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Brain activity associated 
with quadriceps strength deficits 
after anterior cruciate ligament 
reconstruction
Cody R. Criss 1,2, Adam S. Lepley 3, James A. Onate 4, Brian C. Clark 2,5, Janet E. Simon 2,6, 
Christopher R. France 2,7 & Dustin R. Grooms 2,6,8*

Prolonged treatment resistant quadriceps weakness after anterior cruciate ligament reconstruction 
(ACL-R) contributes to re-injury risk, poor patient outcomes, and earlier development of 
osteoarthritis. The origin of post-injury weakness is in part neurological in nature, but it is unknown 
whether regional brain activity is related to clinical metrics of quadriceps weakness. Thus, the purpose 
of this investigation was to better understand the neural contributions to quadriceps weakness after 
injury by evaluating the relationship between brain activity for a quadriceps-dominated knee task 
(repeated cycles of unilateral knee flexion/extension from 45° to 0°), , and strength asymmetry in 
individuals returned to activity after ACL-R. Forty-four participants were recruited (22 with unilateral 
ACL reconstruction; 22 controls) and peak isokinetic knee extensor torque was assessed at 60°/s to 
calculate quadriceps limb symmetry index (Q-LSI, ratio of involved/uninvolved limb). Correlations 
were used to determine the relationship of mean % signal change within key sensorimotor brain 
regions and Q-LSI. Brain activity was also evaluated group wise based on clinical recommendations 
for strength (Q-LSI < 90%, n = 12; Q-LSI ≥ 90%, n = 10; controls, all n = 22 Q-LSI ≥ 90%). Lower Q-LSI 
was related to increased activity in the contralateral premotor cortex and lingual gyrus (p < .05). Those 
who did not meet clinical recommendations for strength demonstrated greater lingual gyrus activity 
compared to those who met clinical recommendations Q-LSI ≥ 90 and healthy controls (p < 0.05). 
Asymmetrically weak ACL-R patients displayed greater cortical activity than patients with no 
underlying asymmetry and healthy controls.

Anterior cruciate ligament (ACL) rupture is a common knee injury in athletes, military, and other active popula-
tions, typically a result of excessive knee torsional or rotatory force during pivoting or cutting1. Many patients 
with ACL injuries, and especially athletes who desire to return to sport, undergo surgical reconstruction (ACL-R) 
to restore knee mechanical stability2. Despite surgical intervention and comprehensive rehabilitation 14–23% 
of patients exhibit persistent quadriceps muscle weakness upon returning to sport3. Unfortunately, prolonged 
quadriceps weakness after injury can cause gait disturbances4, functional impairment5, increased risk for reinjury, 
and the development of post-traumatic osteoarthritis6,7.

Many investigations have speculated neurological contributors to muscle weakness, which can be a result of 
the disruption from any one of several components within the neuromuscular system8–10. These components 
include volitional muscle control, motor unit recruitment, descending cortical drive, muscle synergies, spinal 
reflexes and cortical reorganization11–18. Lepley et al.11 and Zarzycki et al.12 reported a relationship between 
changes in corticospinal excitability to elicit a quadriceps muscle contraction to be linked with persistent 
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weakness after ACL injury. These initial investigations also measured changes in the excitability of the quadri-
ceps’ Ia afferent spinal reflex pathway, but reported conflicting results, likely related to the variable time since 
injury of the reports. As quadriceps strength deficits further from injury may be more dependent on a cortical 
responses as spinal inhibition decreases with time14. The use of single and paired-pulse transcranial magnetic 
stimulation has yielded insight into inhibitory and excitatory intracortical circuitry changes in the motor cortex 
of ACL-R patients, with previous reports showing increased motor thresholds (e.g. reduced corticospinal excit-
ability) and intracortical inhibition for an evoked quadriceps contraction within the injured limb14,15. These 
measures appear to be related to strength following ACL-R, where greater levels of intracortical inhibition is 
associated with reduced voluntary activation and quadriceps strength13,15. Collectively, these studies suggest that 
following ACL injury, the neuromuscular system may be compromised at various levels of the nervous system.

Cross-sectional examination of ACL-R patients relative to healthy adults using neuroimaging have indicated 
potential widespread cortical and cerebellar reorganization (i.e. primary and secondary sensorimotor areas, cer-
ebellum and the lingual gyrus) for knee movement16,19,20. However, inferences made by these comparisons have 
been limited to group differences, and it remains unclear whether these neurological observations are related to 
clinical measures of quadriceps strength. Therefore, our purpose was to determine whether regional brain activity 
during a quadriceps-dominated volitional knee task and clinical measures of strength asymmetry are related in 
individuals with ACL injury. Building on prior studies which conducted whole brain analyses, we completed an 
a priori ROI analysis using regions within the sensorimotor system found to be task active and demonstrated in 
prior literature to be uniquely different between healthy participants and individuals after ACL injury19. Further, 
as a secondary aim, we compared brain activity in regions related to strength asymmetry among ACL-R patients 
who did and did not meet clinical recommendations and healthy adults.

