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ABSTRACT

BACKGROUND: Hamstrings and quadriceps strength recovery and restoration of the
hamstrings-to-quadriceps ratio (H/Q ratio), is a major concern after anterior cruciate ligament
reconstruction (ACLR). Recently, moment-angle profiles and angle-specific H/Q ratios

received increasing interest.

PURPOSE: 1) to identify deficits or asymmetries in moment-angle profiles and angle-specific
H/Q ratio profile in ACLR athletes at the time of RTS and 2) to assess if asymmetries persist

up to 6 months following RTS.

STUDY DESIGN: Case-Control study

METHODS: Twenty ACLR athletes performed isokinetic strength tests for concentric knee
flexion and extension (60°/s) at RTS, and 3 and 6 months later. Twenty controls were tested

once.

RESULTS: Angle-specific analyses and peak moments showed lower hamstrings strength in
the injured leg of ACLR athletes compared to their uninjured leg at RTS. Furthermore, angle-
specific analyses showed a lower hamstrings strength and H/Q ratio in the injured leg compared
to controls at larger knee flexion angles. The latter deficit was not identified with a peak-based

analysis. The asymmetries identified at RTS did not change over the 6 months following RTS.

CONCLUSIONS: Athletes with ACLR show strength deficits and asymmetries that persist
even 6 months after RTS. As some asymmetries may go undetected by peak-based analyses,

angle-specific analyses are recommended.

LEVEL OF EVIDENCE: Level 3b



Keywords: Anterior cruciate ligament reconstruction; Return to sport; Isokinetic strength test;

Quadriceps; Hamstrings

What is known about the subject

Remaining strength asymmetries and a reduced H/Q ratio in athletes with an ACL
injury, have been associated with an increased risk for re-injuries after return-to-sport
Hamstrings and quadriceps muscle strength is frequently evaluated by isokinetic
dynamometry, from which peak values (e.g. peak moment) are typically extracted.

The reduction of strength outcomes to peak values, potentially leads to loss of relevant
clinical information as strength deficits or asymmetries in other knee flexion angles than

the angle of peak moment could be missed

What this study adds to existing knowledge

This study revealed clear angle-specific strength deficits and asymmetries in ACLR
athletes at time of RTS that persisted for 6 months after ACLR athletes have returned
to sport.

ACLR athletes have lower quadriceps strength in the injured leg compared to their
uninjured leg around the angle of peak moment.

Furthermore, hamstrings strength of the injured leg was lower compared to the
uninjured leg throughout the entire measured ROM and compared to controls at larger
knee flexion angles. The latter deficit was not identified with a traditional peak-based

analysis, which stresses the need for angle-specific analyses.



1. INTRODUCTION

The use of objective functional measures in the return-to-sport (RTS) decision making process
is a big step forward in the rehabilitation of anterior cruciate ligament (ACL) injuries and
subsequent ACL reconstruction (ACLR).!> However, in the population of athletes with ACLR,
65% returns to their pre-injury sports level* and there remains a 20% chance of sustaining a
secondary ACL injury.’ These observations justify the continued search for more solid RTS
criteria to capture remaining deficits and alterations associated with re-injury that are currently
not identified.!**” One commonly used RTS assessment is hamstrings and quadriceps strength
and the hamstrings-to-quadriceps strength ratio (H/Q ratio).*® The H/Q ratio is suggested to
represent the muscular capacity to actively stabilise the knee joint since the hamstrings work as
an agonist of the ACL and might reduce the anterior pull of the quadriceps on the tibia. 104
Remaining strength asymmetries®!® and a reduced H/Q ratio® at RTS have been associated with
increased risk for sustaining re-injuries. Yet worryingly, up to 46% of the ACLR patients still
return to sport with remaining hamstrings and quadriceps strength asymmetries.”!¢ It remains
questionable whether these strength asymmetries resolve in the months following RTS without
further rehabilitation.”!” For example, a systematic review of Tayfur et al.'® concluded that there

was strong evidence for remaining quadriceps and hamstrings concentric strength deficits in

ACLR athletes 24 months after surgery compared to uninjured controls.

Hamstrings and quadriceps muscle strength is frequently evaluated by an isokinetic
dynamometer. This assessment provides moment-angle data over a pre-defined range of motion
(ROM) from which peak values (e.g. peak moment and angle of peak moment) are typically
extracted. Subsequent analyses such as the limb symmetry index and H/Q ratio are
consequentially calculated based on these peak values. The reduction of the moment-angle data
to peak values however, leads to the loss of potentially relevant clinical information. Firstly,

normal peak values could mask strength deficits or asymmetries in other knee flexion angles
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than the angle of peak moment. For example, Baumgart et al.!”showed that ACLR patients at
an average of 6.6 months after surgery have larger between-leg hamstrings strength differences
at larger knee flexion angles compared to more extended knee positions. Secondly, calculating
the H/Q ratio by dividing the peak hamstrings moment by the peak quadriceps moment seems
physiologically irrelevant as the quadriceps peak moment is achieved at a more flexed knee
angle than the hamstrings peak moment, leaving them functionally unrelated.!! Angle-specific
H/Q ratios, which are ratios between hamstrings and quadriceps moments reached at identical
knee flexion angles, would appear to be more relevant to assess muscle imbalance throughout
the entire ROM. !1142% Angle-specific analysis of the H/Q ratio and subsequent analysis of the
hamstrings and quadriceps moment-angle profile is increasingly used in both uninjured
athletes''?°22 and athletes with ACLR!”?. Considering that also the moment arm of the
hamstring muscles becomes suboptimal when the knee joint angle is not in mid-range
(particularly in deeper knee flexion), and this in comparison to a relatively constant moment
arm of the quadriceps muscles, calculating the H/Q ratio based on peak moments alone could
conceal incomplete hamstring muscle strength recovery?*. However, the evolution of angle-
specific strength analyses after RTS has not yet been investigated. In conclusion, a longitudinal
observational study on angle-specific strength analyses is necessary to fully understand muscle
adaptations in athletes with ACLR at RTS and later on. Such information is necessary to

improve rehabilitation strategies and RTS decision criteria.

