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Abstract

Background The stress on the anterior cruciate ligament (ACL) induced by the quadriceps can be attenuated by acti-
vation of the hamstrings by exerting an opposing torque to the anterior translation of tibia. Consequently, consider-
ing the ratio between strength of the hamstrings-to-quadriceps (HQ-ratio) may be of value to reduce the odds of sec-
ond ACL injuries. The objective was therefore to evaluate (1) the association between HQ-ratio and the occurrence
of a second ACL injury in patients after ACL-reconstruction within 2 years of return to preinjury sport level and (2)

to compare the HQ-ratio between males and females after ACL reconstruction.

Methods Patients who had undergone primary ACL reconstruction and participated in knee-strenuous activity
preinjury were included. Demographics, the occurrence of a second ACL injury, and muscle strength test results
before returning to preinjury sport level were extracted from a rehabilitation registry. The endpoint was set at a sec-
ond ACL injury or 2 years after return to preinjury sport level. A multivariable logistic regression was used to analyze
the association between the HQ-ratio and a second ACL injury.

Results A total of 574 patients (50.0% female) with a mean age of 24.0+9.4 years at primary ACL reconstruction were
included. In the univariable logistic regression analysis, the odds of sustaining a second ACL injury decreased by 3%
for every 1% increase in the HQ-ratio (OR 0.97 [95% Cl 0.95-1.00], p=0.025). After adjusting for the time from recon-
struction to return to preinjury sport level, sex, preinjury sport level, graft choice, age, and body mass index, the results
were no longer significant (OR 0.98 [95% CI 0.95-1.01], p=0.16). Females had a higher HQ-ratio compared with males
for both the ACL-reconstructed and uninjured side (3.7% [95% CI 5.7; 1.8%)], p=0.0002 and 3.3% [95% C| 4.6; 2.1],
p<0.001, respectively).

Conclusion The HQ-ratio did not significantly affect the odds for sustaining a second ACL injury upon return to pre-

injury sports level after primary ACL reconstruction. Females had a significant higher HQ-ratio than males for both the
ACL reconstructed and uninjured side.
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The HQ-ratio does not significantly affect the odds for a second ACL injury upon return to preinjury sport level.
The HQ-ratio does not appear to have to be considered in the RTS decision-making.
Females have a significantly higher HQ-ratio than males for both the ACL reconstructed and uninjured side.
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Background

After an anterior cruciate ligament (ACL) rupture
with subsequent reconstruction, achieving symmetri-
cal quadriceps and hamstrings strength [>90% of the
uninvolved limb, i.e. limb symmetry index (LSI)] after
the ACL reconstruction are considered among the key
measures of successful outcomes [1]. However, the LSI
may overestimate strength recovery as the achievement
of symmetrical muscle strength may in part be due to a
decreased absolute strength of the uninjured leg [2, 3]. In
addition to assessing the strength of the quadriceps and
hamstrings in isolation, to consider their contributions
to ACL loading may add an important piece of the ACL
rehabilitation puzzle.

During a quadriceps contraction, an anterior tibial
translation force is created, which potentially increases
the strain on the ACL [4, 5]. The stress on the ACL
induced by the quadriceps can be attenuated by acti-
vation of the hamstrings, which acts as a synergist to
the ACL by exerting an opposing torque to the ante-
rior translation of the tibia [4, 5]. Thus, in addition to
the focus on restoring symmetrical knee-joint muscle
strength and regaining preoperative strength values,
respectively, the consideration of the ratio between
the strength of the hamstrings and the quadriceps (the
HQ-ratio) may be of value to further reduce the risk of
a second ACL injury. In support of this notion, Kyritsis
et al. [6] reported significantly lower peak torque val-
ues for the hamstrings, but not the quadriceps, in the
ACL reconstructed leg in patients who subsequently
sustained an ACL graft rupture compared to those who
did not. In addition, the same researchers reported
that for every 10% decrease in the HQ-ratio, the risk of
ACL graft rupture increased by 10.6 times at the time
of return to sport (RTS) [6]. This finding is in line with
those of Myer et al. [7], who reported a lower HQ-ratio
in female athletes who subsequently suffered a first-
time ACL injury compared with female athletes who
did not go on to suffer ACL injuries. Interestingly, Myer
et al. [7] also observed strength differences between
males and females, which is further supported by the
results of a systematic review, in which the HQ-ratio of
was 51.9% + 8.0% for females and 60.7% + 9.5% for males

when averaged over all angular velocities [8]. However,
data with regard to HQ-ratio differences between sexes
needs to be complemented as only 11 of the 22 studies
included females, with generally small sample sizes for
studies which included females [8].

