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Background: Return-to-play (RTP) assessment after anterior cruciate ligament reconstruction (ACLR) rarely includes hip
strength.

Hypothesis: It was hypothesized that (1) patients after ACLR will have weaker hip abduction (AB) and adduction (AD) strength
compared with the contralateral limb, with larger deficits in women, (2) there will be a correlation between hip and thigh strength
ratios and patient-reported outcomes (PROs), and (3) hip AB and AD strength will improve over time.

Study Design: Descriptive laboratory study.

Methods: Included were 140 patients (74 male, 66 female; mean age, 24.16 = 10.82 years) who underwent RTP assessment at
6.1 = 1.6 months after ACLR; 86 patients underwent a second assessment at 8.2 = 2.2 months. Hip AB/AD and knee extension/
flexion isometric strength were measured and normalized to body mass, and PRO scores were collected. Strength ratios (hip vs
thigh), limb differences (injured vs uninjured), sex-based differences, and relationships between strength ratios and PROs were
determined.

Results: Hip AB strength was weaker on the ACLR limb (ACLR vs contralateral: 1.85 = 0.49 vs 1.89 + 0.48 N-m/kg; P < .001) and
hip AD torque was stronger (ACLR vs contralateral: 1.80 = 0.51 vs 1.76 = 0.52 N-m/kg; P = .004), with no sex-by-limb interaction
found. Lower hip-to-thigh strength ratios of the ACLR limb were correlated with higher PRO scores (r = —0.17 to —0.25). Over
time, hip AB strength increased in the ACLR limb more than in the contralateral limb (P = .01); however, the ACLR limb remained
weaker in hip AB at visit 2 (ACLR vs contralateral: 1.88 = 0.46 vs 1.91 = 0.45 N-m/kg; P = .04). In both limbs, hip AD strength was
greater at visit 2 than visit 1 (ACLR: 1.82 + 0.48 vs 1.70 = 0.48 N-m/kg; contralateral: 1.76 = 0.47 vs 1.67 * 0.47 N-m/kg; P < .01
for both).

Conclusion: The ACLR limb had weaker hip AB and stronger AD compared with the contralateral limb at initial assessment. Hip
muscle strength recovery was not influenced by sex. Hip strength and symmetry improved over the course of rehabilitation.
Although strength differences across limbs were minor, the clinical importance of these differences is still unknown.

Clinical Relevance: The evidence provided highlights the need to integrate hip strength into RTP assessments to identify hip
strength deficits that may increase reinjury or lead to poor long-term outcomes.
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Anterior cruciate ligament (ACL) injury is a common mus- ACLR commonly complete supervised rehabilitation in
culoskeletal injury in active populations.'® After an ACL order to return to play (RTP); however, despite these
injury individuals often opt for surgical reconstruction efforts only 50% to 55% of individuals will return to their
(ACL reconstruction [ACLR]).'%!” Patients who undergo previous competitive level of sport, 80% to 81% will return

to recreational activities, and approximately 23% to 30% of
individuals will experience a reinjury to either the recon-
The Orth dic J | of Sports Medici 11(7), 23259671231169196 structed or the contralateral hmb.2’5,18’35

e Opaeaic Journal O ports Medicine, ) e . . . . .
DOI: 10.1177/23259671231169196 . Many. clinicians encourage their pat.lents .to participate
© The Author(s) 2023 in a series of assessments and questionnaires to gauge

This open-access article is published and distributed under the Creative Commons Attribution - NonCommercial - No Derivatives License (https://creativecommons.org/
licenses/by-nc-nd/4.0/), which permits the noncommercial use, distribution, and reproduction of the article in any medium, provided the original author and source are
credited. You may not alter, transform, or build upon this article without the permission of the Author(s). For article reuse guidelines, please visit SAGE’s website at
http://www.sagepub.com/journals-permissions.



2 Bruce Leicht et al

their progression during rehabilitation and to determine
their readiness for release from care and return to unre-
stricted physical activity.?® These tests typically include
objective measures of strength and function as well as
patient-reported outcomes (PROs).!® These tests can
guide clinicians’ decisions on whether a patient is ready
to return to preinjury levels of physical activity or whether
additional rehabilitation sessions are warranted.3®6
Persistent lower extremity muscle weakness has been
repeatedly observed in the quadriceps and hamstring mus-
culature; as a result, traditional rehabilitation primarily
focuses on strengthening these 2 muscle groups after
ACLR.131318.27:30.31 Previgus studies have examined the
influence that hip adduction (AD) and abduction (AB)
strength have on ACL injury occurrence*'?* and found
that hip strength deficits may be associated with risky bio-
mechanical movement such as increased knee valgus
moments, valgus positioning, and a loss of frontal plane pos-
tural stability.®®?® These changes in biomechanical move-
ment patterns have been reported as risk factors for
initial ACL injury and reinjury.??3 Additionally, a recent
study indicated sex differences during a landing task, where
women had significantly lower hip AB peak torque when
normalized to body weight.2® Hip weakness in women has
been indicated as a risk factor for future noncontact ACL
injuries and patellofemoral pain.?®?® Hip strengthening
has not been a typical component of RTP assessment used
to track rehabilitation progress and outcomes after ACLR.%!

