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Sex Differences in Quadriceps Atrophy
After Anterior Cruciate Ligament Tear

Meredith K. Owen, PhD, Kelsey R. Casadonte, MS, Nicholas T. Thomas, MS,
Christine M. Latham, PhD, Darren L. Johnson, MD, Christopher S. Fry, PhD,

and Brian Noehren, PT, PhD*

Background: Female athletes lag behind their male counterparts in recovery from anterior cruciate ligament (ACL) injury.
Quadriceps muscle size and strength are crucial factors for regaining function after ACL injury, but little is known about how

these metrics vary due to biological sex.

Hypothesis: Female patients have reduced vastus lateralis fiber cross-sectional area (CSA) and lower quadriceps strength

after ACL injury than male patients.
Study Design: Cross-sectional study.

Level of Evidence: Level 4.

Methods: A total of 60 participants with recent ACL tear were evaluated for vastus lateralis muscle fiber CSA, isometric
quadriceps peak torque, and quadriceps rate of torque development. Linear mixed models were fit to determine differences

across sex and limb for each variable of interest.

Results: The female group averaged almost 20% atrophy between limbs (P < 0.01), while the male group averaged just
under 4% (P = 0.05). Strength deficits between limbs were comparable between female and male groups.

Conclusion: Immediately after ACL injury, female patients have greater between-limb differences in muscle fiber CSA but
between-limb strength deficits comparable with those of male patients.

Clinical Relevance: These results indicate that the underpinnings of strength loss differ based on biological sex, and thus
individual patients could benefit from a sex-specific treatment approach to ACL injury.

Keywords: ACL; fiber cross-sectional area; quadriceps strength; rate of torque development; sex-based differences

verwhelming evidence across all sports and levels of

competition indicates that female athletes are 1.7 times

more likely to experience an anterior cruciate ligament
(ACL) injury.” After reconstructive surgery, female athletes also
lag in recovery and are less likely to return to previous levels of
sport or competition than their male counterparts,"*>#%
Despite greater frequency of injury and overall poorer return-to-
sport outcomes after ACL reconstruction (ACLR), the
physiological differences between female and male athletes
after ACL injury contributing to these disparities are still
relatively unknown. A critical need remains to assess these

differences to make informed treatment decisions that will best
serve each group.

Reductions in quadriceps muscle volume and cross-sectional
area (CSA) have been associated with decreased quadriceps
strength after ACLR.**** Decreased quadriceps strength and
lower self-reported function after ACLR have been linked to
presurgical quadriceps weakness,'* highlighting the important
need to address impairments early after injury. Presurgical
rehabilitation [“prehab] is often recommended to target
quadriceps impairments before reconstruction, with varying
reports of success.'** However, the effect of biological sex on
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Table 1. Participant demographics?

Male (n = 30) Female (n = 30) Overall (n = 60)
Age, years 20.20 (4.99) 20.67 (6.33) 20.43 (5.65) P=0.75
Mass, kg 84.61(8.31) 64.41 (9.94) 74.5 (17.8) P<0.01
Height, m 1.79 (0.07) 1.63 (0.08) 1.71 (0.11) P<0.01
Days since injury 25(19) 29 (36) 27 (28) P=10.56
Meniscal tear 27 24 51

“Data presented as mean (SD).

quadriceps strength early after ACL injury is unknown, and thus
prehab treatments lack informed sex-specific programming.
Further, while quadriceps atrophy and strength post ACLR have
been well characterized, "% the early effects of the initial
injury on muscle fiber CSA have not been reported.

Work in other areas supports the need to evaluate sex-specific
changes in muscle composition. Skeletal muscle composition
varies between female and male bodies, which may lead to
differential responses to injury between sexes.” Preclinical work
in rodents has implied that, when exposed to hind limb
unloading, female subjects experience greater muscle loss.
Historical reports of quadriceps fiber atrophy in ACL-injured
subjects have not reported sex-based differences,” limiting the
development of individualized and sex-specific treatment
guidelines.

