact knee (same time, different knee)

Results

A total of 394 subjects with ACL injury were screened
for participation in the study. Fifty-seven subjects met
the inclusion and exclusion criteria and were asked to
participate in the study. Ten subjects provided informed
consent and were included in the study. All subjects
underwent pre-rehabilitation as described before. Six
males and four females remained and completed the
primary testing procedures. At follow-up, one year after
surgery, seven subjects participated (n="7), as one sub-
ject had sustained a re-rupture (four months after recon-
struction, due to a new trauma) and two subjects were
lost to follow-up as they moved away from the Groningen
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region. The first measurements from the subjects lost to
follow-up were included only in the pre-operative analy-
ses comparing ACL deficient knees to the contra-lateral
intact knees.

The patient who re-tore its ACL displayed less range of
tibial rotation in both knees during level walking, com-
pared to the group mean. During high-demand activities
no major differences regarding rTR were found. The rTR
for the subject with the re-tear of the ACL were as fol-
lows for the ACL deficient knee: level walking 6.9 (SD
1.1) degrees, SLHD 16.2 (SD 0.5) degrees and SJ 15.4
(SD 0.9) degrees. For the ACL intact knee the rTR was
10.6 (SD 0.2) degrees during level walking, 25.7 (SD 2.6)
degrees during the SLHD and 22.8 (SD 3.2) degrees dur-
ing the SJ.

Patient characteristics are presented in Table 1. No
additional injuries to the menisci or cartilage were
observed during surgery. No post-operative complica-
tions were reported. The mean distances for the SLHD
were 105 cm (SD 33) for the ACL-deficient knees and
131 c¢cm (SD 28) for the contralateral intact knees pre-
operatively (significant difference, p=0.01). One year
after ACLR the SLHD was 115 cm (SD 50) for the
ACL-reconstructed knees and 124 cm (SD 42) for the
contralateral intact knees (non-significant difference,
p=0.11). A mean limb symmetry index for the SLHD
test of 88% was achieved one year post-operatively. Four
out of seven participating subjects had returned to sports
activities 12 months post-operatively, three of them at
their pre-injury level, based on participants reports.

Kinematic outcome

During the first test 1080 values were acquired (ten sub-
jects, two knees, six variables, three trials for walking,
three trials for SLHD and three trials for side jump). A
total of 50 values had to be discarded due to technical
errors (4.6%, n=10 in normal walking, n=27 in SLHD,
n=13 in side jump) which were evenly distributed over

Table 1 Patient characteristics (n=10) and timeline

Mean (SD)
Age 24 (4.4) years
Total body length 184 (10) cm
Total body weight 81.3(8.9) kg
Body mass index 240 (2.1) kg/m?
Dominant leg injured 8 out of 10
Injury to first test interval 3.2 (1.2) months
Injury to surgery interval 4.6 (2.5 months
Surgery to second test interval (n=7) 11.7 (1.9) months

First to second test interval (n=7) 13 (1.1) months
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the subjects. Seven participants performed the second
test, leading to acquisition of 756 values, 30 of which had
to be discarded due to technical errors (3.9% n=18 in
normal walking, n=12 in SLHD, n=0 in side jump). No
variables had to be discarded due to missing data.

A significant difference between mean rTR in ACL-
deficient knees compared to ACL-reconstructed knee
was shown during the side jump. During all functional
tests, a greater rTR was demonstrated after ACL recon-
struction than shortly after ACL injury. This difference
was only significant during the side jump (18.2 vs. 15.1,
p=0.04). The same trend was seen during level walking
and the SLHD, but these differences in rTR were not sig-
nificant. These results are displayed in Table 2; the val-
ues represent the data from the seven subjects who were
available for both pre-operative and post-operative meas-
urements. Before reconstruction, as shown in Table 3,
r'TR was smaller in ACL-deficient knees than in ACL-
intact knees, although this difference was not significant.