The data that supports a possible association between
a low HQ-ratio and an increased risk of a secondary
ACL injury is scarce. Furthermore, it is worth noting
that the value of the HQ-ratio to predict ACL injuries
is currently unclear, as inconsistent findings between
multiple studies were observed in a recent systematic
review on the relationship between HQ-ratio and the
risk of ACL injury [9]. Consequently, due to the very
limited data with regard to the possible association
between the HQ-ratio ratio and second ACL injuries,
the results from Kyritsis et al. [6] warrant replication in
order to justify the use of the HQ-ratio as a part of the
decision-making prior to RTS. In addition, clarification
of potential sex differences in HQ-ratio is also needed.

The aim of this study was to evaluate the association
between the HQ-ratio and the occurrence of a second
ACL injury in patients after ACL reconstruction within
2 years of returning to preinjury sport level. A second
aim was to compare the HQ-ratio between females and
males after ACL reconstruction.

Method

The study was reported in accordance with the REport-
ing of studies Conducted using Observational Routinely-
collected health Data (RECORD) Statement [10]. The
study was designed as a cohort study based on data from
Project ACL, a rehabilitation outcome registry, spe-
cific to patients with ACL injury. Participation in Pro-
ject ACL is voluntary and open to all patients with ACL
injury, regardless of treatment choice. Withdrawal from
the registry can be made at any time without conse-
quences. Informed consent is obtained, and the rights of
participants are protected. The study was carried out in
accordance with the Code of Ethics of the World Medical
Association (Declaration of Helsinki). Ethical approval
has been obtained from the Swedish Ethical Review
Authority with registration number 2020-02501.
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Project ACL

More than 4000 patients have enrolled in Project ACL
since its inception in 2014. The aim of Project ACL is
to improve care for patients with ACL injury by regu-
larly assessing muscle function and patient-reported
outcomes (PROs). Patients are assessed according to a
predefined schedule starting with ACL injury or recon-
struction as a baseline and then at 10 weeks, 4, 8, 12, 18,
24 and 60 months and then every 5 years. At the assess-
ment, patients complete a test battery consisting of
isokinetic concentric muscle strength testing in a Bio-
dex System 4 [11], hop performance [12] and PROs [13].
The tests are supervised by physical therapists educated
by Project ACL to perform the standardized tests. Data
from the tests of muscle function are entered in the Pro-
ject ACL database by the test leader, while the PROs are
recorded by the patients online on the Project ACL web-
site. Demographic information is registered on the Pro-
ject ACL website upon registration by the patients.

Patients

Patients eligible for inclusion in the present study were (1)
registered in Project ACL after a primary ACL rupture,
(2) treated with ACL-reconstruction, (3) participated
in knee-strenuous sport [14], i.e. they had a preinjury
Tegner Activity Scale (Tegner) score of >6, (4) recon-
structed with a hamstring tendon autograft or a patellar
tendon autograft, and (5) evaluated with the quadriceps
and hamstrings muscle strength test in the Biodex at the
follow-up where the patients had reported that they had
returned to preinjury sport level (ie., rated>6 on the
Tegner scale). Patients who had obtained a score of >6
on the Tegner scale at 10 weeks after ACL reconstruction
were excluded, as it was not deemed possible to safely
perform high-level knee-demanding activities at that
time point.

The Tegner scale aims to assess the level of knee-stren-
uous activity, ranging from 1 to 10, where higher values
indicate more knee-demanding activities [14]. Return to
preinjury sport level was defined as obtaining the same
score or higher on the Tegner scale as preinjury.

Data Collection

Information regarding patient demographics, the occur-
rence of a second ACL injury and the muscle strength
test results closest in time to return to preinjury sport
level were extracted from the Project ACL database for
further analysis on 23 November 2022.