The purpose of the current study was to evaluate differences
in preoperative vastus lateralis muscle fiber atrophy of the
ACL-deficient limb between female and male patients. We also
sought to define whether there are sex-specific differences in
quadriceps muscle strength. The preoperative timepoint was
selected to address the gap in knowledge related to the onset of
sex-specific differences after ACL injury. Defining the rapidity of
sex-based differences after ACL injury may provide crucial
insights needed to develop a more precise and effective
rehabilitation program that considers biological sex. We
hypothesized that female participants would display greater
between-limb differences in muscle fiber CSA and reduced
quadriceps strength of the ACL-deficient limb after the initial
ACL injury when compared with male participants.

31,40,41

METHODS
Study Participants

A total of 60 participants (demographics listed in Table 1) with
a current complete ACL tear were enrolled between 2017 and
2021. This study was a cross-sectional design, level of evidence
4, including participants from 2 separate ongoing studies, 1 of
which is a clinical trial (NCT03364647). The timepoint for data
collection was consistent for all participants and occurred
before reconstruction surgery and before randomization into a

treatment program for participants enrolled in the clinical trial.
Participant inclusion criteria included age between 15 and 40
years and a minimum score of 5 out of 10 on the Tegner
Activity Scale. Tegner activity level was representative of
participants’ preinjury activity level. Participants were excluded
from the study if they had a previous ACL injury or ACLR or if
they experienced a complete knee dislocation during the initial
knee injury. All participants had ACL tears (and concomitant
injuries) diagnosed by an orthopaedic surgeon and confirmed
with magnetic resonance imaging (MRD). Time of injury was
determined by self-report of injury date by the participant.
Muscle biopsies were collected after muscle strength testing
either on the same day or within several days of strength testing
(average 3 £ 2 days). Participants were weightbearing with full
range of motion of the knee at the time of testing. Participants
were not currently undergoing any rehabilitation at the time of
testing. The study was approved by the university Institutional
Review Board and all participants completed informed consent
or parental consent and participant assent before completing
any study-related activities.

Muscle Fiber CSA
Quadriceps Muscle Biopsies

Muscle biopsies from the ACL-deficient and noninjured limbs
were collected during the same preoperative visit for each
subject. Subjects were weightbearing at the time of data
collection in the current study and were ambulating without an
assistive device. Percutaneous muscle biopsies from the vastus
lateralis were performed using a Bergstrom 5 mm muscle
biopsy needle with suction.” Biopsy samples were taken from a
standardized location; the lateral portion of the vastus lateralis,
with the biopsy site at between 150 mm and 250 mm from the
midpatella. Approximately 50 mg was mounted in tragacanth
gum on cork and flash frozen in liquid-nitrogen-cooled
2-methylbutane. Samples were stored at -80°C until processing.

Muscle Biopsy Processing and Immunohistochemical Analysis
Cross-sections (7 pm) were cut in a cryostat and allowed to air
dry for 1 hour. For fiber CSA, methods were adapted from our
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previous publications."*"** Briefly, unfixed slides were

incubated overnight at room temperature with antibodies against
laminin (Sigma, catalog no. L9393). The next day, slides were
incubated with a species-specific secondary antibody, goat anti-
rabbit AF350 from ThermoFisher (catalog no. A11046). Slides
were postfixed in methanol before mounting with fluorescent
mounting media (Vectashield, Vector Labs, catalog no. H-1000).
Whole cross-sectional images of the muscle biopsies were
captured at x100 total magnification using the tiles and stitching
functions on an Axiolmager M2 upright microscope (Zeiss Zen
3.1). We assessed CSA (um®) of each fiber directly and pooled
individual fibers to generate a mean CSA for each biopsy using
MyoVision automated software.”” Analysis of images was
performed in a manner blinded to sex and injury status.