After reconstruction a significant difference in
rTR between ACL-reconstructed and contralateral
ACL-intact knees was found, as shown in Table 4: a

Table 2 Mean range of tibial rotation for ACL-deficient and ACL-
reconstructed knees (same knee, different timepoint) during
level walking, SLHD and side jump

Range of tibial rotation (degrees (SD))

ACL-deficient ACL-reconstructed P-valuet
Level walking 13.0(2.2) 14.1 (3.9) 038
SLHD 16.3 (5.0) 174 (4.0) 0.39
Side Jump 15.1 (5.3) 182 (4.7) 0.04*
N=7

SLHD =single-leg hop for distance, SD = standard deviation

* Results of paired t-test comparing means of ACL-deficient and ACL-
reconstructed knees

*indicates a significant result

Table 3 Mean range of tibial rotation for ACL-deficient and ACL-
intact knees, both tested within three months after ACL injury,
during level walking, SLHD and side jump

Range of tibial rotation (degrees (SD))

ACL-deficient ACL-intact P-valuet
Level walking 13.7 4.0) 164 (5.6) 0.21
SLHD 16.9(3.7) 194 (5.5) 0.21
Side Jump 16.6 (5.8) 20.7 (3.6) 0.08
N=10

SLHD =single-leg hop for distance, SD = standard deviation

* Results of paired t-test comparing means of ACL-deficient and ACL-
reconstructed knees
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significantly smaller rTR was observed in ACL-recon-
structed knees compared to contralateral ACL-intact
knees during all high-demand functional tests.

Table 4 Mean range of tibial rotation for ACL-reconstructed and
ACL-intact knees, both tested one year after ACLR, during level
walking, SLHD and side jump

Range of tibial rotation (degrees (SD))

ACL-reconstructed ACL-intact P-valuet
Level walking 14.1 (3.9 16.8 (4.6) 0.09
SLHD 174 (4.0) 22.8(4.3) 0.01*
Side Jump 182 (4.7) 22.8(5.6) 0.03*
N=7

SLHD =ssingle-leg hop for distance, SD = standard deviation

* Results of paired t-test comparing means of ACL-deficient and ACL-
reconstructed knees

*indicates a significant result
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Figure 3 is a graphical representation of the results dis-
playing mean r'TR in ACL deficient, ACL intact and ACL
reconstructed knees during the three different tasks.

The Additional file 1 shows an overview of the means
of maximum knee flexion, maximum knee extension,
maximum knee valgus, maximum knee varus, knee flex-
ion moment and maximum ATT. No significant differ-
ence was seen in maximum knee flexion, maximum knee
extension, maximum knee valgus, maximum knee varus
or knee flexion moment during the SLHD and side jump
between ACL-deficient and contralateral ACL-intact
knees. During level walking ACL-deficient knees showed
significantly less maximum knee extension than con-
tralateral intact knees (5.5° vs. 3.5°, p=0.02). This differ-
ence became apparent towards toe-off and not on initial
contact.

ACL-reconstructed knees showed more maximum
knee flexion (60.7° vs. 53.0°, p=0.03) and less maximum
knee extension (22.8° vs. 19.4°, p=0.03) during the SLHD
compared to the ACL-deficient knees. During level walk-
ing ACL-reconstructed knees showed less maximum
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Fig. 3 A bar chart illustrating mean rTR with a 95% confidence interval in ACL deficient knees, ACL intact knees both pre-and post-operative
and ACL reconstructed knees during level walking, the SLHD and the side jump. Orange bars represent data obtained from level walking. Green
bars represent data from a single leg hop for distance and blue bars represent data from a side jump. Bars with diagonal lines represent data
from measurements one year after ACL reconstruction whereas bars without lines represent data from the pre-operative measurements, within

3 months after ACL injury
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knee flexion than contralateral ACL-intact knees (41.1°
vs. 43.6°, p=0.04).

During the SLHD the knee flexion moment was 5-6
times higher compared to level walking and 3 times
higher compared to the side jump. There was no signifi-
cant difference in the generated knee flexion moment
between the injured and contralateral intact knees. See
Additional file 1.

Discussion

The main finding of our study was that, when measuring
rTR in patients with a subacute ACL tear, a decrease in
r'TR compared to the contralateral knee was observed.
Furthermore, one year after ACLR the rTR remained
less than the contralateral knee. A combination of altered
muscular contraction patterns and landing strategies may
be responsible for these findings, rather than the result of
the ACLR.