The first objective of this study is to investigate moment-angle profiles and angle-specific H/Q
ratio profiles in athletes with ACLR at the time of RTS. Both strength asymmetries (by
comparing the injured and uninjured leg of the athletes with ACLR) and strength deficits (by
comparing the injured leg of athletes with ACLR against a group of matched uninjured controls
to account for potential bilateral strength deficits in the athletes with ACLR) will be assessed.

In order to evaluate the potential added value of angle-specific analyses over peak-based



measures, hamstrings and quadriceps peak moments and peak-based H/Q ratios will be
analysed as well. The hypothesis is that angle-specific analyses will reveal more strength
shortcomings compared to peak-based evaluations. The second objective of this study is to
assess whether strength asymmetries identified at the time of RTS, resolve after ACLR athletes
have been returned to sport for 6 months. It is hypothesizes that part of the strength

shortcomings persist despite RTS.

2. MATERIALS AND METHODS

2.1 Study design and participants

In this prospective observational study, 20 athletes who underwent ACLR (ipsilateral
semitendinosus autograft) were recruited. They all completed rehabilitation with their own
physiotherapist and had been cleared by the surgeon to restart training, based on subjective
assessment (there were no strict criteria imposed by the study). If ACLR surgery concerned a
re-injury, the athlete was excluded from this study. All participants practiced sport at
competitive level (from lowest division to National division) before their injury and wished to
return to sport. Isokinetic muscle strength tests were performed three times in the ACLR group:
at the time of RTS (262 + 60 days post-surgery and maximum two weeks between the test
session and the first full training session), 3 months post RTS (96 + 19 days after RTS) and 6
months post RTS (201 + 20 days after RTS). At the 3 months post RTS test, four athletes with
ACLR dropped out (one hamstrings injury, three lost interest in participation). Two additional
athletes with ACLR dropped out at 6 months post RTS (one ACL re-injury, one lost interest in

participation).

Twenty control athletes with no history of an ACL injury and no lower limb injury in the 6
months before the test session, were also recruited. These control athletes were tested only once.

In both groups only competitive athletes who complete at least 1 training and 1 match per week



(before the ACL injury) were included. The ACLR group and control group were matched for
sex and sports type. Two mismatches in sports type could not be avoided. A detailed description
of' both groups is provided in Table 1. For the identification of strength deficits and asymmetries
at the moment of RTS, the data of all 20 athletes with ACLR and control athletes were included.
For the follow-up of the strength asymmetries, only the data of the 16 ACLR athletes who were
tested at RTS and at 3 months were included. The data of the two patients (one male and one
female) who dropped out between 3 and 6 months after RTS were estimated through a data
imputation technique (see statistics). All participants provided written informed consent prior
to inclusion in the data collection procedure. The study was approved by the local ethical

committee [blinded] and executed in accordance with the Declaration of Helsinki.



Table 1. Demographic characteristics of the athletes with ACLR and control participants.

Baseline sample Follow-up sample
ACLR Control t-value (p- ACLR
value)
sex
male 14 14 10
female 6 6 6
age (years) 24.0+43 21.8+1.5 2.133 (0.043)* 23.6+4.7
body mass (kg) 76.6 £11.5 73.1+£93 1.068 (0.293) 752+ 12.2
body height (cm) 179.1+9.6 178.7+94 0.125 (0.901) 178.4+£10.3
sport
football 13 13 9
volleyball 3 2 3
basketball 2 1 2
dance 1 1 1
track and field 1 3 1
total 20 20 16

Age, body mass and body height are expressed as the mean value *+ standard deviation (SD) and are
compared through an unpaired t-test (* p<0.05).

The baseline sample consists out of 20 athletes with ACLR that performed strength assessments at RTS.
The follow-up sample consists out of 16 athletes with ACLR since 4 patients dropped-out between RTS and
3 months after RTS.



2.2 Isokinetic testing

All athletes performed isokinetic muscle strength tests on a Biodex System 4 Pro (Biodex
Medical Systems, Shirley, NY, USA). A five-minute general warm-up on a cycle ergometer
was implemented prior to testing. For the isokinetic testing, the athletes were seated with a hip
flexion angle of 95-100°. Straps were applied across the chest, pelvis and distal thigh. The
rotational axis of the knee joint and the isokinetic dynamometer crank arm were aligned. The
distal attachment pad of the crank arm was firmly attached to the distal part of the shank, two
fingers proximal to the medial malleolus. This position was standardised over the different
sessions in the ACLR athletes. Every athlete performed a continuous series of five maximal
effort trials for concentric knee extensions and flexions at 60°/s with each leg. A practice series
was allowed before each test series. Between series, a resting period of 60 seconds was

provided.