Muscle Strength

Quadriceps strength testing was performed within 10 weeks of
the initial ACL injury and before any preoperative physical
therapy. Participants completed 4 trials of a 5-second maximal
voluntary isometric knee extension (Biodex System 4 isokinetic
dynamometer, Biodex Medical Systems, Inc). Participants were
allowed a single practice trial at submaximal effort to familiarize
with the task before the maximum effort trials. For all trials, the
knee was placed and held at 90° of flexion and the hip at 85° of
flexion. The knee joint center was aligned with the axis of
rotation of the dynamometer arm and a dense foam pad at the
distal end of the arm was secured approximately 3 cm above
the malleoli. Chest straps, a waist strap, and a thigh strap were
used to secure the participant in the dynamometer to isolate
movement of just the quadriceps muscles during the isometric
contraction. Participants were instructed to kick as hard and as
fast as possible with each kick. Verbal encouragement from the
study researchers was allowed and visual feedback of the
torque-time curved was provided to promote maximum effort
from participants. Peak torque and rate of torque development
(RTD) were determined and averaged across the 4 maximal
effort trials. Peak torque was defined as the maximum torque
value for each trial. RTD was defined as the average slope of
the torque-time curve calculated between 20% and 80% of the
time from the start of the trial to peak torque." Testing was
completed on both limbs.

Statistical Analysis

The primary purposes of the study were to (1) determine
muscle fiber CSA changes between the ACL-deficient limb (ACL-
D) and noninjured limb (NON) for female and male
participants, and (2) determine whether postinjury differences
in quadriceps strength between limbs exist between female and
male participants. Quantitative demographic variables were
compared across groups with independent 2-sample / tests.
Before analysis, strength variables were normalized to body
weight. All available mean peak torque and RTD data were
used in the analysis, and sample sizes are included in the
results. To understand fiber CSA changes of the ACL-deficient
limb, the noninjured limb was used as a biological control. Data

presented in figures and text are based on raw values
(summarized using means + SD), while statistical significance
was determined as follows. For each outcome of interest (CSA,
peak torque, and RTD), a linear mixed model was fit to
examine differences across sex and between limbs, including
time since injury (in days) as a covariate for adjustment and
using Satterthwaite’s approximation for degrees of freedom. If
the interaction for sex and injury was not significant, it was
removed and the model containing only main effects was used
for analysis. Post hoc tests were performed as appropriate based
on the primary purposes of the study. All analyses were
performed in R Version 4.1.2 (R Core Team).

RESULTS

A total of 49 participants completed muscle strength testing and
muscle biopsies. An additional 11 participants completed only
the strength testing (n = 60). Muscle biopsy data for these
additional 11 participants were collected but were not available
at the time of analysis. There were no significant differences in
average age, Tegner activity level, or time since injury between
female and male participants. Based on initial imaging, 25 male
and 22 female participants had either a concomitant medial,
lateral, or medial and lateral meniscus tear; 2 male and 3 female
participant had additional medial collateral ligament and/or
lateral collateral ligament injury in combination with meniscal
injury. A total of 1 male and 4 female participants had no
concomitant injuries identified. Concomitant injuries based on
imaging were unknown for 3 participants.

Muscle Fiber CSA

Representative images of muscle fiber CSA are shown in Figure
la-d. After accounting for time since injury, an injury by sex
interaction was identified (P = 0.02), with female participants
exhibiting greater between-limb differences in fiber CSA than
their male counterparts after ACL injury (Figure 1f). Full model
details are presented in Appendix Tables Al and A2, available
in the online version of this article. Model-adjusted group level
means are available in Appendix Table A3 (online). Muscle fiber
CSA was significantly smaller for the ACL-deficient limb (3555 +
696 pm?) than for the noninjured limb (4458 + 678 um?®) for
female participants (P < 0.01; Figure 1e). Muscle fiber CSA was
significantly smaller for the ACL-deficient limb (4793 + 791 pm®)
than for the noninjured limb (5114 + 1125 pm?) for male
participants (P = 0.05; Figure 1e). Percent difference in muscle
CSA between the ACL-deficient and noninjured limbs for the
female group was just under 20% (19.5 + 14.9%) compared with
just under 4% (3.9 £ 15.7%) for the male group (Figure 1f). All
but 1 of the female participants had lower fiber CSA of the ACL-
deficient limb (Figure 2).