We observed a greater rTR during high-demand activi-
ties than during low-demand activities. During the hop
tests the knees were exposed to a knee flexion moment
six times higher than during level walking (Additional
file 1). The hop tests have thus been a way of presenting a
biomechanical challenge as well as a psychological one, in
which fear of new injury may also have played an impor-
tant role. Psychological factors like kinesiophobia, self-
efficacy and fear of re-injury have been determined as
important in ACL rehabilitation [26]. By asking subjects
to perform a complex high-demand task, the effects of
potentially deployed compensatory mechanisms become
measurable. Hypothetically, a compensatory mechanism
including altered muscular contraction may explain our
findings, both before and after surgery. The exact mecha-
nism of compensation cannot be determined based on
our results, but as increased hamstring muscle activity
can reduce anterior tibial translation [27], and increased
activity of the m. biceps femoris in collaboration with the
iliotibial band can be responsible for counteracting the
rotational forces, we hypothesise that even shortly after
the injury a neuromuscular adaptation in patients with
ACL-deficient knees may occur. Neuromuscalar con-
trol is the result of a complex integration of vestibular,
somatosensory and visual stimuli and is affected by situ-
ational awareness, arousal and attention [28]. Muscular
contraction is continuously fine-tuned on the anticipated
demands of the knee to preserve joint equilibrium and
stability. After ACL injury, it is suggested that the central
nervous system relies more on visual feedback and spatial
awareness, as the biomechanical feedback is disturbed
[28]. Accordingly, previous studies showed that muscle
activation patterns of patients with an ACL-injured knee
and after an ACLR are modified compared to healthy
knees [27, 29-31]. This ‘increased stiffening’ strategy
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as compensation for perceived instability has been pro-
posed before; by altering jumping technique (less high
and less far), and landing technique (less knee flex-
ion), more stiffness is introduced in the knee joint [29].
Altered landing techniques were also demonstrated by
Keizer et al. in healthy subjects with intact ACLs but with
higher knee laxity [32]. In our study we also observed less
maximum knee flexion in ACL-deficient knees compared
to ACL-reconstructed knees, but there were no or only
very small differences between the affected and the con-
tralateral ACL-intact knees in terms of maximum knee
flexion. When muscular compensation and, through this,
altered landing kinematics indeed are a valid explana-
tion for our observations, this mechanism would prevent
symptomatic knee laxity in chronic ACL deficiency too.
Yet, in the acute phase, shortly after a traumatic event,
fear of re-injury may contribute to increased stiffening as
well [33], and as the fear diminishes over time this can
cause the knee laxity to become clinically apparent. We
therefore hypothesise that a combination of an altered
landing strategy, altered muscular contraction patterns
and fear of re-injury can lead to a smaller rTR in ACL-
affected knees.

Our results differ from other study results regard-
ing rTR in ACL deficiency. Cadaveric studies and stud-
ies in passive situations have shown that rupture of the
ACL allows more, passive, rotation of the tibia [34]. An
increased rTR in ACL deficiency compared to healthy
knees has also been shown during functional yet low to
moderate demand tasks [11, 12, 14-16]. Results from
these studies are shown in Table 5. As seen in Table 5,
we measured a smaller rTR after ACLR compared to the
contralateral intact knee, as did other authors.