The utility of muscle strength ratios, specifically the
hamstring-to-quadriceps strength ratio, as risk factor indi-
cators of lower extremity injury has been previously
explored*®; however, there have been mixed findings.2"*6
One study found lower hamstring-to-quadriceps strength
ratios are indicative of lower limb strength imbalances
and are potential risk factors for ACL graft rupture.®”
Another study discussed a lack of association between ham-
string-to-quadriceps strength ratios and lower extremity
injury.2” More recently, investigators have begun examin-
ing the influence of a hip abductor strength ratio on altered
jump landing mechanics.?* However, it is unclear how lower
extremity strength ratios might relate to subjective out-
comes after ACLR.

The 3 aims of this study were to (1) compare hip AB and
AD strength between the reconstructed and contralateral
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limb and between men and women recovering from
ACLR, (2) examine the relationship between hip and thigh
strength ratios and PROs, and (3) determine whether hip
AB and AD strength changed from early to late phase
rehabilitation after ACLR. We hypothesized that (1) partic-
ipants would have weaker hip AB and AD strength com-
pared with the contralateral limb and that this strength
deficit would be larger in women compared with their
male counterparts, (2) there would be a relationship
between hip and thigh strength ratios and PROs, and (3)
hip strength from both the AB and AD musculature would
improve across RTP assessment visits.

METHODS
Study Design

The study protocol was approved by the university’s insti-
tutional review board for health sciences research. This
was an observational cohort study conducted in a controlled
laboratory setting as part of a larger point-of-care, collabo-
rative research program within an academic health sys-
tem. Patients attended objective and subjective testing
during a visit to our university laboratory before their
RTP time point, approximately 5 to 10 months after sur-
gery (visit 1). The patients were also given the option to
attend an early testing visit around 4 months after
surgery, with data provided to track their improvement
over time. A subset of the study patients returned for a sec-
ond assessment (visit 2), during which all testing proce-
dures were repeated.

The sample size estimate was based on identifying sex
differences in hip AB strength using data collected in our
laboratory as a variability estimate in hip AB torque. We
determined that >63 patients per group were necessary
to identify a moderate effect size (0.5) between sexes at
an alpha level of .05 and an error rate of 0.8.

Participants

A total of 327 patients were referred to our laboratory from
their orthopaedic surgeon within our academic health
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TABLE 1
Participant Characteristics®

Patients Who Completed

Patients Who Completed All Patients

Only Visit 1 (n = 54) Visits 1 and 2 (n = 86) (n = 140)
Sex, male/female, n 35/19 39/47 74/66
Age, y 25.69 + 11.92 22.93 + 9.85 24.16 + 10.82
Mass, kg 80.51 + 19.73 77.43 + 18.05 79.46 + 19.18
Height, cm 172.96 = 11.43 172.17 = 10.19 172.79 + 10.64
Follow-up time, mo Visit 1: 6.05 = 1.54 Visit 1: 4.86 = 1.54 Visit 1: 6.13 = 1.57
Visit 2: 8.24 = 2.23

Graft type

Patellar tendon 36 (66.67) 72 (83.7) 108 (77.1)

Hamstring tendon 16 (29.63) 12 (14) 28 (20.0)

Quadriceps tendon 1(1.85) 2 (2.3) 3(2.1)

Allograft 1(1.85) 0(0) 1(0.7)

“Data are reported as mean * SD or n (%) unless otherwise indicated.