Isokinetic concentric knee extension and flexion
strength measurements were performed in a Biodex
dynamometer (System 4, Biodex Medical Systems,
Shirley, New York, USA) [11]. After a warm-up and
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familiarization, a total of 3—4 reciprocal repetitions of
concentric knee extension and concentric knee flexion
contractions were performed with maximum effort, with
40 seconds (s) of rest between each attempt. For each
repetition, a concentric knee extension was immediately
followed by a concentric knee flexion. All torque values
were corrected for the weight of the patients’ leg and
gravity. The test was performed between 0° to 90° of knee
flexion, at an angular speed of 90°/s . The peak torque
expressed in Newton meters (N m) of knee extension and
flexion was used for analysis.

At each follow-up in Project ACL, patients receive
a question whether they have sustained a second ACL
injury or not since their last follow-up. Second ACL inju-
ries were confirmed by clinical assessment and/or mag-
netic resonance imaging and added to the database of
Project ACL by the responsible physician, physical thera-
pist, or the patients themselves.

Outcomes
The HQ-ratio was determined by dividing the peak ham-
strings torque by the peak quadriceps torque and then
multiplying by 100 to express the result as a percentage
[15]. The primary outcome of this study was the asso-
ciation between the HQ-ratio on the reconstructed knee
and the occurrence of a second ACL injury after return-
ing to preinjury sport level. Nevertheless, the HQ-ratio in
itself does not provide information whether the strength
in the hamstrings and quadriceps, respectively, is suffi-
cient. Consequently, the peak torque was normalized to
body mass and expressed as relative peak torque of the
quadriceps and hamstrings (N m kg™!) for sub-analyses
performed on the patients’ ACL reconstructed leg, as
well as the LSI as covariates of the association between
the HQ-ratio and second ACL injuries. In addition, sub-
analyses were performed on the association between the
HQ-ratio on the ACL reconstructed leg for ipsilateral
injuries (ACL re-rupture) and the HQ-ratio on the unin-
jured leg for contralateral injuries. Obtaining the same
score or higher on Tegner as preinjury was used as a
starting point, with the endpoint set at follow-up 2 years
after return to preinjury sport level, unless a second ACL
injury occurred.

The secondary outcome was the difference in the HQ-
ratio between sexes.

Statistical Method

Statistical analyses were performed with the SAS Statis-
tics for Windows (Version 9.4, SAS Institute, Cary, NC,
USA). Continuous variables were presented with the
mean, standard deviations and 95% confidence inter-
vals (CI). Categorical variables were presented with the
count and percentages. Alpha level of 0.05 was used. For
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comparison between categorical variables, Fisher’s exact
test was used. Logistic regression analysis was used to
investigate the association between the occurrence of
a second ACL injury and the HQ-ratio. The HQ-ratio
was analyzed as a continuous variable and illustrated
by intervals of the outcome based on groups consisting
of a similar number of patients. The following prognos-
tic factors for a second ACL injury were accounted for
using multivariable analysis: the time from reconstruc-
tion to return to preinjury sport level, sex, graft choice,
age, Tegner preinjury level and body mass index [16]. In
addition, the relative peak torque of the hamstrings and
quadriceps of the ACL reconstructed leg, as well as the
LSI of the quadriceps and the hamstrings, were analyzed
in a post-hoc analysis to investigate whether the rela-
tive peak torque or LSI values were associated with the
odds of a second ACL injury. For the analysis of ipsilat-
eral injuries, contralateral injuries were excluded, while
ipsilateral injuries were excluded when analyzing con-
tralateral injuries. The results of the logistic regression
models were presented with odds ratios (ORs), 95% Cls
and p values. Odds ratios were expressed for every 1-unit
increase in the predictor variable. A sensitivity analy-
sis was performed with a 10-unit increase to assess the
robustness of our results. To analyze the discriminatory
ability of the HQ-ratio value between patients who sus-
tain a second ACL injury and those who do not, as well as
comparing the discriminatory ability between the asso-
ciated factors, a receiver operating characteristic (ROC)
curve was produced. The area under the ROC-curve was
used to interpret the accuracy with the following refer-
ence values: 0.5=no discrimination, 0.7—0.8 = acceptable,
0.8-0.9 =excellent and > 0.9 = outstanding [17].

Results

A total of 574 patients (50.0% female) with a mean age
of 24.0 £ 9.4 years at primary ACL reconstruction met the
inclusion criteria (Fig. 1). The hamstring tendon auto-
graft was most frequently used (82.7%) compared with
the patellar tendon autograft (17.3%). Patients returned
to preinjury sport level at a mean of 12.8+5.9 months
(95% CI 12.3; 13.3 months) after ACL reconstruction
(Table 1).