Two key features of our study are distinctly differ-
ent from previous research, which could explain the
differences found in the ACL-deficient knees: we per-
formed our tests within three months after injury and
used high-demand tasks. Firstly, time since injury is an
important aspect when measuring rTR in ACL-deficient
knees, as it seems that in the acute phase subjects are
able to limit rTR. Testing more than one year after the
injury, both Cheng and Tsarouhas found a greater rTR
in ACL-deficient knees compared to contralateral intact
knees [14-16]. Miyaji et al., on the other hand, studied
ACL-deficient subjects with a median time since injury
of 10 weeks (range 3.3-450 weeks, mean 47 weeks) and
observed a smaller rTR in the ACL-deficient knees com-
pared to uninjured contralateral knees during a wide
based squat [35]. This is in accordance with our find-
ings. These findings emphasise the influence of time since
injury on knee kinematics after ACL injury. In the acute
setting, subjects exhibit different jumping strategies dur-
ing activities (protective secondary to recent trauma)
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Table 5 Overview of reported values for range of tibial rotation using motion capture systems
Author Task performed ACL status Range
of tibial
rotation
Zee (current study) SLHD Intact 19.4°
Deficient 16.9°
SB reconstruction 18.4°
Cheng [16] Jump off platform, pivot 90° Intact 6.7°
Deficient 13.5°
SB reconstruction 7.8°
DB reconstruction 7.5°
Lam [8] Jump off platform, pivot 90° Deficient 12.6°
SB reconstruction 8.9°
Misonoo [11] Jump off platform, pivot 45° Intact 20.8°
SB reconstruction 214°
DB reconstruction 22.0°
Ristanis [12] Step off stairs, pivot 90° Intact 19.0°
SB reconstruction 18.6°
Tsahouras [14] Standing, pivoting 60° Intact 13.9°
Deficient 15.1°
SB reconstruction 134°
DB reconstruction 134°
Tsahouras [15] Step off stairs, pivot 60° Intact 14.2°
Deficient 15.3°
SB reconstruction 12.7°
DB reconstruction 13.9°

ACL =anterior cruciate ligament, SLHD =single-leg hop for distance, SB=single bundle, DB =double bundle

than weeks later. Weeks later, the secondary stabilizers of
the knee may have stretched due to the altered mechani-
cal load in the absence of the ACL. This may lead to an
alteration of kinematics of the knee with the passage of
time.

Our study provides additional information for the
debate on rTR due to a new measurement moment,
namely in the acute phase after an ACL rupture. This
also puts the post-operative measurements in a differ-
ent light. Ristanis and Tsarouhas demonstrated that,
after ACLR, rTR is smaller compared to contralat-
eral-intact knees [12, 14, 15]. This has been attributed
to overconstrainment of the graft [11]. It is question-
able whether the reduced rTR post-operatively can be
attributed to overtightening of the graft, as a smaller
rTR was also found in ACL-deficient knees before
ACLR (and even smaller compared to post-ACLR).
Again, perhaps altered landing strategy, altered mus-
cular contraction patterns and fear of re-injury should
be taken into account more. Also, it has been shown in
dogs that intact sensory nerves around the knee, proba-
bly by influencing protective muscular reflexes, play an
important role in preventing the acutely unstable knee
from rapid breakdown [36]. Our study may indicate

that these strategies have already started at the initial
evaluation within 3 months after injury and are indel-
ible by one year after reconstruction.

Secondly, our study differs from previous research
in terms of the used functional tasks: our subjects per-
formed both low and high-demand functional tasks
as opposed to previously reported low-to-moderate-
demand functional tasks. Our results of rTR during
level walking (low demanding) are comparable to earlier
reports, both pre- and post-operatively [37]. The rTR has
not been previously measured using a motion capture
system while the subjects were performing a SLHD or a
side-jump. A hop test is a complex, high-demand task in
which a lot of force is generated in the knee, and can also
induce fear of injury. As seen in the Additional file 1 over
5-6 times more knee flexion moment is applied to the
knee during the SLHD compared to level walking. This
is therefore likely the best functional test to mimic sports
activities, but in a safe clinical setting. We recommend
using hop tests when measuring rTR in the context of
ACL injury or after ACLR. Plus, the uniform use of hop
tests ensures that studies can be compared.

In our study a return to sports rate of four out of seven
(57%) was achieved 12 months after ACL reconstruction
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which is representative for the recreational athlete
according to the literature [38]. This emphasizes the
lengthy recovery after ACLR. Return to sports within
12 months after ACLR may not be a realistic goal in all
patients undergoing ACLR and pre-operative counselling
should take this into account. Rehabilitation programmes
that include perturbation training, agility training, vision
training and sport specific skill training are essential after
ACL injury and reconstruction [28]. The neuromuscu-
lar system adapts to unaccustomed loads, also known
as overload [39]. Therefore for optimization of the neu-
romuscalar system, changes in volume and intensity of
training is needed, as without this, there is no need for
the neuromuscular system to improve [39]. A periodized
rehabilitation program aims to optimize the principle of
overload. Rehabilitation planned according to the perio-
dization concepts could allow better integration of the
needs of the patients to return to sport [39]. When pay-
ing special attention to postural control and propriocep-
tive function of the knee during rehabilitation, significant
smaller knee abduction moments were observed com-
pared to traditional rehabilitation programmes, indicat-
ing better knee stability [40].