Muscle Strength

The sex by injury interaction effects were nonsignificant for
both peak torque (P = 0.29) and RTD (P = 0.80), and so were
removed from further analysis. Significant main effects for sex
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Figure 1. Representative immunohistochemical images denoting laminin staining in (a) male noninjured, (b) male ACL-deficient,
(c) female noninjured, and (d) female ACL-deficient limbs. (e) Quantification of mean quadriceps fiber CSA in female and male
participants after ACL-injury. (f) Percent difference in fiber CSA between ACL-deficient and noninjured limbs in female and male
participants. Negative percent difference indicates larger CSA of the noninjured limb. *P= 0.05, ***P < 0.01 from post hoc tests,
**P=0.02 from interaction effect of sex and injury. N = 25 male, 24 female participants. ACL, anterior cruciate ligament; CSA,
cross-sectional area; NON, noninjured limb.
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Figure 2. Participant-specific between-limb difference in
muscle fiber CSA of the ACL-deficient limb as compared
with the noninjured limb. ACL, anterior cruciate ligament;

CSA, cross-sectional area.

(P < 0.01, peak torque and RTD) and injury (P < 0.01, peak
torque and RTD) were identified. Full model details for peak
torque and RTD are presented in Appendix Tables A4, A5, A7,
and A8 (online). Model-adjusted group level means are available
in Appendix Tables A6 (peak torque) and A9 (RDT). Differences
in peak torque between-limbs were similar for females and
males, with between-limb differences of 26% and 25%,
respectively (Figure 1a). Overall peak torque was lower in
female (ACL-D, 1.69 % 0.60 N-m/kg; NON, 2.26 £ 0.51 N-m/kg)
than male (ACL-D, 2.00 + 0.59 N-m/kg; NON; 2.70 £ 0.50 N-m/
kg) participants. Differences in RTD between limbs were also
similar for female and male participants, with between-limb
differences of 23% and 26%, respectively (Figure 1b). Overall
RTD was lower in female (ACL-D, 4.25 + 1.88 N-m/kg/s; NON,
0.73 + 3.01 N-m/kg/s) than in male (ACL-D, 5.91 * 2.04 N-m/
kg/s; NON, 8.53 £ 3.19 N-m/kg/s) participants.

DISCUSSION

Females have poorer outcomes after an ACL injury and ACLR,
and our results offer insight into the etiology of sex-specific
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Figure 3. A main effect of injury was identified for (a) peak torque and (b) RTD. Similar between-limb differences were present in
female and male participants. N = 30 males, 30 females (peak torque); N = 25 males, 28 females (RTD). ****P < 0.01, Pvalue is
representative of the main effect of injury. ACL, anterior cruciate ligament; RTD, rate of torque development.

differences in recovery trajectories. Our findings demonstrate
exacerbated deficits in fiber size in female participants
compared with their male counterparts after ACL injury.
However, quadriceps strength asymmetries were similar
between groups. Together, these results indicate that cellular
and functional differences between female and male bodies
develop rapidly after injury and precede differences known to
occur after ACLR and rehabilitation.

After injury, female participants had greater between-limb
differences in muscle fiber CSA than their male counterparts. Of
the female cohort, all but 1 participant had smaller fiber CSA of
the ACL-deficient limb, whereas less than half of the male
participants had smaller fiber CSA of the ACL-deficient limb
(Figure 3). Overall, female patients showed a nearly 20% deficit
in muscle fiber CSA for the ACL-deficient limb compared with
the contralateral limb, while male patients had less than a 5%
deficit. The 20% reduction in fiber CSA in the ACL-injured limb
compared with the noninjured limb in females is the same
degree of atrophy reported in adults after 2 weeks of total bed
rest.* Although the mechanisms behind muscle atrophy after
ACL injury are multifaceted, as summarized by Lepley et al,**
our data highlight the severity of muscle fiber size loss between
limbs in females.