Second ACL Injury Upon Returning to Preinjury Sport Level
There were 64 (11.1%) second ACL injuries during
the first 2 years after return to preinjury sport level. Of
these 64 s ACL injuries, 36 (56.3%) were ipsilateral and
28 (43.8%) contralateral. There was a significantly lower
HQ-ratio in the ACL reconstructed leg of patients who
sustained a second ACL injury compared with those
that did not (—3.6%, 95% CI —6.8; —0.4%), at the time of
return to preinjury sport level (Table 1).
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Odds for Sustaining a Second ACL Injury

For every 1% increase in the HQ-ratio of the
ACL reconstructed leg, the odds of sustaining a sec-
ond ACL injury, regardless of ipsi- or contralateral ACL
injury, decreased by 3% (OR 0.97 [95% CI 0.95-1.00],
p=0.025). When adjusting for prognostic factors of
a second ACL injury, the results were no longer sig-
nificant (OR 0.98 [95% CI 0.95-1.01], p=0.16). Fur-
thermore, the area under the ROC-curve was 0.60
(0.52-0.67), suggesting a poor discriminatory ability of
the HQ-ratio to identify those who would sustain a sec-
ond ACL injury (Table 2). Fourteen patients (2.4%) had
missing data for graft choice, and one patient (0.002%)
had missing data for BMI.

Ipsilateral and Contralateral ACL Injuries

The HQ-ratio on the ACL reconstructed side was not a
significant predictor for sustaining an ipsilateral ACL
injury, nor was the HQ-ratio on the uninjured side a pre-
dictor for sustaining a contralateral ACL injury (Table 3).

Relative Peak Torque and Limb Symmetry Index

The relative peak torque of hamstrings and quadriceps
strength on the ACL reconstructed leg was not signifi-
cantly associated with the odds of a second ACL injury.
Furthermore, neither hamstrings nor quadriceps LSI
were significantly associated with the odds of a sec-
ond ACL injury (Table 4). Four patients (0.007%) had
missing data for relative peak torque of hamstring and
quadriceps strength on the reconstructed side.

Sensitivity Analysis

There was a 27% increase in the odds of a second ACL
injury for every 10% decrease in the HQ-ratio, (OR 0.73
(0.56; 0.94), p=0.015). No significant results were found
when adjusting for prognostic factors (OR 0.81 (0.60;
1.09), p=0.17). The area under the ROC-curve was 0.51
(0.53; 0.68), indicating poor discriminatory ability.

Difference in the Hamstrings-to-Quadriceps Strength Ratio
Between Sexes

Females had a significantly higher HQ-ratio com-
pared with males in both the ACL reconstructed
(60.3% = 13.7% vs. 56.6% = 10.3%, p=0.0002) and unin-
jured leg (56.4% + 8.0% vs. 53.1% + 7.1%, p <0.001) at the
time of return to preinjury sport level (Table 5).

Discussion

The main findings in this study were that (1) the HQ-
ratio did not affect the odds for sustaining a second
ACL injury after return to preinjury sports level, and
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Patients registered in Project ACL in
November 2022
(n=4002)

Patients fulfilling the inclusion criteria
(n=620)
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Patients excluded
(n=70)

Due to:
Incorrect strength values

Patients included in the analysis
(n=574)

7 (n=1)
Rated >5 at Tegner already at 10 weeks
(n=45)

Fig. 1 Flowchart of inclusion/exclusion. Tegner Tegner activity level scale, n numbers

(2) females had a higher HQ-ratio compared with males
for both the ACL reconstructed and uninjured side.

Hamstrings-to-Quadriceps Strength Ratio and the Odds
of a Second ACL Injury

Despite the development of test batteries to provide
patients and caregivers with information regarding the
patient’s recovery of muscle strength and function prior
to RTS, the occurrence of a second ACL injury after
returning to pivoting sports is alarmingly high, with an
injury rate ranging from 18 to 42% at a follow-up time of
10 years [18, 19]. Historically, the quadriceps and ham-
strings strength have been evaluated as the LSI and in
isolation [1], with little regard to the HQ-ratio. In our
results, we found that for every 1% increase in the HQ-
ratio, the odds of a second ACL injury decreased by 3%.
However, sustaining a second ACL injury is naturally not
due to a single factor but the result of multiple interacting