2.3 Data processing
Moment-angle profiles for hamstrings and quadriceps were calculated using the open source

Matlab package IKDID (version 0.02, http://ikdld.org/). This program standardises the

generation of a representative moment-angle profile from several trials (Appendix A). After
joint-angle based gravitational correction of the raw moment values, the selection of valid trials
was standardised between participants through an automatic selection procedure. This selection
procedure is based on three criteria: the acceptable variation from the target angular velocity,
the minimally achieved ROM at the target angular velocity and the between trial variation in
peak moment. The target angular velocity was set at 60°/s, the minimal ROM was set at 80°
and the acceptable variation between trials in terms of angular velocity, ROM and peak moment
were all set at 10%. To avoid the automatic selection picking one outlier, a minimum of three
trials for flexion and three trials for extension were included per participant. If less than three

trials were automatically selected, moment tolerance was augmented until the minimal number
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of three trials was included. Next, moment-angle profiles for each participant were averaged
over the entire ROM using a moving average with 10 degrees window. These average moment-
angle profiles were used to calculate the angle-specific H/Q ratio profile. The average
hamstrings and quadriceps moment-angle profiles were also used to determine the hamstrings

and quadriceps peak moment values, from which the peak-based H/Q ratios were calculated.

2.4 Statistical analysis

In earlier studies?%?%2>-26

, angle-specific moment values and angle-specific H/Q ratios were
extracted at a limited number of joint angles, omitting the fact that the ratio profile is a continual
measure. Through the introduction of statistical parametric mapping (SPM) in biomechanical
research?’, hypotheses on moment-angle profiles and angle-specific H/Q ratio profiles can be
tested without neglecting the interdependence between measures across different joint angles.

One-dimensional SPM analyses were performed using the open source package SPMI1D

(version M.0.4.5, http://www.spm1d.org/).?® For the hamstrings and quadriceps peak moments

and the peak-based H/Q ratios, zero-dimensional analyses were performed using IBM SPSS
Statistics (version 25, SPSS Inc., Chicago IL, United States

https://www.ibm.com/analytics/spss-statistics-software).
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Three statistical analyses were performed. Firstly, to identify general strength deficits in the
ACLR group at the time of RTS, the injured legs of the 20 athletes with ACLR were compared
to the data of the 20 control athletes. For those athletes with ACLR who had their dominant leg
injured (n=7), the dominant leg was also selected in their matched control athlete, and vice
versa for non-dominant leg. Zero- and one-dimensional independent groups t-tests were used
for the statistical analysis of these strength deficits. Secondly, the data of the injured and
uninjured leg of all 20 athletes with ACLR at the time of RTS, were compared to assess strength
asymmetries. For the statistical analysis of strength asymmetries, zero- and one-dimensional
paired t-tests were used. Finally, to assess strength asymmetries over time, two-way repeated
measures ANOVAs (leg X time) were used. The data of the injured and uninjured leg of the 16
athletes with ACLR that were tested at the time of RTS and at 3 months post RTS, were
implemented in this analysis. The data of the two participants that dropped out at 6 months
follow-up, were estimated through data imputation (based on adding the average difference
between 3 and 6 months to their value at 3 months post RTS). Alpha was set at 0.05 for all
statistical analyses. Considering the explorative nature of the study, no correction for multiple

testing (Bonferroni) was applied to avoid overly conservative statistical interpretations.

The data of both sexes was pooled, although differences in absolute strength might be expected
between women and men. This was justified because the group of athletes with ACLR and
control athletes were matched for sex and thus had the same proportion of men/women. Also
the longitudinal analysis is not affected by the pooling of both sexes since the same group of
athletes is followed over time and the proportion of men and women is thus not different
between conditions. Furthermore, we do not expect differences in strength improvements

between sexes, based on the meta-analysis of Roberts et al.?’
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3. RESULTS

3.1 Strength deficits at time of RTS

The hamstrings moment-angle profile of the ACLR group was significantly lower between 65°
and 95° of knee flexion (p=0.01) compared to the controls (Fig 1). The quadriceps moment-
angle profile was not significantly different between groups across the entire ROM. The angle-
specific H/Q ratio profile was significantly lower in the ACLR group compared to healthy
control subjects between 70° and 95° of knee flexion (p<0.01). The peak hamstrings and
quadriceps moment and peak-based H/Q ratio were not significantly different between the

ACLR and control group (Table 2).
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Fig. 1. Upper row: angle-specific comparison of the (a) hamstrings and (b) quadriceps moment-angle profile and
(c) angle-specific H/Q ratio profile between the injured legs of athletes with ACLR and the control participants at
the time of RTS. Mean values are indicated by the solid lines and the standard deviation clouds are represented by
the shaded zones. Middle row: Statistical Parametric Mapping (SPM) output of the SPM t-tests that compare the
patients with ACLR and controls. If the t-curve (black line) exceeds the critical threshold (horizontal dashed line),
significant differences were found between legs. Lower row: colour plots that indicate the size of the t-value
indicating the differences at each joint angle (dark blue or red represent lower or higher t-scores respectively and
therefore larger differences — cf. legend). The second — grey — bar indicates whether these differences were
significant (dark grey) or not (light grey).
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Table 2. Zero-dimensional analysis of the hamstrings and quadriceps peak moment and peak-based H/Q

ratio between the injured legs of athletes with ACLR and the control participants at the time of RTS.

ACLR Control t-value p-value
Hamstrings peak 1.03+£0.21 1.15+0.18 1.956 0.058
moment (Nm/kg)
Quadriceps peak 2.57+0.48 2.55+0.34 -0.166 0.869
moment (Nm/kg)
H/Q ratio 0.41+0.09 0.46 +0.08 1.874 0.069
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3.2 Strength asymmetries at time of RTS