Methods
Patient recruitment.  This investigation is a secondary data analysis on a prior published study on the 
same cohort that examined brain activity of the same selected ROIs related to patient-reported outcomes21. The 
following investigation occurred at two different sites (Ohio State University Center for Cognitive and Behav-
ioral Brain Imaging and the University of Connecticut Brain Imaging Research Center) to increase sample size 
and generalizability and employed the same methodology (demographical survey data, fMRI motor paradigm, 
quadriceps strength measurements, inclusion/exclusion criteria) and very similar imaging parameters (supple-
mental materials). Participants between the ages of 16–35 with a history of primary, unilateral ACL-R were 
recruited from local physician and orthopedic offices. Both left and right unilateral ACL-R participants were 
included. Exclusion criteria included history of previous knee injury (e.g. meniscal injury, ligamentous tears, 
fractures), concussion or head injury in the past 6 months, neurologic impairment, migraines, currently taking 
neurologically active medications, and intracranial metallic clips. Participants at both locations were provided 
written and informed consent, with all procedures approved by the Universities’ Institutional Review Boards 
(Ohio State University and University of Connecticut) for all study activities and all methods were performed in 
accordance with the required institutional review board guidelines and regulations. For both primary and sec-
ondary aims of the study, a total of twenty-two participants with ACL-R were recruited (8 males/14 females; Age 
22.1 ± 2.6 years; BMI 23.7 ± 3.2; involved isokinetic strength (60°/s) 2.3 ± 0.55 Nm/Kg; Tegner 7.5 ± 1.3; injured 
limb, 15 left/7 right; time from surgery 4.6 ± 2.6 years, 21 right leg dominant and 1 left leg dominant). Leg domi-
nance was determined by what leg the participants would prefer to kick a ball with22.

Further, for the secondary aim of this investigation, twenty-two (8 males/14 females) healthy matched con-
trols, Age 22.9 ± 2.7 years; BMI 22.8 ± 2.4; , 21 right leg dominant and 1 left leg dominant; matched limb isokinetic 
strength (60°/s) 2.2 ± 0.68 Nm/Kg; Tegner 8 ± 1.6) were enrolled. All participants were active and currently or 
previously engaged in sport (e.g., basketball, football soccer, martial arts, and hockey). To maintain the same 
number of left and right motor tasks among the ACL-R and control groups, control participants completed the 
fMRI paradigm using the same limb as the matched ACL-R limb.

Isokinetic strength testing.  Quadriceps strength was assessed using isokinetic maximal voluntary con-
tractions (MVC). Participants were secured into an isokinetic dynamometer using both shoulder and lap straps 
(Biodex Medical Systems 4, Shirley, New York, USA) with their hips and testing knee secured at 90° of flexion. 
During testing, participants were instructed to cross their arms over their chest. Participants performed a stand-
ardized series of three submaximal warm up trials, followed by three isokinetic MVC trials (60°/second) with 
verbal and visual feedback to encourage maximal effort. Maximal torque produced during the three testing trials 
was averaged for analysis. Measures of relative muscle weakness was calculated using the quadriceps limb sym-
metry index (Q-LSI) as the ratio of maximal torque of the involved (injured) limb to the uninvolved (uninjured) 
limb (i.e., involved isokinetic quadriceps torque/uninvolved isokinetic quadriceps torque). The “involved” limb 
for the control group was the same limb matched to the ACL-R participant limb.

MRI data acquisition and motor task.  Prior to each participant fMRI motor task, participants were 
asked to lie supine while an anatomical 3-dimensional high-resolution T1-weighted image was collected for 
anatomical registration. Details on the imaging parameters, data processing and paradigm can be found in the 
supplementary material. During the function run participants completed four blocks of unilateral knee 45° 
range of motion extension–flexion for the involved limb in the ACL patients and matched side for healthy con-
trols. Similar movement paradigms have been implemented successfully with knee orthopedic patients, stroke 
survivors and healthy athletes and non-athletes16,19,23–26. Each participant was fitted with MRI-compatible head-
phones, which was used to provide auditory feedback in order to pace the execution of each knee extension or 
flexion via an auditory metronome at 1.2 Hz for 30 s and 30 s of rest. Participants practiced the fMRI motor task, 
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were instructed how to complete the task during a practice session using a mock MRI, and then practiced the 
movement timing again just prior to the functional run in the scanner. During each practice and testing session, 
participants were also monitored to ensure the task was completed at 45° range of motion and that each cycle of 
flexion/extension was consistently paced.