Assessed for eligibility (n = 327)

Excluded (n = 187)

e Prior ACLR

P o Contralateral injury

¢ Postoperative complications
e Concomitant injuries

v

Aims 1 and 2: (n = 140)

Excluded (n =54)
¢ Did not complete 2 visits

Aim 3: (n = 86)

Figure 1. Patients who underwent anterior cruciate ligament
reconstruction (ACLR) and were screened and enrolled for
the 3 aims of this study.

system. The patients were given a suggested standard-of-
care rehabilitation protocol from their orthopaedic surgeon;
however, they underwent rehabilitation in various clinic
locations based on patient preference and convenience.
The inclusion criterion for this study was primary, unilat-
eral, uncomplicated, and isolated ACLR surgery. Patients
were excluded if they had undergone a prior ACLR surgery,
multiligament reconstruction, graft failure, or contralateral
ACL injury; if they had any other lower extremity injury or
concussion within the past 6 months; or if they had any neu-
rological disorders. A total of 140 patients were considered
eligible and provided written informed consent before
enrollment. Of these patients, 86 attended visit 2. The
enrollment procedure is shown in Figure 1, and participant
characteristics are shown in Table 1.

Procedures

Strength evaluations at both time points were performed
during a single session where hip muscle strength, knee
muscle strength, and PROs were measured by 3 trained
investigators (A.S.B.L., X.D.T., H.M.H.). Patients underwent

a standardized warm-up protocol on a treadmill before all
testing procedures. The warm-up protocol was a 5-minute
walk on a treadmill (Gait Trainer 3; Biodex Medical Systems
Inc) at a standardized pace of 3 mph.

Hip Strength Measurement

Hip AB and AD peak torques were measured bilaterally
during maximal voluntary isometric contractions (MVICs)
for each patient using a force dynamometer (ForceFrame;
Vald Performance) sampled at 50 Hz, which has been pre-
viously reported to be reliable with coefficient of variation
values <10%.1%%% Participants were instructed to lie
supine with their knees and hips flexed to 45° (Figure 2).
All participants performed three 5-second maximal isomet-
ric hip AD and AB contraction trials. All data were aver-
aged across the 3 trials. Participants performed AD
MVICs bilaterally first, followed by AB MVICs, with 30-
second rest given between sets.

Knee Strength Measurement

Isometric quadriceps and hamstring peak torques were
measured bilaterally during knee extension and flexion
during an MVIC using a multimodal dynamometer (Sys-
tems IV; Biodex Medical Systems Inc) using a universal
data export to a data acquisition system (MP150; Biopac
Inc) sampled at 125 Hz and low-pass filtered at 15 Hz for
data processing. Patients were seated in the dynamometer
chair with their hips flexed at 85° and knees flexed at 90°,
and were instructed to either kick their knee out to evaluate
quadriceps strength or pull back for hamstring strength “as
hard as possible” for a maximal 30-second effort (Figure
3).11 The contralateral limb was always tested first, and
then the test was repeated for the ACLR limb.

Patient-Reported Outcomes

All participants completed a series of PROs during the
visit. The International Knee Documentation Committee
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Figure 2. (A) Setup for hip strength testing. (B) Hip abduction testing position. (C) Hip adduction testing position.

(IKDC) Subjective Knee Form was collected to determine
subjective knee function.?? The Knee injury and Osteoar-
thritis Outcome Score (KOOS) was used to evaluate the
severity of the knee symptoms and functional disabil-
ities.*! Last, the Anterior Cruciate Ligament-Return to
Sport after Injury (ACL-RSI) score was collected to assess
patient emotions, confidence, and risk appraisal in relation
to resuming sport-related activities.*®

Data Processing

Hip torque was calculated using force obtained from the
isometric dynamometer (newtons) multiplied by femoral
length (meters) derived from patient height using previ-
ously reported sex-specific equations** and was normalized
to body mass (N-m/kg). The peak torque MVIC for thigh
muscle torque was calculated by obtaining the maximal
1-second average from the first 5 seconds of the test.!!
Limb strength was reported as the limb symmetry index
(LST; in percentage) between the ACLR and contralateral
limb, calculated as (ACLR limb/contralateral limb) X
100.3 Lower extremity strength ratios were calculated
from non-normalized torque values. The following lower
extremity strength ratios were calculated: hamstring to
quadriceps (H/Q), AB to AD (AB/AD), AB to quadriceps
(AB/Q), AD to quadriceps (AD/Q), AB to hamstring (AB/
H), and AD to hamstring (AD/H). These ratios were catego-
rized into either an agonist-to-antagonist ratio group (H/Q
and AB/AD) or a hip-to-thigh ratio group (AB/Q, AD/Q, AB/
H, and AD/H).

Statistical Analysis

The independent variables were limb (ACLR vs contralat-
eral), sex (male vs female), and time (visit 1 vs visit 2).
The dependent variables were bilateral hip AB, hip AD,
knee extension and knee flexion strength (peak torque nor-
malized to body mass), and PROs IKDC, KOOS, and ACL-
RSI). LSIs and strength ratios were compared across the
hip AB and AD musculature as well as within the quadri-
ceps and hamstring muscle groups.

