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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 are receiving increasing interest.

PURPOSE

The first objective of this study was to investigate moment-angle profiles and
angle-specific H/Q ratio profiles in athletes with ACLR at the time of RTS. The second
objective of this study was to assess whether strength asymmetries identified at the time
of RTS, persist after six months.

STUDY DESIGN
Case-Control study

METHODS

Twenty athletes who had undergone ACLR performed isokinetic strength tests for
concentric knee flexion and extension (60°/s) at RTS, and three and six months later.
Twenty controls were tested once. T-tests were used to compare strength differences
between 1) ACLR athletes and controls and 2) the injured and uninjured leg of the ACLR
athletes. Finally, to assess strength deficits over time, two-way ANOVAs were used.

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 six months following RTS.

CONCLUSIONS

Athletes with ACLR show strength deficits and asymmetries that persist even six months
after RTS. As some asymmetries may go undetected by peak-based analyses,
angle-specific analyses are recommended.
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LEVEL OF EVIDENCE
Level 3b

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 individuals who have sustained an-
terior cruciate ligament (ACL) injuries and subsequent ACL
reconstruction (ACLR).1"3 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 sec-
ondary ACL injury.> These observations justify the con-
tinued search for more solid RTS criteria to capture re-
maining deficits and alterations associated with re-injury
that are currently not identified.1-2:67 One commonly used
RTS assessment is hamstrings and quadriceps strength and
the hamstrings-to-quadriceps strength ratio (H/Q ratio).®$:
9 The H/Q ratio is suggested to represent the muscular ca-
pacity to actively stabilize the knee joint since the ham-
strings work as an agonist of the ACL and might reduce the
anterior pull of the quadriceps on the tibia.19-14 Remain-
ing strength asymmetries®!5 and a reduced H/Q ratio® at
RTS have been associated with increased risk for sustaining
re-injuries. However, up to 46% of the ACLR patients still
return to sport with remaining hamstrings and quadriceps
strength asymmetries.? 16 It remains questionable whether
these strength asymmetries resolve in the months follow-
ing RTS without further rehabilitation.?17 For example, a
systematic review by Tayfur et al.l8 concluded that there
was strong evidence for remaining quadriceps and ham-
strings concentric strength deficits in ACLR athletes 24
months after surgery compared to uninjured controls.
Hamstrings and quadriceps muscle strength is fre-
quently evaluated by an isokinetic dynamometer. This as-
sessment 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 rele-
vant clinical information. First, normal peak values could
mask strength deficits or asymmetries in other knee flexion
angles than the angle of peak moment. For example, Baum-
gart et al.19 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. Second, 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 mo-
ments reached at identical knee flexion angles, would ap-
pear to be more relevant to assess muscle imbalance
throughout the entire ROM.11.14.20 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!1:20-22 and athletes with
ACLR.17:23 Considering that the moment arm of the ham-
string muscles becomes suboptimal when the knee joint an-
gle 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.24 However, the evolu-
tion of angle-specific strength analyses after RTS has not
yet been investigated. In conclusion, a longitudinal obser-
vational study on angle-specific strength analyses is nec-
essary to fully understand muscle adaptations in athletes
with ACLR at RTS and later on. Such information is neces-
sary to improve rehabilitation strategies and RTS decision
criteria.

Therefore, the first objective of this study was to in-
vestigate moment-angle profiles and angle-specific H/Q ra-
tio profiles in athletes with ACLR at the time of RTS. In
order to evaluate the potential added value of angle-spe-
cific analyses over peak-based measures, hamstrings and
quadriceps peak moments, and peak-based H/Q ratios were
analyzed. The hypothesis was that angle-specific analyses
will reveal more strength shortcomings compared to peak-
based evaluations. The second objective of this study was to
assess whether strength asymmetries identified at the time
of RTS, persist after six months. It was hypothesized that
part of the strength shortcomings persist despite RTS.

MATERIALS AND METHODS

STUDY DESIGN AND PARTICIPANTS

In this prospective observational study, 20 athletes who un-
derwent 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 in-
jury 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), three months post RTS (96 = 19 days
after RTS) and 6 months post RTS (201 *+ 20 days after RTS).
At the three month 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 six months post RTS (one ACL re-injury, one lost in-
terest in participation).

Twenty control athletes with no history of an ACL injury
and no lower limb injury in the six months before the test
session, were also recruited. These control athletes were
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tested only once. In both groups only competitive athletes
who complete at least one training and one 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. 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 ath-
letes who were tested at RTS and at three months were in-
cluded. The data of the two patients (one male and one fe-
male) who dropped out between three and six 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 proce-
dure. The study was approved by the local ethical com-
mittee(Ethics Committee Research UZ/KU Leuven) and ex-
ecuted in accordance with the Declaration of Helsinki.

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 test-
ing, 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 differ-
ent sessions in the ACLR athletes. Every athlete performed
a continuous series of five maximal effort trials for concen-
tric 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.