factors. In the multivariable analysis, the result was
no longer significant. Thus, the HQ-ratio did not sig-
nificantly affect the odds for a second ACL injury upon
returning to preinjury sports level. This is not surprising,
given the many theories and risk factors that have been
proposed to explain the mechanism of non-contact ACL
injury in addition to the HQ-ratio, including (but not
limited to) excessive knee valgus, abduction moments,
axial compressive forces on the knee-joint and neuro-
cognitive errors [20-22]. Nevertheless, the assumption
that the HQ-ratio would influence the odds for a second
ACL injury is founded on the theoretically synergistic
role of the hamstrings to resist anterior tibial translation
and thus decrease the load on the ACL. In other words,
to rely solely on the HQ-ratio of the ACL reconstructed
side to estimate the odds of sustaining a second ACL
injury, regardless of ipsi-or contralateral ACL injury, may
be misleading. Consequently, for every 1% increase in
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Table 1 Patient demographics and the hamstrings-to-quadriceps ratio in patients who returned to preinjury sport level

Total (n=574) Re-injury within No re-injury within  Difference between  p value
2 years from RTS 2 years (n=510) groups Mean (95%
(n=64) Cl)

Sex, n (%)
Female 287 (50.0%) 26 (40.6%) 261 (51.2%) —106(-24.2;3.1) 0.14
Age at primary reconstruction (years) 24.0 (94) 19.8 (4.7) 24.6 (9.7) —-48(-72,-24) 0.002
Body Mass Index, (kg/mz) 23.6(3.1) 23.8(5.0) 23.6(2.8) 0.2(=0.7;1.0) 0.51
Graft choice, n (%)

Hamstring tendon autograft 463 (82.7%) 56 (90.3%) 407 (81.7%) 86(—04;17.6) 0.12

Patellar tendon autograft 97 (17.3%) 6 (9.7%) 91 (18.3%)
Time to return to preinjury sport level 12.8(5.9) (12.2;13.3) 11.7 (47) (10.6; 12.9) 129 (6.0) (124;13.5) -12(-28;03) 0.13
(months)
Side of second ACL injury (%)

Ipsilateral 36 (56.3%)

Contralateral 28 (43.8%)
HQ-ratio (ACL reconstructed side) (%) 585(12.3) (57.5;59.5) 55.2(106) (52.6;57.9) 589(12.4) (57.8;60.0) —3.65(—6.78:—0.44) 0.026
HQ-ratio (uninjured side) (%) 54.7 (7.8) (54.1; 55.4) 53.5(8.9)(51.2;55.7) 54.9 (7.6) (54.2; 55.6) —144(-3.51,047) 0.16
Difference in HQ-ratio 3.73(11.34) (2.80;4.66) 1.78(10.56) (—0.86;4.42) 3.98(11.43)(2.98;4.97) —2.20(-531;0.76) 0.14
between the ACL reconstructed
and uninjured leg (%)
Relative peak torque of hamstrings 1.52(0.31)(1.49;1.54)  1.46(0.33) (1.38; 1.54) 1.52(0.31) (1.50; 1.55)  —0.06 (—0.14;0.02) 0.14
strength, reconstructed (N m kg™")
Relative peak torque of quadriceps 2.64(0.50) (2.60;2.68) 268 (0.54) (2.55;2.81) 2.63(0.50) (2.59;2.68) —0.05(—=0.09; 0.20) 0.49
strength, reconstructed (N m kg™")
Hamstrings LSI (%) 98.0(12.1)(97.0;,99.0)  97.7 (12.4) (94.5; 100.8) 98.0(12.1)(96.9;99.0)0 —0.35(—3.80;2.79) 0.86
Quadriceps LSI (%) 929(125)(91.8,93.9) 95.0(12.8)(91.8;98.2) 92.6(125)(915;93.7) 244 (-059;5.79) 0.13

A bold p-value indicates a significance (p < 0.05). For categorical variables, n (%) is presented. For continuous variables, the mean (SD)/ (95% Cl for mean) is presented

ACL anterior cruciate ligament, C/ confidence intervals, HQ hamstrings-to-quadriceps, kg kilograms, LS/ limb symmetry index, M meters, n numbers, N m Newton

meters

the HQ-ratio of the ACL reconstructed side, the odds of
an ipsilateral ACL injury decreased by 3% (95% CI 0.97
(0.94; 1.00), p=0.051). However, after addressing prog-
nostic factors in the multivariable analysis, the associa-
tion between HQ-ratio and ipsilateral ACL injuries was
no longer significant. The finding in the present study
that the HQ-ratio did not affect the odds for a second
ACL injury is in contrast with previous research [6, 23],
and questions the use of the HQ-ratio as part of the deci-
sion-making prior to RTS.