Figure 3. Setup for the knee strength assessment.

For aim 1, a separate 2 X 2 (limb-by-sex) repeated-
measures analysis of variance (ANOVA) was used to com-
pare hip strength between men and women. Post hoc ¢
tests were performed as appropriate. A paired-samples ¢
test was used to compare hip AB and AD limb symmetry
between the men and women and between the ACLR and
contralateral limbs for individuals with a single visit.
The Cohen effect size (d) was calculated and used to inter-
pret pooled standardized mean differences, which repre-
sent the magnitude of observed differences.?®3* Effect
size values were classified as weak (<0.2), small (0.2-
0.49), moderate (0.5-0.8), or large (>0.8).2°



The Orthopaedic Journal of Sports Medicine

o

30

2

f=4

2

©

@ 20

ey

]

s

S

£

=]

z o Group

[T First visit

B | o* Second visit

i 1 visit only
15 1

@ 1

< 1

2 1

T 10 1

o 1

ey

<] 1

o 1

Qo 5 1

£ 1

3

zZ 1
1
6

2 4 8

10 12 14 16
Time Post-ACLR (Months)

Figure 4. Distribution of time post-anterior cruciate ligament
reconstruction (ACLR) in months for patients who attended 2
visits compared with attending a singular visit. Dashed verti-
cal lines indicate the mean time post-ACLR for (A) individuals
at their first and second visits and (B) those who attended 1
visit only. *Patients who only attended 1 visit were evaluated
significantly later than the first visit of those who attended 2
serial visits (P < .001).

For aim 2, the Pearson correlation coefficient (r) was
used to determine the association between PRO scores
and hip and thigh muscle strength ratios. Correlation coef-
ficients were classified as weak (0.0-0.25), fair (0.26-0.50),
moderate (0.51-0.75), or strong (>0.76).3

For aim 3, we used 2 X 2 (limb-by-time) repeated-
measures ANOVA to compare hip strength between visits
1 and 2. Post hoc ¢ tests were performed as appropriate.
A paired-samples ¢ test was used to compare hip AB and
AD limb symmetry between visits 1 and 2.

SPSS Version 28 (IBM Corp) was used for all statistical
calculations, and the « level was set « priori at <.05 for all
analyses.

RESULTS

There was a statistically significant difference in time post-
surgery between the participants who completed 1 visit
(n = 140) compared with participants who completed 2 vis-
its (n = 86), in which patients who attended only 1 visit
were evaluated significantly later than the first visit of
patients who attended 2 serial visits (time postoperatively:
6.05 * 1.54 vs 4.86 *= 1.54 months, respectively; ¢t = 4.46;
P < .001; d = 0.77) (Figure 4).

There were no significant limb-by-sex interactions for
hlp AB (F(1,138) = 001, P = .92) or hlp AD (F(lylgg) = 003,
P = .86) strength. There was a main effect for sex, where
men had greater hip AB and AD strength values than
women (AB: F(135) = 12.01, P < .01, d = 0.88; AD:
F(1138) = 7.31, P = .008, d = 0.61) (Table 2). There was
also a main effect for the limb for both hip AB and AD nor-
malized peak torques. The hip AB torque of the ACLR limb

Hip Strength Recovery After ACLR 5

TABLE 2
Hip Strength Across Limbs and Between Sexes
at Visit 1 (n = 140)*

Hip AB Strength Hip AD Strength

Variable ACLR Contralateral ACLR Contralateral

Overall 1.85 = 0.49 1.89 = 0.48° 1.80 = 0.51° 1.76 + 0.52
Male  2.04 = 0.48° 2.07 + 0.46° 1.94 = 0.54° 1.91 * 0.58
Female 1.64 + 0.42 1.68 +0.43 1.64 = 0.43 1.60 + 0.39

“Data are reported in N-m/kg as mean = SD. AB, abduction;
ACLR, anterior cruciate ligament reconstruction; AD, adduction.

bSigniﬁcant difference between limbs (P < .01).

“Significant difference between men and women (P < .05).

(1.85 = 0.49 N-m/kg) was significantly lower than that of
the contralateral limb (1.89 = 0.48 N-m/kg; t = 3.47; P <
.001; d = 0.29). Conversely, the hip AD torque of the
ACLR limb (1.80 = 0.51 N-m/kg) was significantly higher
than that of the contralateral limb (1.76 = 0.52 N-m/kg;
t =2.71; P =.004;d = 0.23).