Whole brain task activity.  The subject level task activity processing and MRI paradigm details are 
described in the supplemental materials. All forty-four participants (ACL-R and controls) task activity was aver-
aged using a one-sample t-test with a z-threshold > 3.1 and p < 0.05 FLAME 1 + 2 mixed effects model to serve 
as the task activation map for further ROI generation and refinement27–30. As prior publications have already 
described ACL-R relative to control participants whole brain activity differences and this dataset includes left 
and right involved leg movements a whole brain contrast between groups was not examined. The results of the 
whole brain analysis are reported in the supplemental materials.

Region of interest generation and relationship between neural activity and Q‑LSI.  To extend 
prior work that completed whole brain analyses between those with ACL-R and healthy matched controls19,20,23 
we utilized an ROI approach. The ROI approach allows for an expanded sample size as those with left or right-
side ACL-R can be included in one analysis. As a whole brain neural correlate analysis would be confounded by 
which side is moving and unique laterality effects24 as well as examination of voxels unlikely to be affected by 
history of ACL-R.

ROIs were selected from regions within the sensorimotor network found in prior whole brain analyses to 
respond to this specific knee fMRI motor task and demonstrate altered brain activity in those with ACL-R19, 
which included primary motor, primary somatosensory, premotor, and secondary somatosensory cortices, and 
the cerebellum. The lingual gyrus, a region located within the extrastriate cortex, was also an ROI due to reports 
indicating it as a unique region with higher levels of activity following ACL-R relative to controls related to 
sensory reweighting and cross-modal (proprioception-vision) processing changes associated with the lost liga-
ment and compensations during recovery19,20. The bilateral lingual gyrus was selected as an ROI using the Juelich 
anatomical atlas (across hemispheres), located within the extrastriate cortical region of the occipital cortex. 
Prior work in individuals after ACL-R demonstrate increased levels of bilateral lingual gyrus activity compared 
to injured controls19. Other regions typically associated with motor control such as the basal ganglia were not 
included as the task did not elicit sufficient activity in the whole group average analyses (supplemental materi-
als). Only regions selected a priori and found to be different between ACL-R and controls19 were included in 
the main result, however as the parietal cortex has unique involvement in sensory integration for motor control 
it was included as a post-hoc exploratory result in the supplemental materials31,32. The parietal cortex was split 
into contralateral and ipsilateral inferior and superior parietal cortices and ROI generation complete the same 
as the other ROIs.

To generate the ROIs the whole brain task activity z-threshold maps were multiplied by the selected anatomi-
cal regions of the Juelich Histological Atlas (binarized at a probability cutoff threshold of > 30%). This ensured 
each ROI included only task active voxels and were within each anatomically defined ROI region. Any overlap-
ping voxels among ROIs were assigned to the ROI with the highest probability within the Juelich atlas. The ROI 
size was thus dependent on task activity, brain morphology, and anatomical region. Percent signal change (BOLD 
signal difference between movement and rest periods) was calculated for each ROI binarized mask using FSL 
featquery following the prior guidelines outlined by Mumfort et al.33.

Pearson product-moment correlations were used to determine the relationship of mean % signal change 
within each ROI and LSI scores with a prior threshold of p < 0.05. Partial correlations were also calculated for 
the same analyses but to control for any confounding effect of sex. Time from surgery was not considered as 
a covariate, as it was not related to Q-LSI (r = −0.01, p > 0.05). False-discovery rate correction using the Benja-
mini–Hochberg procedure was applied to adjust for multiple-comparisons34.

Comparison of neural activity between clinical categorizes of Q‑LSI.  Results from a survey of 
international sports medicine professionals identified good quadriceps strength, operationally defined by a score 
of 90% quadriceps limb symmetry index (or 10% deficit of the involved limb) as 1 of the 6 important meas-
ures of a successful outcome after ACL-R35. Further, a side-to-side difference in peak quadriceps force output 
of more than 10% following ACL injury may reflect significant differences in muscle performance with a low 
chance of measurement error36. Finally, Q-LSI of 90% is a recommended criterion for determination of safe to 
return to sport37,38. Therefore, as secondary purpose of the investigation, a subgroup analysis was conducted 
comparing ACL-R participants who did not meet clinical recommendations for return to sport based on Q-LSI 
(Q-LSI < 90%), ACL-R participants who met strength symmetry cut-off recommendations (Q-LSI ≥ 90%), and 
healthy controls. We operationally defined those with Q-LSI < 90% as “relative muscle weakness” and those who 
met clinical recommendations as participants without underlying weakness35. Analysis of covariance (ANCOVA) 
with sex as a covariate was used to determine whether % signal change within ROIs differed between the three 
groups. The Benjamini–Hochberg procedure was used as a false-discovery rate correction and all comparisons 
are reported with corrected p-values. Effects sizes were calculated for each comparison and interpreted as small 
(0–0.39), moderate (0.4–0.69), and large (0.7 or greater)39.