Within the ACLR athletes, the hamstrings moment-angle profile of the injured leg was
significantly lower compared to the uninjured leg between 33° and 95° of knee flexion
(p<0.001) at the time of RTS (Fig. 2). This is most of the measured ROM. There was no
significant difference between the legs in the quadriceps moment-angle profile. The angle-
specific H/Q ratio profile was significantly lower for the injured leg compared to the uninjured
leg, but only between 84° and 95° of knee flexion (p=0.039). Analyses of the peak values
showed a significantly lower hamstrings peak moment for the injured leg compared to the
uninjured leg (p<0.001) and no significant difference for the quadriceps peak moment or the

peak-based H/Q ratio (Table 3).
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Fig. 2. Upper row: angle-specific comparison of the (a) hamstrings and (b) quadriceps moment-angle profile and
(c) angle-specific H/Q ratio profile between the injured and uninjured legs of athletes with ACLR at the time of
RTS. Mean values are indicated by the solid lines and the standard deviation clouds are represented by the shaded
zones. Middle row: Statistical Parametric Mapping (SPM) output of the SPM t-tests that compare the injured and
uninjured legs of the patients with ACLR. If the t-curve (black line) exceeds the critical threshold (horizontal
dashed line), significant differences were found between legs. Lower row: colour plots that indicate the size of the
t-values indicating the differences at each joint angle (dark blue or red represent lower or higher t-scores
respectively and therefore larger differences — cf. legend). The second — grey — bar indicates whether these
differences were significant (dark grey) or not (light grey).
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Table 3. Zero-dimensional analysis of the hamstrings and quadriceps peak moment and peak-based H/Q

ratio between the injured and uninjured legs of athletes with ACLR at the time of RTS.

Injured leg Uninjured leg t-value p-value
Hamstrings peak 1.03 £ 0.21 1.22+0.25 -4.620 <0.001***
moment (Nm/kg)
Quadriceps peak 2.57+0.48 2.72 £ 0.37 -1.918 0.070
moment (Nm/kg)
H/Q ratio 0.41+0.09 0.45+0.06 -1.549 0.138
(*** p<0.001)
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3.3 Follow-up of strength asymmetries over 6 months after RTS

The one-dimensional repeated measures ANOV As showed no main time effects or interaction
effects (leg X time) for any of the angle-specific profiles (Fig. 3). A main leg effect was found
for the hamstrings and quadriceps moment-angle profiles, but not for the angle-specific H/Q
ratio profile. The hamstrings and quadriceps moments of the injured leg were lower compared
to the uninjured leg, respectively during the entire ROM (p<0.001) and around peak moment
(61°-92°) (p=0.013). In the absence of a main time effect or interaction effect, this means that
the identified strength asymmetries persisted throughout the 6-month follow-up period. The
zero-dimensional repeated measures ANOVA showed similar results. No main time effects or
interaction effects were found for any of the peak-based parameters (Table 4). A main leg effect
was found for the hamstrings (p<0.001) and quadriceps (p=0.004) peak moments, with
significantly lower peak moments on the injured side compared to the uninjured side. No main

leg effect was found for the peak-based HQ ratio.
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Fig. 3. Upper row: follow-up of the strength asymmetries in (a) hamstrings and (b) quadriceps mean
moment-angle profile and (c) angle-specific mean H/Q ratio profile over 6 months after RTS. Lower 3 rows:
Statistical Parametric Mapping (SPM) output of the repeated measures ANOVA: main effect for leg, main
effect for time and interaction effect (leg x time). If the F-curve (black line) exceeds the critical threshold
(horizontal dashed line), significant differences were found for the respective effect.
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Table 4. Follow-up of strength asymmetries in hamstrings and quadriceps peak moment and peak-based

H/Q ratio over 6 months after RTS.

Hamstrings peak Quadriceps peak
moment moment H/Q ratio
(Nm/kg) (Nm/kg)
Injured | Uninjured | Injured | Uninjured | Injured | Uninjured
leg leg leg leg leg leg
RTS 1.04 + 1.21£0.26 254+ | 2.71+0.39 042+ 0.45+0.07
0.21 0.45 0.09
Mean + | 3 months post .11+ 1.28 +0.27 257+ | 279+£036 0.44 + 0.46 £ 0.07
SD RTS 0.23 0.49 0.09
6 months post 1.12+ 1.25+0.27 2.52+ 2.73 +£0.39 0.46 = 0.46 +0.07
RTS 0.24 0.54 0.09
F-value 34.203 11.595 0.593
Leg
p-value <0.001%** 0.004** 0.453
F-value 0.672 0.189 1.250
ANOVA | Time
p-value 0.451 0.757 0.290
Leg x F-value 0.372 0.125 0.300
Time ) Value 0.693 0.812 0.647
(** p<0.01; *** p<0.001)

19



4. DISCUSSION

4.1 Added value of angle-specific strength profiles

The first objective of this study was to assess deficits and asymmetries in the hamstrings and
quadriceps moment-angle profiles and angle-specific H/Q ratio profiles in athletes with ACLR
at time of RTS. Both the hamstrings moment-angle profile and the angle-specific H/Q ratio
profile were significantly lower in the injured leg of athletes with ACLR compared to the
control participants at larger knee flexion angles (>65° knee flexion for hamstrings strength and
>75° knee flexion for H/Q ratio profile). Comparing the injured to the uninjured leg of the
ACLR athletes at the time of RTS, a hamstrings strength asymmetry was unveiled throughout
almost the entire measured ROM (>33° knee flexion). The angle-specific H/Q ratio profile
showed only significant between leg differences at larger knee flexion angles (>84° knee
flexion). The peak-based analyses could only identify between-leg asymmetries for hamstrings
peak moment and were not able to reveal the hamstrings strength deficit and H/Q ratio
imbalances at larger knee flexion angles. This confirms the importance of analysing angle-
specific strength profiles in ACLR athletes instead of only evaluating restoration of peak

strength.