Hip AB and AD strength LSI values are shown in Table
3. Visit 2 limb symmetry percentages were significantly
greater compared with visit 1 values for both hip AB (¢ =
2.95; P = .02) and AD (¢t = 1.76; P = .04). There were no
sex-based differences in muscle strength for AB (¢ = 0.20;
P=.42;d=0.03) or AD (¢t = 0.67; P = .25;d = 0.11).

Weak negative relationships were observed between the
hip-to-thigh strength ratio group and PROs of the ACLR
limb (Table 4). Correlations between AB/Q and all PROs
for the ACLR limb were statistically significant (r = —0.2
to —0.24) except for the KOOS Activities of Daily Living
(ADL) subscale. AB/H was significantly correlated only
with KOOS ADL (r = —0.23) and ACL-RSI (r = —0.18).
No significant correlations were observed between the ago-
nist-to-antagonist strength ratio group and PROs of the
ACLR limb, nor were any significant findings seen between
any contralateral limb strength ratios and PROs.

A significant limb-by-time interaction (F(; g5, = 6.817; P
=.01) for hip AB strength was observed (Figure 5). At visit
1, the ACLR limb exhibited significantly weaker AB
strength (ACLR: 1.80 = 0.45 N-m/kg; contralateral: 1.86
+ 0.44 N-m/kg; P < .001; d = 0.51). At visit 2, the ACLR
limb remained significantly weaker (ACLR: 1.88 = 0.46
N-m/kg; contralateral: 1.91 = 0.45 N-m/kg; P = .04; d =
0.19) but to a lesser magnitude. There was a significant
increase in hip AB strength across visits for the ACLR
limb (visit 1: 1.80 = 0.45 N-m/kg; visit 2: 1.88 = 0.46
N-m/kg; t(85) = —2.64; P < .01), but no significant change
was found for the contralateral limb.

There was no significant limb-by-time interaction
observed for hip AD; however, regardless of limb, hip AD
strength was significantly greater at visit 2 (ACLR: 1.82
+ 0.48 N-m/kg; contralateral: 1.76 = 0.47 N-m/kg) com-
pared with visit 1 (ACLR: 1.70 = 0.48 N-m/kg, #(85) =
—3.95, P < .01; contralateral: 1.67 = 0.47 N-m/kg, #(85) =
—3.31, P < .01) (Figure 5). A significant increase in limb
symmetry values was present for hip AB at visit 2
(98.710% = 6.86%) compared with visit 1 (96.72% =
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TABLE 3
Hip Muscle Strength LSI Values According to Assessment Visit and Sex®

Variable

Hip Muscle Strength LSI, %

AB

AD

Visit 1 only (n = 140)
Visits 1 and 2 (n = 86)

Men (n = 74)
Women (n = 66)

98.19 + 6.04

Visit 1: 96.72 + 5.83

Visit 2: 98.70 + 6.86°
98.29 * 6.02
98.08 * 6.11

102.79 * 9.99
Visit 1: 101.95 * 8.16
Visit 2: 103.80 * 12.05°

103.33 = 11.94

102.20 = 7.26

“Data are reported as a percentage (%) as mean = SD. A limb symmetry index (LSI) of 100% indicates that the strength in the anterior
cruciate ligament reconstruction (ACLR) limb and contralateral limb are equal; an LSI <100% indicates less strength in the ACLR limb, and
an LSI >100% indicates more strength in the ACLR limb. AB, abduction; AD, adduction.

bSigniﬁcant difference compared with visit 1 (P < .01).

“Significant difference compared with visit 1 (P < .05).

TABLE 4
Correlation Between Hip-to-Thigh Strength Ratios and PRO Scores at Visit 1¢
Pearson r
Strength Ratio IKDC KOOS Symptoms KOOS ADL KOOS Sport/Rec ACL-RSI
ACLR Limb
Agonist to antagonist
H/Q -0.07 -0.09 0.15 -0.09 -0.05
AB/AD 0.06 -0.07 —0.02 0.05 -0.01
Hip to thigh
AB/Q -0.20° -0.21° -0.01 -0.20° —-0.24°
AB/H -0.12 -0.10 -0.23° -0.14 —-0.18°
AD/Q —-0.23°¢ -0.17 -0.01 —0.22° —0.25°¢
AD/H —-0.18° -0.08 —0.25¢ -0.19° —-0.21°
Contralateral Limb
Agonist to antagonist
H/Q —-0.02 -0.14 —0.05 —-0.07 —0.05
AB/AD 0.13 -0.01 0.05 0.11 0.05
Hip to thigh
AB/Q 0.11 -0.04 0.11 0.06 —0.028
AB/H 0.11 0.11 0.12 0.13 0.03
AD/Q —-0.04 -0.04 0.02 -0.07 -0.08
AD/H —0.002 0.10 0.06 0.02 —0.02