In our cohort of 574 patients, 82.7% were reconstructed
with hamstring tendon autografts. It is well established
that harvesting hamstring tendons for ACL reconstruc-
tion leads to reduced knee flexor strength, while the
patellar-and-quadriceps tendon autograft procedures
lead to reduced knee extensor strength up to 1 year after
reconstruction [24, 25]. In addition, patients with a ham-
string tendon autograft have been reported to recover
quadriceps strength sooner than patellar tendon auto-
grafts and allografts [26]. In our cohort, the patients
who sustained a second ACL injury had a significantly
lower HQ-ratio compared to those who did not sustain a

second ACL injury (—3.6%, 95% CI —6.8; —0.4%) which
may reflect the predominance of patients treated with
hamstring tendon autografts in our cohort. Nevertheless,
the HQ-ratio did not significantly affect the odds of a sec-
ond ACL injury. A lower HQ-ratio may be considered to
be the tip of an iceberg; we may see it in patients who will
sustain a second ACL injury, although factors such time
to RTS, age, higher posterolateral tibial slope, greater
knee laxity, and activity level/exposure may be of greater
importance than the HQ-ratio [16].

Relative Peak Torque and Differences Between Sexes

To only evaluate the ratio between the hamstrings and
quadriceps provides insufficient information regarding
(1) whether the patient has recovered muscle strength
compared with the uninjured side and (2) whether the
strength is sufficient in the hamstrings and the quadri-
ceps, respectively. To address the relative peak torque,
as well as whether patients had recovered their muscle
strength with their uninjured limb as a reference (LSI),
we performed a post-hoc logistic regression. However,
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Table 2 Hamstrings-to-quadriceps strength ratio for the odds of sustaining a second ACL injury

Value n (%) of event Univariable* Area under Multivariable**
ROC curve
OR (95%(Cl) pvalue (959Cl) OR (95%(Cl) p value

HQ-ratio (ACL reconstructed ~ 30.9-<52.8 33 (17.2%)
side) (%)

52.8-<61.0 14 (7.3%)

61.0-139.0 17 (8.9%) 0.97 (0.95-1.00) 0.025 0.60 (0.52-0.67) 0.98 (0.95-1.01) 0.16
Time to RT preinjury sport 35-<114 25(13.1%)
level (months)

114-<128 23 (12.0%)

12.8-24.7 16 (8.4%) 0.96 (0.92-1.01) 0.3 0.54 (047-0.61) 096 (0.91-1.01) 0.12
Sex, n (%) Male 38 (13.2%)

Female 26 (9.1%) 0.65(0.38-1.11) 0.11 0.55(049-0.62) 0.73(041-1.30) 0.28
Graft choice, n (%) Hamstring tendon autograft 56 (12.1%)

Patellar tendon autograft 6 (6.2%) 048 (0.20-1.15) 0.098 0.54 (0.50-0.58) 0.52(0.20-1.34) 0.18
Age at primary reconstruc- 12.9-<183 31 (16.2%)
tion, n (%)

18.3-<24.9 23 (12.0%)

24.9-68.0 10 (5.2%) 0.92(0.87-0.96) 0.0002 0.64(0.58-0.71) 0.94(0.89-0.98) 0.008
Tegner preinjury, n (%) 6-<8 9 (5.1%)

8-<9 23 (14.8%)

9-10 32 (13.1%) 1.32(1.06-1.66) 0.015 059 (0.52-0.65) 1.17(0.89-1.52) 0.26
Body mass index, n (%) 15.8-<225 25 (13.1%)

22.5-<245 18 (9.3%)

24.5-59.2 21 (11.1%) 1.02 (0.94-1.10) 0.60 0.48 (0.40-0.55)

A bold p-value indicates a significance (p < 0.05). ACL anterior cruciate ligament, C/ confidence intervals, HQ hamstrings-to-quadriceps, n numbers, OR odds ratio, ROC

receiver operating curve, RT return to, Tegner tegner activity scale
*All analyses were performed with univariable logistic regression

**Multivariable logistic regression model including the hamstrings-to-quadriceps strength ratio (ACL reconstructed side), time to return to preinjury sport level
(months), sex, graft choice, age at index operation and Tegner preinjury. Area under ROC curve with 95% Cl for multivariable model=0.69 (0.62-0.76)

we observed no additional significant odds ratios in our
results.