The hamstrings strength deficits at larger knee flexion angles were also identified in other
studies that assessed hamstrings strength in athletes that underwent ACLR surgery with a
hamstring tendon graft.>*? This hamstrings weakness in deep knee flexion has been suggested
to be a possible consequence of 2 phenomena: 1) atrophy and shortening of the semitendinosus
muscle after its tendon has been harvested for the ACL graft?®, and 2) a lack of compensation
from the semimembranosus and biceps femoris.>? First, several studies showed that the
musculotendinous junction of the regenerated semitendinosus is proximally shifted (i.e. tendon

retraction). This retraction occurs because once the tendon is harvested there is nothing left that
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keeps the semitendinosus muscles fibres to length.>! Studies showed proximal shifts of the
musculotendinous junction from 3.8cm?? up to even 7cm.** Since the muscle will be of shorter
length at a given flexion angle, muscle contractile behaviour will alter. Namely the angle at
which the semitendinosus exhibits maximum strength will be at a more extended position of
the knee.>* Second, the different hamstring muscles have all a separate origin, insertion and
muscle architecture influencing their contribution to the overall flexion strength and the ability
to compensate at a specific joint angle.>° The semitendinosus plays the most important role in
larger knee flexion angles because of its fusiform architecture (75-120°) while the biceps
femoris, which has a pennate architecture, is the primary flexor at angles between 15-45° of
knee flexion.**3? Semitendinosus harvesting, will thus mainly affect strength in the larger knee
flexion angles. The clinical relevance of these strength deficits at larger knee flexion angles

during seated isokinetic dynamometry requires further investigation (Appendix B).

4.2 Evolution of strength asymmetries after RTS

The second objective of this study was to asses if strength asymmetries resolve spontaneously
over the first 6 months following RTS. Lower hamstrings and quadriceps strength was observed
in the injured leg of ACLR athletes compared to their uninjured leg which remained unchanged
over the 6 months follow-up period. The angle-specific analyses revealed a persisting
hamstrings weakness in the injured leg over the entire measured ROM and a quadriceps
weakness in the injured leg around 60-90° of knee flexion, the range of the quadriceps peak

moment. Several authors> >’

attribute prolonged quadriceps weakness to arthrogenic muscle
inhibition (AMI), a natural mechanism of reflex inhibition of muscles surrounding an injured
joint to prevent potentially detrimental movements. Rice et al.*® state that AMI in ACLR often
results in the inability to fully activate the quadriceps muscle, restricting peak quadriceps

moment. AMI could thus explain our findings of prolonged quadriceps weakness around peak

moment angles observed in the injured leg compared to the uninjured leg of the ACLR athletes.
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Early interventions, that target AMI from the first day after injury are crucial. In the acute phase,
it is essential to address inflammation, pain and effusion as soon as possible *. Furthermore,
there is growing evidence supporting the efficacy of neuromodulatory strategies such as

cryotherapy, TENS, eccentric cross-exercise in treating AMI** !,

The longitudinal analyses showed that the quadriceps and hamstrings strength asymmetries, did
not resolve over time. As the athletes with ACLR returned to their competitive sports without
receiving additional rehabilitation after the moment of RTS, this suggests that strength
asymmetries do not resolve by sports participation alone. Next to the angle-specific analysis,

17,4244

scientific literature has frequently reported on prolonged hamstrings and

9,16,17,43-45

quadriceps peak strength asymmetries and deficits in ACLR athletes.>’ Therefore,

additional rehabilitation after RTS in the form of strength training, might be required in athletes

1.4 advised to

with ACLR.* For example, to target the hamstrings weakness, Buckthorpe et a
prioritize eccentric hamstrings training. They state that eccentric exercises have the potential to
shift the moment-angle profile of the knee flexors to more extended knee angles, probably
because of the positive effect of eccentric training on fascicle length.*’ Similarly, concentric
exercises at long muscle length might increase fascicle length*® and as such shift the moment-
angle profile of the knee flexors to more extended knee angles. However, the results of this
study show hamstrings strength asymmetries over the entire ROM and hamstrings strength
deficits particularly at more flexed knee angles. Therefore, future studies should investigate
whether adding hamstrings strength exercises at shorter muscle lengths to the rehabilitation

programs reduces these persistent flexion strength deficits in athletes with a semitendinosus

autogratft.

Some limitations of this study have to be noted. First of all, it is important to notify that only
isokinetic concentric strength at an angular velocity of 60°/s was measured. Consequently, the

absolute values of this study cannot be compared to strength values or H/Q ratios measured at
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different angular velocities or to functional H/Q ratios that divide the eccentric knee flexor
moment by the concentric knee extensor moment.!”?0-2249-51 Second, the rehabilitation
program of the ACLR patients up to RTS was performed at their home physiotherapy practices
and thus not standardised. Therefore, it is not possible to make any conclusion about the
influence of the type of rehabilitation program on strength deficits. Part of the variability in
strength deficits and asymmetries might be attributed to the various exercise programs that the
ACLR athletes were exposed to during their rehabilitation.’>>* Furthermore, the patients were
not all treated by the same surgeon, leading to heterogeneity in surgery technique and decision
making on RTS clearance. Third, the ACLR athletes were significantly older than the controls
(24.0 £ 4.3 vs. 21.8 £ 1.5 years, p=0.043). Although, strength declines with age, it is not expect
that this small difference in age has a relevant impact on the results of this study as strong
strength declines are only seen around 40 years of age.” Finally, the small sample size and
relatively short follow-up, did not allow to evaluate the predictive value of angle-specific

strength measures or H/Q ratios for ACL re-injury.