Our data suggest that the etiology of preoperative quadriceps
weakness may differ between sexes; female muscle weakness
may be linked more tightly to quadriceps atrophy, whereas
other mechanisms appear to potentiate weakness in males
before surgical reconstruction. While normalized strength was
lower for female participants, between-limb strength deficits
were similar between both groups despite the large differences
in fiber atrophy. At the cellular level, cursory reports in rodent

hind limb unloading models show female rodents may be more
susceptible to disuse atrophy and have fewer muscle stem cells
(satellite cells) to support recovery after disuse.”*"*** To the
best of our knowledge, there has been only one preclinical ACL
injury model to explore sex-specific differences in quadriceps
fiber size.” Results from this study show female rats did not
undergo quadriceps atrophy, while male rats exhibited sizeable
deficits in quadriceps fiber size at several time points after ACL
injury.9 Given the more pronounced deficits we report in female
participants after ACL injury, care should be taken in the
interpretation and use of preclinical models to ensure that they
recapitulate human sex-specific muscle pathophysiology.

Few studies have sought to elucidate preoperative differences
in quadriceps strength and muscle size between female and
male patients with ACL injury. Limited earlier work has shown
that there are no preoperative differences in isokinetic strength
between female and male patients.' However, the goal of this
previous study was to evaluate pre- and postoperative strength
deficits in a military population, which resulted in an overall
male-dominated participant pool. With comparable group sizes,
our results also showed male and female groups had
comparable limb symmetry indices (LSD for peak torque and
RTD. Between-limb deficits in quadriceps strength before
reconstruction surgery are predictive of poorer outcomes after
surgery,"** and are associated with lower LSI and lower
return-to-sport rates up to 9 months postsurgery."”"” Whereas
female and male participants may have had similar relative
preoperative quadriceps strength losses, differences in the
degree of fiber atrophy between groups suggest sex-specific
rehabilitation may be required to adequately address these
preoperative strength deficits.
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In addition to peak torque, RTD can be a predictor of
post-ACLR function, specifically gait mechanics.”” The rate at
which torque can be developed, rather than the maximum force
produced, has been suggested to be related more strongly to
function than quadriceps strength.&26 Previous work has shown
that deficits in RTD are present at 6 months after ACLR for both
male and female participants,"” and specifically, that female
participants have reduced RTD for both the ACL-deficient and
contralateral limb compared with their male counterparts up to
1-year post reconstruction.”’ Our work indicates that these
differences in RTD are also present near the initial ACL injury,
perhaps placing females at an early disadvantage.

Limitations were noted in the study design and must be
considered with the results. Although all measures were
recorded within 6 months of the initial injury, the exact timing
of muscle atrophy and strength loss within that time period
cannot be determined with our current study design. However,
statistical analyses considered time since injury as a covariate
and measurements for all but 2 participants were recorded
within 10 weeks of the initial injury, further underscoring the
speed with which muscle atrophy and strength loss occur. In
addition, muscle biopsies are limited in scope and were taken
of just the vastus lateralis, limiting assessment of fiber CSA to
only 1 of the 4 quadriceps muscles. Noninvasive methods, such
as MRI, provide an alternative to measuring quadriceps CSA for
the more inferior muscles of the quadriceps and could be useful
to expand upon the current findings.

CONCLUSION

Our results indicate that marked sex-specific differences occur
in response to an ACL injury before surgical reconstruction.
Female patients have poorer outcomes (e.g., delayed return to
sport, lower self-reported function, and decreased psychological
readiness) after ACL tear and ACLR compared with male
patients, 555 but treatment decisions, including presurgical,
surgical, and rehabilitation, often remain similar without
consideration of biological sex. In this study, female participants
displayed greater muscle fiber atrophy of the vastus lateralis
between the ACL-deficient and noninjured limbs, while
experiencing similar strength deficits as male participants. These
results suggest that the drivers of strength loss following an initial
ACL injury might differ between females and males, necessitating
targeted sex-specific treatment and rehabilitation decisions.
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