Study strengths and limitations

A strength of our study is the fact that we measured rTR
in contrast to absolute values of rotation. Other papers
focusing on absolute values of tibial rotation showed that
ACL-deficient subjects tend towards a more externally
rotated tibia [41]. It is difficult to repeat the measure-
ments with this method: subsequent measurements with
marker placement in a slightly different position with
respect to bony landmarks will lead to major differences
[42], hence in a longitudinal study design the use of abso-
lute values of rotation is not preferred. A relative out-
come such as range of rotation is more reliable and allows
for repeatable measurements over time.

In our study we used the contralateral intact knee as
a comparison. There is sparse literature available that
shows that the contralateral intact knee also shows an
altered movement pattern after an ACL injury. This has
been particularly demonstrated in the post-operative
phase during hop testing [43]. Whether this occurs
immediately after the injury is unclear. It also has been
shown that abnormal geometrical characteristics in the
knee, that may be present bilaterally, pose a risk factor
for ACL injury [44]. Whether and how this affects the
kinematics of the knee is unclear. We can compare our
results to available literature regarding healthy knees. Liu
et al. studied knee kinematics during walking and run-
ning in healthy subjects [45]. Although the study of Liu
et al. use a different method to measure range of tibial
rotation it can serve as a basis to compare our results to.
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Liu showed a rTR of 14.0 £4 degrees during walking at
3 km/h and 15.5£4.1 degrees during walking at 5 km/h.
These results seem comparable to our results during level
walking, although we have not recorded the walking pace
of our subjects. Also, leg dominance may be a potential
confounder. In our population 8 out of 10 ACL injured
knees were dominant legs. Whether and how this influ-
enced our results is unclear.

Small sample size is an issue that has to be taken into
account when evaluating our results. The narrow inclu-
sion and exclusion criteria are mainly responsible for
the small sample size. Subjects with concomitant injury
were excluded as injury to the menisci and anterolateral
structures of the knee are known to influence degree of
tibial rotation [21]. This narrows the number of eligible
subjects.

As some subjects with a recent ACL injury may have
been reluctant to participate in the study after being
informed on the hop test, a certain amount of selection
bias may be present. Although the inclusion criteria were
strictly based on the dutch guideline for ACL injury, the
motivation for definite participation could have been
subject to individual variables like available time or fear
for re-injury.Subjects with a greater feeling of giving way
may not have participated.

Despite these limitations, in these patients we have
objectively measured that rTR in the ACL-deficient knee
is not greater than in the contralateral ACL-intact knee
shortly after ACL injury. Further research is needed to
elucidate why r'TR is not higher or even lower in acute
ACL injury. Up to now we have found no evidence to sug-
gest that persistent increased rotational laxity hampers
return to play after ACLR. Special attention to neuro-
muscular control, subjective knee function and psycho-
logical factors may help us better understand which
factors play an important role in whether objective knee
instability occurs, which ultimately may hamper return
to sports rates. In this light, testing subjects in circum-
stances that replicate sport activities, i.e. using hoptests,
is crucial.

Conclusion

No increase in range of tibial rotation is shown in suba-
cute ACL-injured knees compared to contralateralal
intact knees during high-demand tasks. One year after
ACL reconstruction, a smaller range of tibial rotation
is observed compared to ACL-intact knees. Further
research into altered motor control strategies and psy-
chological factors like fear of re-injury could elucidate
this unexpected phenomenon. We propose the use of
hop tests as high-demand, complex tasks when evalu-
ating range of tibial rotation both before and after ACL
reconstruction.



Zee et al. Journal of Orthopaedic Surgery and Research (2023) 18:194

Abbreviations

ACL Anterior cruciate ligament
ACLR Anterior cruciate ligament reconstruction
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