5. CONCLUSION

This study revealed clear angle-specific strength deficits and asymmetries in ACLR athletes at
time of RTS that persisted for 6 months after ACLR athletes have returned to sport. More
specifically, ACLR athletes have lower quadriceps strength in the injured leg compared to their
uninjured leg around the angle of peak moment. Furthermore, their injured leg showed lower
hamstrings strength compared to their uninjured leg throughout the entire measured ROM and
compared to controls at larger knee flexion angles. The latter deficit was not identified with a
traditional peak-based analysis, which stresses the need for angle-specific analyses. Since the
strength asymmetries did not resolve naturally in the first 6 months after RTS, additional

targeted interventions are needed to restore these shortcomings.

23



Acknowledgements

[blinded]

Author contributions

[blinded]

Conflict of interest

The authors have no conflicts of interest to report.

Funding

[blinded]

24



REFERENCES

10.

Ardern CL, Glasgow P, Schneiders A, et al. 2016 Consensus statement on return
to sport from the First World Congress in Sports Physical Therapy, Bern. Br J
Sports Med. 2016;50(14):853-864. doi:10.1136/bjsports-2016-096278

Van Melick N, Van Cingel REH, Brooijmans F, et al. Evidence-based clinical
practice update: Practice guidelines for anterior cruciate ligament rehabilitation
based on a systematic review and multidisciplinary consensus. Br J Sports Med.
2016;50(24):1506-1515. doi:10.1136/bjsports-2015-095898

Dingenen B, Gokeler A. Optimization of the Return-to-Sport Paradigm After
Anterior Cruciate Ligament Reconstruction: A Critical Step Back to Move
Forward. Sports Medicine. 2017;47(8):1487-1500. doi:10.1007/s40279-017-
0674-6

Ardern CL, Taylor NF, Feller JA, Webster KE. Fifty-five per cent return to
competitive sport following anterior cruciate ligament reconstruction surgery: An
updated systematic review and meta-analysis including aspects of physical
functioning and contextual factors. Br J Sports Med. 2014;48(21):1543-1552.
doi:10.1136/bjsports-2013-093398

Wiggins AJ, Grandhi RK, Schneider DK, Stanfield D, Webster KE, Myer GD. Risk
of Secondary Injury in Younger Athletes after Anterior Cruciate Ligament
Reconstruction. American Journal of Sports Medicine. 2016;44(7):1861-1876.
doi:10.1177/0363546515621554

Kyritsis P, Bahr R, Landreau P, Miladi R, Witvrouw E. Likelihood of ACL graft
rupture: Not meeting six clinical discharge criteria before return to sport is
associated with a four times greater risk of rupture. Br J Sports Med.
2016;50(15):946-951. doi:10.1136/bjsports-2015-095908

Dingenen B, Gokeler A. Optimization of the Return-to-Sport Paradigm After
Anterior Cruciate Ligament Reconstruction: A Critical Step Back to Move
Forward. Sports Medicine. 2017;47(8):1487-1500. doi:10.1007/s40279-017-
0674-6

Gokeler A, Welling W, Zaffagnini S, Seil R, Padua D. Development of a test
battery to enhance safe return to sports after anterior cruciate ligament
reconstruction. Knee  Surgery, Sports  Traumatology, Arthroscopy.
2017;25(1):192-199. doi:10.1007/s00167-016-4246-3

Welling W, Benjaminse A, Seil R, Lemmink K, Zaffagnini S, Gokeler A. Low rates
of patients meeting return to sport criteria 9 months after anterior cruciate
ligament reconstruction: a prospective longitudinal study. Knee Surgery, Sports
Traumatology, Arthroscopy. 2018;26(12):3636-3644. doi:10.1007/s00167-018-
4916-4

Aagaard P, Simonsen EB, Magnusson SP, Larsson B, Dyhre-Poulsen P. A New
Concept For Isokinetic Hamstring: Quadriceps Muscle Strength Ratio. Am J
Sports Med. 1998;26(2):231-237. doi:10.1177/03635465980260021201

25



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Coombs R, Garbutt G. Developments in the use of the hamstring/quadriceps
ratio for the assessment of muscle balance. J Sports Sci Med. 2002;1(3):56-62.

Cheung R, Smith A, Wong D. H:Q ratios and bilateral leg strength in college field
and court sports players. J Hum Kinet. 2012;33(1):63-71. doi:10.2478/v10078-
012-0045-1

de Lira CAB, Mascarin NC, Vargas VZ, Vancini RL, Andrade MS. Isokinetic Knee
Muscle Strength Profile in Brazilian Male Soccer, Futsal, and Beach Soccer
Players: a Cross-Sectional Study. Int J Sports Phys Ther. 2017;12(7):1103-
1110. doi:10.16603/ijspt20171103

Ruas C V., Pinto RS, Haff GG, Lima CD, Pinto MD, Brown LE. Alternative
Methods of Determining Hamstrings-to-Quadriceps Ratios: a Comprehensive
Review. Sports Med Open. 2019;5(11). doi:10.1186/s40798-019-0185-0

Grindem H, Snyder-Mackler L, Moksnes H, Engebretsen L, Risberg MA. Simple
decision rules can reduce reinjury risk by 84% after ACL reconstruction: the
Delaware-Oslo ACL cohort study. Br J Sports Med. 2016;50(13):804-808.
doi:10.1136/bjsports-2016-096031

Gokeler A, Welling W, Zaffagnini S, Seil R, Padua D. Development of a test
battery to enhance safe return to sports after anterior cruciate ligament
reconstruction. Knee  Surgery, Sports  Traumatology, Arthroscopy.
2017;25(1):192-199. doi:10.1007/s00167-016-4246-3

Baumgart C, Welling W, Hoppe MW, Freiwald J, Gokeler A. Angle-specific
analysis of isokinetic quadriceps and hamstring torques and ratios in patients
after ACL-reconstruction. BMC Sports Sci Med Rehabil. 2018;10(1):1-8.
doi:10.1186/s13102-018-0112-6