In the analysis between females and males, we observed
that females had a higher HQ-ratio compared with males
in both the ACL reconstructed and uninjured side. This
is in line with the findings of Myer et al. [7] who reported
that females had a lower quadriceps strength than males,
leading to a higher HQ-ratio. Despite differences in the
HQ-ratio between sexes, no difference in the injury rate
between sexes was observed in our cohort, highlighting
the multifactorial nature of ACL injuries.

Limitations

In the present study, we included patients who obtained
the same score or higher on Tegner as preinjury, indicat-
ing a return to preinjury sports level. However, we do not
know the kind of sport to which they returned. The HQ-
ratio may differ between sports [27], as different sports
impose different demands on the knee, e.g., primarily
vertical forces such as in jumping, or more horizontal
forces such as in sprinting [27]. Different sports may also

contribute to limb dominance, e.g., being right footed in
soccer, which may have affected our analysis between the
legs. Although the patients included may have partici-
pated in different sports, we observed no significant dif-
ference in the HQ-ratio between the ACL reconstructed
and uninjured leg, which is in line with previous research
[28]. Furthermore, the strength tests of the quadriceps
and hamstrings in Project ACL are performed with isoki-
netic concentric contractions in a seated position, at an
angular velocity of 90°/s. The relevance of open-chain
concentric strength tests to ACL injury situations can
be questioned, as the hamstrings work in a closed chain
during typical ACL injury situations, such as landing and
side cutting maneuvers [21]. In these situations, the ham-
strings may work eccentrically and/or isometrically to
reduce the strain on the ACL. In addition to the contrac-
tion mode, the hip and knee angles, as well as the con-
traction velocity, will also differ in sporting situations.
Previous research has reported that a more extended hip
and deeper angle of knee flexion will produce a lower
HQ-ratio compared with a flexed hip and lower angle of
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Table 3 Hamstrings-to-quadriceps strength ratio for the odds of sustaining an ipsilateral and contralateral anterior cruciate ligament

injury

Value n (%) of event  Univariable* Area under ROC Multivariable**

curve (95%Cl)
OR (95%Cl) p value OR (95%(Cl) p value

Ipsilateral ACL injuries
HQ-ratio (ACL reconstructed side) (%)  30.9-<52.9 19 (10.4%)

529-<61.1 7 (3.8%)

61.1-139.0 10 (5.5%) 0.97 (0.94-1.00) 0.051 0.60 (0.51-0.70) 097 (0.94-1.01) 0.12
Tegner preinjury n (%) 6-<8 6 (3.5%)

8-<9 13 (5.5%)

9-10 17 (7.4%) 1.28(0.96-1.71) 0.097 0.58 (0.49-0.66) 1.10(0.79-153) 058
Contralateral ACL injuries
HQ-ratio (uninjured side) (%) 320-<516 14 (7.8%)

51.6-<57.7 6 (3.3%)

57.7-104.3 8 (4.5%) 097 (0.92-1.02) 0.19 0.58 (0.45-0.70) 097 (0.92-1.02) 024
Tegner preinjury n (%) 6-<8 3(1.8%)

8-<9 10 (7.0%)

9-10 15 (6.6%) 1.37(098-192) 0.063 0.60 (0.52-0.68) 1.39(0.99-1.95) 0.056

A bold p-value indicates a significance (p < 0.05). ACL anterior cruciate ligament, C/ confidence intervals, HQ hamstrings-to-quadriceps, n numbers, OR odds ratio, ROC

receiver operating curve, Tegner Tegner activity scale

*All analyses were performed with univariable logistic regression

**Multivariable logistic regression model including hamstrings-to-quadriceps strength ratio (ACL reconstructed side) and Tegner preinjury. Area under the ROC curve

with 95% Cl for multivariable model =0.66 (0.57-0.74)