“AB, abduction; ACL-RSI, Anterior Cruciate Ligament—Return to Sport after Injury score; ACLR, anterior cruciate ligament reconstruction;
AD, adduction; ADL, Activities of Daily Living; H, hamstring; IKDC, International Knee Documentation Committee Subjective Knee Form;
KOOS, Knee injury and Osteoarthritis Outcome Score; PRO, patient-reported outcome; Q, quadriceps; Sport/Rec, Sport and Recreation.

bStatistically significant (P < .05).
“Statistically significant (P < .01).

5.83%;t = —2.95; P = .002), approaching 100% LSI between
the 2 limbs. A significant increase in limb symmetry values
was also present for hip AD at visit 2 (103.80% =+ 12.05%)
compared with visit 1 (101.95% = 8.16%; ¢t = —1.76; P =
.041), moving in a more asymmetric fashion away from
100% LSI between the 2 limbs.

DISCUSSION

The findings from the current study highlighted a pattern
of hip AB weakness in the ACLR limb compared with the

contralateral limb, which was accompanied by greater
hip AD strength on the ACLR limb compared with the con-
tralateral limb. The pattern of hip AB weakness and
increased AD strength of the ipsilateral limb is seemingly
not influenced by sex. Finally, we observed that hip AB
and AD muscle strength and hip AB symmetry improved
over the course of rehabilitation after ACLR.

The observation of hip AB weakness accompanied by an
increased hip AD strength compensation of the ACLR limb
compared with the contralateral limb was an unexpected
finding because of the pattern traditionally observed of
underloading the entire ACLR limb in patients recovering
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from surgery.’” It is believed that underloading of the
entire ACLR limb would lead to a more uniform pattern
of muscle weakness within the same limb. However, in
the current study, we observed that hip AD strength was
greater in the ACLR limb compared with the contralateral
limb, which may be evidence of a within-limb compensa-
tion among muscle groups acting on the same limb. One
possible explanation for this unique observation could be
an underloading of the hip AB musculature concurrently
with an overloading compensation of the hip AD muscles
on the reconstructed limb in patients with unilateral
ACLR. Contemporary reports of underloading have theo-
rized that the entire limb is affected.?” The results of the
current study challenge this notion, as we have observed
a potential within-limb compensatory pattern in patients
recovering from ACLR.

The unexpected within-limb strength differences may
be explained through movement compensations as the
observed pattern of muscle strength recovery in the cur-
rent study has similarities to prior research. Previously,
patients with ACLR have exhibited pelvic drop during a
single-leg vertical drop jump after a fatiguing protocol,
which was potentially attributed to hip AB weak-
ness.32:3839 Purther, pelvic drop has been associated with
an increase external knee adductor moment during ambu-
lation and single-leg vertical drop jumping,® which has
been previously used as a medial tibiofemoral compart-
ment loading indicator for individuals with knee joint
degeneration such as knee osteoarthritis after
ACLR.1*%247 Hip AB muscle weakness and greater
strength of the hip AD muscles of the ACLR limb compared
with the contralateral limb could further highlight com-
pensations such as a pelvic drop, increased external knee
AD moment, and increased compressive loads on the
medial tibiofemoral compartment.!® Previous research
has described the consequences of decreased activation
from the gluteus medius, which can be indicative of muscle
weakness, in an ACLR population during dynamic func-
tional activities.®® The presence of gluteus medius weak-
ness can elicit a valgus collapse at the knee, which is
a vulnerable position and a signature risk factor for ACL
injury and reinjury.%%2%264¢ Additionally, reduced electro-
myographic activation of the hip AB muscles, including the
gluteus medius and tensor fascia latae, has been accompa-
nied with a simultaneous increase in activation of the
adductor longus, a hip AD muscle, during a lateral pelvic
drop stance.*® This pattern of reduced AB activity and
increased AD activity may highlight an area of focus for
future research. It is important to note that neither pelvic
drop nor surface electromyography during walking was
measured in the current study and should be a focus of
future research to determine whether hip muscle activa-
tion differences during movement can explain the strength
changes observed in the current study.