Tayfur B, Charuphongsa C, Morrissey D, Miller SC. Neuromuscular Function of
the Knee Joint Following Knee Injuries : Does It Ever Get Back to Normal ? A
Systematic Review with Meta - Analyses. Sports Medicine. 2020;(0123456789).
doi:10.1007/s40279-020-01386-6

Baumgart C, Welling W, Hoppe MW, Freiwald J, Gokeler A. Angle-specific
analysis of isokinetic quadriceps and hamstring torques and ratios in patients
after ACL-reconstruction. BMC Sports Sci Med Rehabil. 2018;10(1):1-8.
doi:10.1186/s13102-018-0112-6

Aagaard P, Simonsen EB, Magnusson SP, Larsson B, Dyhre-Poulsen P. A New
Concept For Isokinetic Hamstring: Quadriceps Muscle Strength Ratio. Am J
Sports Med. 1998;26(2):231-237. doi:10.1177/03635465980260021201

Alhammoud M, Morel B, Hansen C, et al. Discipline and Sex Differences in
Angle-specific Isokinetic Analysis in Elite Skiers. Int J Sports Med.
2019;40(5):317-330. doi:10.1055/a-0850-0016

De Ste Croix M, EINagar YO, Iga J, Ayala F, James D. The impact of joint angle
and movement velocity on sex differences in the functional hamstring/quadriceps
ratio. Knee. 2017;24(4):745-750. doi:10.1016/j.knee.2017.03.012

26



23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Rogowski I, Vigne G, Blache Y, et al. Does the Graft Used for Acl Reconstruction
Affect the Knee Muscular Strength Ratio At Six Months Postoperatively? Int J
Sports Phys Ther. 2019;14(4):546-553. doi:10.26603/ijspt20190546

Herzog W, Read LJ. Lines of action and moment arms of the major force-carrying
structures crossing the human knee joint. J Anat. 1993;182 ( Pt 2:213-230.
http://www.ncbi.nlm.nih.gov/pubmed/8376196%0Ahttp://www.pubmedcentral.ni
h.gov/articlerender.fcgi?artid=PMC1259832

Huang H, Guo J, Yang J, et al. Isokinetic angle-specific moments and ratios
characterizing hamstring and quadriceps strength in anterior cruciate ligament
deficient knees. Sci Rep. 2017;7(1):1-11. doi:10.1038/s41598-017-06601-5

Coombs R, Garbutt G, Cramp M. Part I: Biomechanics. J Sports Sci.
2002;20(1):3-16. doi:10.1080/026404102317126137

Pataky TC. Generalized n-dimensional biomechanical field analysis using
statistical parametric mapping. J Biomech. 2010;43(10):1976-1982.
doi:10.1016/j.jbiomech.2010.03.008

Pataky TC. One-dimensional statistical parametric mapping in Python. Comput
Methods Biomech Biomed Engin. 2012;15(3):295-301.
doi:10.1080/10255842.2010.527837

Roberts BM, Nuckols G, Krieger JW. Sex Differences in Resistance Training: A
Systematic Review and Meta-Analysis.; 2020. www.nsca.com

Tashiro T, Kurosawa H, Kawakami A, Hikita A, Fukui N. Influence of medial
hamstring tendon harvest on knee flexor strength after anterior cruciate ligament
reconstruction: A detailed evaluation with comparison of single- and double-
tendon harvest. American Journal of Sports Medicine. 2003;31(4):522-529.
doi:10.1177/31.4.522

Carofino B, Fulkerson J. Medial hamstring tendon regeneration following harvest
for anterior cruciate ligament reconstruction: Fact, myth, and clinical implication.
Arthroscopy - Journal of Arthroscopic and Related Surgery. 2005;21(10):1257-
1265. doi:10.1016/j.arthro.2005.07.002

Makihara Y, Nishino A, Fukubayashi T, Kanamori A. Decrease of knee flexion
torque in patients with ACL reconstruction: Combined analysis of the architecture
and function of the knee flexor muscles. Knee Surgery, Sports Traumatology,
Arthroscopy. 2006;14(4):310-317. doi:10.1007/s00167-005-0701-2

Lee DW, Shim JC, Yang SJ, Cho SI, Kim JG. Functional Effects of Single
Semitendinosus Tendon Harvesting in Anatomic Anterior Cruciate Ligament
Reconstruction : Comparison of Single versus Dual Hamstring Harvesting. Clin
Orthop Surg. 2019;11(1):60-72.

Nakamae A, Deie M, Yasumoto M, et al. Three-dimensional computed
tomography imaging evidence of regeneration of the semitendinosus tendon
harvested for anterior cruciate ligament reconstruction: A comparison with
hamstring muscle strength. J Comput Assist Tomogr. 2005;29(2):241-245.
doi:10.1097/01.rct.0000153779.86663.92

27



35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Rice DA, McNair PJ. Quadriceps arthrogenic muscle inhibition: neural
mechanisms and treatment perspectives. Semin Arthritis Rheum.
2010;40(3):250-266. doi:10.1016/j.semarthrit.2009.10.001

Pamukoff DN, Pietrosimone BG, Ryan ED, Lee DR, Blackburn TJ. Quadriceps
function and hamstrings co-activation after anterior cruciate ligament
reconstruction. J Athl Train. 2017;52(5):1062-6050-52.3.05. doi:10.4085/1062-
6050-52.3.05

Tayfur B, Charuphongsa C, Morrissey D, Miller SC. Neuromuscular Function of
the Knee Joint Following Knee Injuries : Does It Ever Get Back to Normal ? A
Systematic Review with Meta - Analyses. Sports Medicine. 2020;(0123456789).
doi:10.1007/s40279-020-01386-6