Table 4 Post-hoc logistic regression analysis of association between relative peak torque of the hamstrings and quadriceps strength
on the ACL reconstructed side, and the LS| for the hamstrings and quadriceps with second ACL injuries

Value n (%) of event  Univariable* Area under ROC Multivariable**
curve (95%Cl)
OR (95%Cl) p value OR (95%Cl) p value

HQ-ratio (ACL reconstructed side) (%) 30.9-<52.8 33 (17.2%)

52.8-<61.0 14 (7.3%)

61.0-139.0 17 (8.9%) 0.97 (0.95-1.00) 0.025 0.60 (0.52-0.67) 098 (0.95-1.01) 0.16
Relative peak torque of hamstrings 0.33-<1.37 29 (15.3%)
strength, reconstructed (N m kg’w)

1.37-<1.64 16 (8.4%)

1.64-2.51 19 (10.0%) 052(0.22-1.21) 013 0.57 (0.49-0.64) 047(0.18-1.27) 0.14
Relative peak torque of quadriceps 1.06-<2.42 19 (10.0%)
strength, reconstructed (N m kg")

242<-2.85 9 (10.0%)

2.85-4.07 26 (13.7%) 1.21(0.72-2.03) 047 0.53 (0.45-0.61) 0.96 (0.52-1.78) 091
LSI hamstrings (%) 425-<93.0 19 (9.9%)

93.0-<1025 25(13.1%)

102.5-140.0 20 (10.4%) 1.00 (0.98-1.02) 0.83 0.52 (0.44-0.59) 1.00 (0.98-1.02) 091
LSI quadriceps (%) 40.2-<90.2 22 (11.5%)

90.2-<98.7 15 (7.8%)

98.7-1294 27 (14.1%) 1.02(0.99-1.04) 0.4 0.55(047-063)  1.01(0.98-1.03) 0.68

A bold p-value indicates a significance (p < 0.05). ACL anterior cruciate ligament, C/ confidence intervals, HQ hamstrings-to-quadriceps, LS/ limb symmetry index, n
numbers, N m Newton meters, OR odds ratio, ROC receiver operating curve

*All analyses were performed with univariable logistic regression

**Multivariable logistic regression model including hamstrings-to-quadriceps strength ratio (ACL-reconstructed side), relative peak torque of hamstrings strength,

relative peak torque of quadriceps strength, LSI hamstrings, and LSI quadriceps. Area under ROC curve with 95% Cl for multivariable model =

0.69 (0.62-0.76)
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Table 5 Differences in hamstrings-to-quadriceps strength ratio between sexes

Total (n=574)

Male (n=287)

Difference between
groups Mean (95%
cl)

Female (n=287) p value

HQ-ratio (ACL reconstructed side) (%)
HQ-ratio (uninjured side) (%)

Difference in HQ-ratio
between the ACL reconstructed
and uninjured leg (%)

585 (12.3) (57.5; 59.5)
54.7 (7.8) (54.1; 55.4)
3.73(11.34) (2.80; 4.66)

56.6(10.3) (55.4;57.8)
53.1(7.1)(52.2;53.9)
341(9.57) (2.22; 4.60)

603 (13.7) (58.7,61.9) 0.0002 -3.74(-5.71;-1.76)
564 (8.0) (55.5;57.3) <0.001 -334(-4.60;-2.10)
3.87 (13.16) (2.26; 5.49) 0.68 —040 (-2.25; 148)

A bold p-value indicates a significance (p < 0.05). For continuous variables, the mean (SD)/(95% Cl) is presented

ACL anterior cruciate ligament, C/ confidence intervals, HQ hamstrings-to-quadriceps, n numbers

knee flexion [29]. Taken together, multiple aspects affect
the HQ-ratio, making it complex to assess and interpret.
It is possible that our way of determining the HQ-ratio in
the present study may not be representative of the way
the muscles work to reduce the strain on the ACL and
this could have affected our analysis of the odds of a sec-
ond ACL injury.

Conclusion

Patients who sustain a second ACL injury within 2 years
after return to preinjury sport level have a significantly
lower HQ-ratio. However, the HQ-ratio did not signifi-
cantly influence the odds for sustaining a second ACL
injury after return to preinjury sport level. Consequently,
the HQ-ratio should not be considered in isolation but in
combination with other factors in RTS decision-making.
Moreover, females had significantly higher HQ-ratio than
males for both the ACL reconstructed and uninjured
side.
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