DATA PROCESSING

Moment-angle profiles for hamstrings and quadriceps were
calculated using the open source Matlab package IKD1D
(version 0.02, http://ikd1d.org/). This program standardizes
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 se-
lection of valid trials was standardized between partici-
pants through an automatic selection procedure. This se-
lection 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 be-
tween 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 an-
gular velocity, ROM and peak moment were all set at 10%.
To avoid the automatic selection picking one outlier, a min-
imum of three trials for flexion and three trials for exten-
sion were included per participant. If less than three trials
were automatically selected, moment tolerance was aug-
mented until the minimal number of three trials was in-

cluded. 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 pro-
files were used to calculate the angle-specific H/Q ratio pro-
file. The average hamstrings and quadriceps moment-an-
gle profiles were also used to determine the hamstrings
and quadriceps peak moment values, from which the peak-
based H/Q ratios were calculated.

STATISTICAL ANALYSIS

In earlier studies20:22,25,26 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,2” hypotheses on moment-angle profiles and an-
gle-specific H/Q ratio profiles can be tested without ne-
glecting the interdependence between measures across dif-
ferent joint angles. One-dimensional SPM analyses were
performed using the open source package SPM1D (version
M.0.4.5, http://www.spm1d.org/).28 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).

Three statistical analyses were performed. First, to iden-
tify 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. Sec-
ond, the data of the injured and uninjured leg of all 20 ath-
letes with ACLR at the time of RTS, were compared to as-
sess 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 three months post RTS, were implemented in
this analysis. The data of the two participants that dropped
out at six months follow-up, were estimated through data
imputation (based on adding the average difference be-
tween three and six months to their value at three months
post RTS). Alpha was set at 0.05 for all statistical analyses.
Considering the explorative nature of the study, no correc-
tion 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
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Table 1. Demographic characteristics of the athletes with ACLR and control participants.

Baseline sample Follow-up sample

ACLR Control t-value (p-value) ACLR
Sex
male 14 14 10
female 6 6 6
Age (years) 240+4.3 21.8+15 2.133(0.043)* 23.6+4.7
Body mass (kg) 76.6 +11.5 73.1+93 1.068 (0.293) 75.2+12.2
Body height (cm) 179.1+£9.6 178.7+9.4 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 consisted of 20 athletes with ACLR that performed strength assessments at RTS. The follow-up sample consisted of 16 athletes with ACLR since four patients

dropped-out between RTS and three months after RTS.

between conditions. Furthermore, the authors did not ex-
pect differences in strength improvements between sexes,
based on the meta-analysis of Roberts et al.2?

RESULTS

A detailed description of the included participants is pro-
vided in Table 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 (Figure 1). The quadri-
ceps 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 quadri-
ceps moment and peak-based H/Q ratio were not signifi-
cantly different between the ACLR and control group (Table
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 (Figure 2). This is most of
the measured ROM. There was no significant difference be-
tween 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 be-
tween 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).

FOLLOW-UP OF STRENGTH ASYMMETRIES OVER SIX
MONTHS AFTER RTS

The one-dimensional repeated measures ANOVAs showed
no main time effects or interaction effects (leg x time)
for any of the angle-specific profiles (Figure 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). The absence of a main
time effect or interaction effect means that the identified
strength asymmetries persisted throughout the six-month
follow-up period. The zero-dimensional repeated measures
ANOVA showed similar results. No main time effects or in-
teraction effects were found for any of the peak-based para-
meters (Table 4). A main leg effect was found for the ham-
strings (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.

DISCUSSION

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 ath-
letes with ACLR at time of RTS. Both the hamstrings mo-
ment-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
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Figure 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 be-
tween 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).

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 moment (Nm/kg) 1.03+0.21 1.15+0.18 1.956 0.058
Quadriceps peak moment (Nm/kg) 2.57+0.48 2.55+0.34 -0.166 0.869
H/Qratio 0.41+0.09 0.46 +0.08 1.874 0.069

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 analyzing
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.30-32 This ham-
strings weakness in deep knee flexion has been suggested
to be a possible consequence of two phenomena: 1) atrophy
and shortening of the semitendinosus muscle after its ten-
don has been harvested for the ACL graft,23 and 2) a lack
of compensation from the semimembranosus and biceps
femoris.32 First, several studies showed that the musculo-
tendinous junction of the regenerated semitendinosus is
proximally shifted (i.e. tendon retraction). This retraction
occurs because once the tendon is harvested there is noth-
ing left that keeps the semitendinosus muscles fibres to
length.3! Studies showed proximal shifts of the musculo-
tendinous junction from 3.8cm33 up to even 7cm.34 Since
the muscle will be of shorter length at a given flexion angle,
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Figure 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 differ-
ences 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).