Rice DA, McNair PJ. Quadriceps arthrogenic muscle inhibition: neural
mechanisms and treatment perspectives. Semin Arthritis Rheum.
2010;40(3):250-266. doi:10.1016/j.semarthrit.2009.10.001

Norte G, Rush J, Sherman D. Arthrogenic Muscle Inhibition: Best Evidence,
Mechanisms, and Theory for Treating the Unseen in Clinical Rehabilitation. J
Sport Rehabil. Published online December 9, 2021:1-19. do0i:10.1123/jsr.2021-
0139

Sonnery-Cottet B, Saithna A, Quelard B, et al. Arthrogenic muscle inhibition after
ACL reconstruction: A scoping review of the efficacy of interventions. Br J Sports
Med. 2019;53(5):289-298. doi:10.1136/bjsports-2017-098401

Kotsifaki R, Korakakis V, King E, et al. Aspetar clinical practice guideline on
rehabilitation after anterior cruciate ligament reconstruction. Br J Sports Med.
Published online 2023. doi:10.1136/bjsports-2022-106158

Xergia SA, McClelland JA, Kvist J, Vasiliadis HS, Georgoulis AD. The influence
of graft choice on isokinetic muscle strength 4-24 months after anterior cruciate
ligament reconstruction. Knee Surgery, Sports Traumatology, Arthroscopy.
2011;19(5):768-780. doi:10.1007/s00167-010-1357-0

Chung KS, Ha JK, Yeom CH, et al. Are muscle strength and function of the
uninjured lower limb weakened after anterior cruciate ligament injury? American
Journal of Sports Medicine. 2015;43(12):3013-3021.
doi:10.1177/0363546515606126

Welling W, Benjaminse A, Lemmink K, Dingenen B, Gokeler A. Progressive
strength training restores quadriceps and hamstring muscle strength within 7
months after ACL reconstruction in amateur male soccer players. Physical
Therapy in Sport. 2019;40:10-18. doi:10.1016/j.ptsp.2019.08.004

Nagelli C V., Hewett TE. Should Return to Sport be Delayed Until 2 Years After
Anterior Cruciate Ligament Reconstruction? Biological and Functional
Considerations. Sports Medicine. 2017;47(2):221-232. doi:10.1007/s40279-
016-0584-z

28



46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Buckthorpe M, Danelon F, La Rosa G, Nanni G, Stride M, Della Villa F.
Recommendations for Hamstring Function Recovery After ACL Reconstruction.
Sports Medicine. Published online 2020. doi:10.1007/s40279-020-01400-x

Potier TG, Alexander CM, Seynnes OR. Effects of eccentric strength training on
biceps femoris muscle architecture and knee joint range of movement. Eur J
Appl Physiol. 2009;105(6):939-944. doi:10.1007/s00421-008-0980-7

Blazevich AJ, Cannavan D, Coleman DR, Horne S. Influence of concentric and
eccentric resistance training on architectural adaptation in human quadriceps
muscles. J Appl Physiol. 2007;103(5):1565-1575.
doi:10.1152/japplphysiol.00578.2007

Hewett TE, Myer GD, Zazulak BT. Hamstrings to quadriceps peak torque ratios
diverge between sexes with increasing isokinetic angular velocity. J Sci Med
Sport. 2008;11(5):452-459. doi:10.1016/j.jsams.2007.04.009

Daneshjoo A, Rahnama N, Mokhtar AH, Yusof A. Bilateral and unilateral
asymmetries of isokinetic strength and flexibility in male young professional
soccer players. J Hum Kinet. 2013;36(1):45-53. doi:10.2478/hukin-2013-0005

Kabacinski J, Murawa M, Mackala K, Dworak LB. Knee strength ratios in
competitive female athletes. PLoS One. 2018;13(1):1-12.
doi:10.1371/journal.pone.0191077

Guex K, Degache F, Morisod C, Sailly M, Millet GP. Hamstring architectural and
functional adaptations following long vs. short muscle length eccentric training.
Front Physiol. 2016;7(AUG):1-9. doi:10.3389/fphys.2016.00340

Delextrat A, Bateman J, Ross C, et al. Changes in Torque-Angle Profiles of the
Hamstrings and Hamstrings-to-Quadriceps Ratio After Two Hamstring
Strengthening Exercise Interventions in Female Hockey Players. J Strength
Cond Res. 2020;34(2):396-405. doi:10.1519/JSC.0000000000003309

Monajati A, Larumbe-Zabala E, Goss-Sampson M, Naclerio Naclerio F. The
effectiveness of injury prevention programs to modify risk factors for non-contact
anterior cruciate ligament and hamstring injuries in uninjured team sports
athletes: A systematic  review. PLoS  One. 2016;11(5):1-15.
doi:10.1371/journal.pone.0155272

Haynes EMK, Neubauer NA, Cornett KMD, O’connor BP, Jones GR, Jakobi JM.
Age and sex-related decline of muscle strength across the adult lifespan: A
scoping review of aggregated data. Applied Physiology, Nutrition and
Metabolism. 2020;45(11):1185-1196. doi:10.1139/apnm-2020-0081

29



	1. Introduction
	2. Materials and methods
	2.1 Study design and participants
	2.2 Isokinetic testing
	2.3 Data processing
	2.4 Statistical analysis

	3. Results
	3.1 Strength deficits at time of RTS
	3.2 Strength asymmetries at time of RTS
	3.3 Follow-up of strength asymmetries over 6 months after RTS

	4. Discussion
	4.1 Added value of angle-specific strength profiles
	4.2 Evolution of strength asymmetries after RTS

	5. Conclusion