The influence of sex has been well-documented for
strength outcomes, where men tend to have greater hip
abductor strength values than women.?>*® Reduced hip
strength, which we observed in women, has been shown
in previous studies to be associated with risky dynamic val-
gus positioning during physical activities such as jumping
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and landing.*'22528:33 The Jower hip strength found in the
previously mentioned studies was attributed to some wom-
en’s poor hip neuromuscular control, which potentially
could be because of deficits in hip AB strength, specifically
in the gluteus medius.?22?54® However, it has also been
reported that there were no differences between male
and female hip strength outputs.?* The findings from the
current study agree with previous research in which men
were found to be stronger than their female counter-
partsZ>*%; however, the current study adds to the conflict-
ing findings by suggesting that sex did not affect strength
improvements in patients after ACLR 6 months after sur-
gery. It is important to consider that sex differences may
be innate and not a product of the surgical reconstruction
or recovery progression. If strength differences between
sexes contribute to knee injury risk, clinicians might con-
sider alternative rehabilitation plans for men and women.

In the current study, negative weak-moderate relation-
ships were observed between the hip-to-thigh strength
ratio group of the ACLR limb and PROs; however, no rela-
tionships were observed between agonist-to-antagonist
ratio groups and PROs. Specifically, H/Q or hip AB/AD
muscle ratios have been commonly used to evaluate the
strength balance of the antagonistic muscle to the agonistic
muscle in order to highlight muscle strength imbalances
and stability and to estimate risk of ACL injury and rein-
jury.”810:27:304346 Oopyersely, the current study results
suggest that when investigating the relationship between
patient-reported function, a more holistic approach could
be beneficial. During functional movement, from ambula-
tion to sport performance, the body is utilizing the inter-
connected kinetic chain to produce movement.?® The
PROs used in this study evaluate how the individual is
overall functioning with regard to one’s ACLR knee. By
only including the thigh (ie, H/Q ratio) or hip (ie, AB/AD)
agonist-to-antagonist strength ratio, important pieces of
the kinetic chain are not being represented and therefore
potentially make an incomplete model of the lower extrem-
ity strength balance between antagonist and agonist
musculature.

Weak negative relationships were observed between the
hip-to-thigh strength ratio group and PROs, indicating
that as the strength ratio value decreased, the functional
outcome recorded through the PROs improved. A hip-to-
thigh strength ratio > 1 would indicate that the hip muscle
(eg, hip AB and AD muscles) in question is stronger than or
equally balances out the thigh muscle (eg, quadriceps and
hamstring muscles) in question. Conversely, a ratio < 1 indi-
cates that the thigh muscle produces larger strength values
compared with the hip muscle. For example, in the current
study we observed that as the AB/Q strength ratio
decreased, indicating that an individual increased the
amount of quadriceps strength compared with hip abductor
strength, one’s subjective knee function improved. Strength
ratios >1 may potentially indicate that the individual is uti-
lizing a hip muscle strategy, stemming from the greater hip
strength values, to a greater extent than a thigh muscle
strategy during movement, while hip-to-thigh strength
ratios <1 may indicate that the individual is utilizing a thigh
muscle strategy to a greater extent than the hip. Further
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Figure 5. Mean hip abduction and adduction strength
changes across visits 1 and 2. *Significant difference at visit
1 between the anterior cruciate ligament reconstruction
(ACLR) and contralateral limbs (P < .001). fSignificant differ-
ence at visit 2 between ACLR and contralateral limbs (P =
.04). *Significant difference in the ACLR limb between visits
1 and 2 (P < .01). SSignificant difference in both the ACLR
and contralateral limbs between visits 1 and 2 (P < .01).

investigation into this ratio and movement kinematics dur-
ing functional tasks is warranted. A negative relationship
is expected: as the thigh musculature begins to regain
strength—which is commonly lost after reconstruction—back
to the preinjury level, a patient’s perceived function should
increase along with his or her confidence to participant in
RTP activities.> This study suggests that hip-to-thigh
strength ratios might be a more appropriate indicator of sub-
jective function recovery than the traditionally used agonist-
to-antagonist strength ratio.

Over the 2 testing sessions we observed an increase in
hip strength bilaterally for both AB and AD muscles; how-
ever, hip AB strength increased at a quicker rate in the
ACLR limb than the contralateral limb (Figure 5). Despite
these strength improvements, the ACLR limb still
exhibited strength deficits in hip AB musculature and
greater strength in the hip AD musculature compared
with the contralateral limb at both visits. The hip AB
strength deficit of the ACLR limb compared with the con-
tralateral limb that was present at the first visit was still
observed at the second visit; however, over time the AB
hip strength symmetry percentage improved on average
1.98%, therefore becoming more symmetrical (see Table
3). It is currently unclear as to whether this improvement
is a clinically important increase in hip strength symme-
try. The significant results from this study presented
with varying effect sizes ranging from moderate to weak.
Similar effect sizes for hip strength for between- and
within-group comparisons have also been observed in pre-
vious studies.!?!%?* Although the magnitude of changes
observed was small, these changes may have long-lasting
effects when repeated over a lifetime of physical activity.
However, based on the results of the current study, we can-
not draw conclusions on the lasting impact of hip strength
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deficits after ACLR. This is an area that needs further
research and consideration.