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 moment (Nm/kg) 1.03+0.21 1.22+0.25 -4.620 <0.001***
Quadriceps peak moment (Nm/kg) 2.57+0.48 2.72+0.37 -1.918 0.070
H/Qratio 0.41+0.09 0.45+0.06 -1.549 0.138

(*** p<0.001)

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.30 Second,
the different hamstring muscles all have a separate origin,
insertion, and muscle architecture influencing their con-
tribution to the overall flexion strength and the ability to
compensate at a specific joint angle.30 The semitendinosus
plays the most important role in larger knee flexion angles
because of its fusiform architecture (75-120°) while the bi-
ceps femoris, which has a pennate architecture, is the pri-
mary flexor at angles between 15-45° of knee flexion.30,32
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 investiga-
tion (Appendix B).

EVOLUTION OF STRENGTH ASYMMETRIES AFTER RTS

The second objective of this study was to assess if strength
asymmetries resolve spontaneously over the first six
months following RTS. Lower hamstrings and quadriceps
strength was observed in the injured leg of ACLR athletes
compared to their uninjured leg which remained un-
changed over the six month follow-up period. The angle-
specific analyses revealed a persisting hamstrings weakness
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Figure 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.

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 authors35-37 attribute prolonged quadriceps weak-
ness to arthrogenic muscle inhibition (AMI), a natural
mechanism of reflex inhibition of muscles surrounding an
injured joint to prevent potentially detrimental move-
ments. Rice et al.38 state that AMI in ACLR often results
in the inability to fully activate the quadriceps muscle,
restricting peak quadriceps moment. AMI could thus ex-
plain the current findings of prolonged quadriceps weak-
ness around peak moment angles observed in the injured
leg compared to the uninjured leg of the ACLR athletes.
Early interventions, that target AMI from the first day after
injury are crucial. In the acute phase, it is essential to ad-
dress inflammation, pain and effusion as soon as possi-
ble.3? Furthermore, there is growing evidence supporting
the efficacy of neuromodulatory strategies such as
cryotherapy, TENS, eccentric cross-exercise in treating
AMI.39-41

The longitudinal analyses showed that the quadriceps
and hamstrings strength asymmetries, did not resolve over

time. As the athletes with ACLR returned to their compet-
itive sports without receiving additional rehabilitation af-
ter the moment of RTS, this suggests that strength asym-
metries do not resolve by sports participation alone. Next
to the angle-specific analysis, scientific literature has fre-
quently reported on prolonged hamstrings!742-44 and
quadriceps?16:17:43-45 peak strength asymmetries and
deficits in ACLR athletes.37 Therefore, additional rehabili-
tation after RTS in the form of strength training, might be
required in athletes with ACLR.#4 For example, to target the
hamstrings weakness, Buckthorpe et al.46 advised to prior-
itize eccentric hamstring training. They state that eccen-
tric 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 train-
ing on fascicle length.4” Similarly, concentric exercises at
long muscle length might increase fascicle length8 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 en-
tire ROM and hamstrings strength deficits particularly at
more flexed knee angles. Therefore, future studies should
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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/Qratio
(Nm/kg) (Nm/kg)
Injured Uninjured Injured Uninjured Injured Uninjured
leg leg leg leg leg leg
1.04 + 121+ 254+ 271+ 042+ 045+
Return to Sport (RTS) 021 0.26 0.45 0.39 0.09 007
Mean 3 months post RTS 111+ 128+ 257+ 279+ 044 + 046
SD 0.23 0.27 0.49 0.36 0.09 0.07
6 months post RTS 112+ 125+ 252+ 273+ 046 = 0.46 =
0.24 0.27 0.54 0.39 0.09 0.07
L F-value 34.203 11.595 0.593
€g
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 p-value 0.693 0.812 0.647
(** p<0.01; *** p<0.001)
investigate whether adding hamstrings strength exercises CONCLUSION

at shorter muscle lengths to the rehabilitation programs re-
duces these persistent flexion strength deficits in athletes
with a semitendinosus autograft.

Some limitations of this study have to be noted. First of
all, it is important to notify that only isokinetic concen-
tric 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 dif-
ferent angular velocities or to functional H/Q ratios that
divide the eccentric knee flexor moment by the concentric
knee extensor moment.17-20-22,49-51 Gacond, the rehabilita-
tion program of the ACLR patients up to RTS was performed
at their home physiotherapy practices and thus not stan-
dardised. Therefore, it is not possible to make any conclu-
sion about the influence of the type of rehabilitation pro-
gram 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.>2-54 Furthermore, the patients
were not all treated by the same surgeon, leading to hetero-
geneity 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 re-
sults of this study as strong strength declines are only seen
around 40 years of age.55 Finally, the small sample size and
relatively short follow-up, did not allow to evaluate the pre-
dictive value of angle-specific strength measures or H/Q ra-
tios for ACL re-injury.

This study revealed clear angle-specific strength deficits
and asymmetries in ACLR athletes at time of RTS that per-
sisted for six months after athletes who had undergone
ACLR 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 asym-
metries did not resolve naturally in the first six months af-
ter RTS, additional targeted interventions are needed to re-
store these shortcomings.
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