Our findings suggest a significant moderate magnitude
of hip AB strength deficit in the ACLR limb compared with
the contralateral limb (d = 0.51) at visit 1 approximately
4.8 months after surgery. This magnitude decreases (d =
0.19) at visit 2 approximately 8.2 months after surgery,
when the strength deficit is much lower between the
ACLR and contralateral limbs. This reduction in magnitude
of difference between limbs across visits was expected, as
patients are further along in their recovery by visit 2, and
the finding suggests that patients are continuing to recover
hip strength at later stages of rehabilitation. Conversely,
the hip AD strength symmetries appeared to increase fur-
ther away from 100% symmetry and therefore worsen
over time. It is unclear as to whether hip AB strength con-
tinues to improve or if hip AD strength of the ACLR and
contralateral limb start to become more symmetrical over
time past the 8-month mark after surgery.

The persistence or an increase of these small strength
deficits over time between limbs could lead to increased
pain, deterioration of the knee cartilage, joint space nar-
rowing, compressive loads on the medial tibiofemoral com-
partment, and a potentially increased risk for early-onset
osteoarthritis and a further decrease in the patient’s qual-
ity of life.1*323841 Thege findings highlight the utility of
incorporating serial objective assessments in patients’
standard of care to accurately target specific musculature
throughout rehabilitation so that deficiencies and asymme-
tries do not go unnoticed and therefore untreated, poten-
tially putting individuals at greater risk for reinjury.’

Limitations

The present findings suggest that there is a low magnitude
of change in hip strength over time, with LSI values oscil-
lating closely around 100% symmetry between limbs (see
Table 3). The complex characteristics of the hip joint and
the surrounding musculature can make it difficult for
researchers to measure precisely. There is no gold stan-
dard technique for how to measure hip strength, which
makes it difficult to compare across other research stud-
ies.!? Our study measured hip strength using the Force-
Frame (Vald Performance) device, which has been found
to have good reliability,'° in a force unit of measurement
and then converted it to torque, whereas knee strength
was collected with a different device in torque unit of mea-
surement, which could have influenced our results. Addi-
tionally, the isometric bilateral measurement technique
might not be the optimal method for evaluating isolated
hip AB or AD strength because of the potential contribu-
tions from hip external and internal rotational torque.
Moreover, this hip strength measurement technique might
not be ideal in ACLR populations because of the potential
for underestimating the limb differences and the dynamic
nature of the injury in general. However, the isometric
nonweightbearing technique used in this study, with
patients in a supine hook-lying position, allows for individ-
uals to safely engage in the strength test procedure earlier
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in the rehabilitation phase. It is also possible that utilizing
a unilateral testing approach or testing under rested ver-
sus fatigued conditions could provide additional insight
into the role of hip muscle function on ACLR outcomes.

Another limitation in the current study is that regard-
less of each patient receiving a standard-of-care rehabilita-
tion protocol from an orthopaedic surgeon after ACLR, the
rehabilitation protocol that each patient completed during
the recovery process was not recorded or standardized. The
compliance of each patient to complete the rehabilitation
protocol could have influenced the results of this study.
Additionally, patients attended testing sessions ad hoc
after surgery, which limited the uniformity of our patients’
time after surgery.

We observed that patients increased their hip strength
over time; however, there were still deficits between limbs
for patients who attended 2 visits. We were not able to
assess whether these strength deficits persist for >8 months
after ACLR. Long-term follow-up assessments should be
conducted to examine hip strength recovery as well as
patient status (eg, reinjury status, whether the patient suc-
cessfully returned to sport or physical activity, etc) to high-
light the clinical importance of hip strength after ACLR.

CONCLUSION

At the time of RTP assessment, the ACLR limb had weaker
hip AB and stronger AD compared with the contralateral
limb. Hip muscle strength recovery was not influenced by
sex. Hip strength and symmetry improved over the course
of rehabilitation. Although strength differences across
limbs were minor, the clinical importance of these differen-
ces is still unknown.
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