Results
Whole brain task activity analysis.  The descriptive whole brain analyses for the task activity for all par-
ticipants is described in Supplementary Table 2 and Fig. 1. The resulting activity largely confirms prior reports 
of a broad sensorimotor network activity for lower extremity movement. Of note this average includes left and 
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right side knee movements as the cohort was diverse among left and right ACL-R knees, thus, the group average 
is for combined left and right sided movement.

The relationship between neural activity and LSI scores in ACL‑R participants.  All correlations 
for the ACL-R (Table 1) and control (Table 2) groups are reported by region and correlation model (bivariate 
and partial for sex). There was an inverse relationship between strength asymmetry (relative weakness) and 
contralateral premotor cortex (PMC, r = −0.498, p = 0.02; Fig. 1), lingual gyrus (r = −0.485, p = 0.02; Fig. 2) and 
contralateral superior parietal lobule (r = −0.530 p = 0.011, refer to supplementary materials) activity in those 
after ACL-R. Partial correlations, controlling for sex exhibited similar significant relationships among neural 
activity within the contralateral premotor cortex (r = −0.499, p = 0.02), lingual gyrus (r = −0.535, p = 0.01), and 
contralateral superior parietal lobule (r = −0.552  p = 0.009; refer to supplementary materials). None of the other 
brain regions examined were significantly related to Q-LSI (p > 0.05). All correlations are provided in Table 1 for 
ACL-R and Table 2 for controls with Benjamini–Hochberg correction for multiple comparisons and with the 
raw and sex covariate r-values provided.

Regional neural activity between asymmetric and symmetric ACL‑R and controls.  The one-
way ANCOVA for the lingual gyrus was significant (F(2,42) = 5.464, p < 0.01 η2 = 0.215). ACL-R participants with 
Q-LSI < 90% had greater levels of lingual gyrus activity compared to those who met clinical recommendation 
Q-LSI cut-off (mean difference 0.535 ± 0.30, p = 0.02) and controls (mean difference 0.503 ± 0.2, p = 0.01) (Fig. 3). 
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Figure 1.   Bivariate scatterplot of % signal change of the contralateral premotor cortex and Q-LSI (quadriceps 
limb symmetry index) values for the ACL-R cohort.

Table 1.   Relationship between Q-LSI (quadriceps limb symmetry index) and ROI (region of interest) 
neural activity of ACL-R (anterior cruciate ligament reconstructed). Data presented as r-value and (p-value 
Benjamini–Hochberg corrected). Significant values are in bold.

ROI Q-LSI Q-LSI covariates: sex

Ipsilateral M1  − 0.216 (0.33)  − 0.359(0.10)

Contralateral M1  − 0.347(0.114)  − 0.220 (0.34)

Ipsilateral S1  − 0.365 (0.10)  − 0.295(0.19)

Contralateral S1  − 0.288(0.19)  − 0.382(0.09)

Ipsilateral PMC  − 0.128 (0.57)  − 0.128 (0.57)

Contralateral PMC  − 0.498 (0.02)  − 0.499 (0.02)

Ipsilateral SMA  − 0.149 (0.509)  − 0.166 (0.47)

Contralateral SMA  − 0.159 (0.48)  − 0.149 (0.52)

Ipsilateral SII  − 0.415 (0.06)  − 0.423 (0.06)

Contralateral SII  − 0.170 (0.449)  − 0.199 (0.387)

Ipsilateral cerebellum  − 0.287(0.179)  − 0.301(0.19)

Contralateral cerebellum  − 0.398 (0.07)  − 0.398 (0.06)

Lingual gyrus  − 0.485 (0.02)  − 0.535 (0.01)
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There were no differences between ACL-R participants without strength asymmetry and healthy controls 
(p > 0.05).

The one-way ANCOVA for the contralateral PMC % signal change among groups was not significant 
(F(2,42) = 2.567, p = 0.089). However, it should be noted that a modest effect size (η2 = 0.114) was observed as the 
ACL-R participants with Q-LSI < 90% displayed notably larger mean differences in premotor cortex activity com-
pared to those who met clinical recommendations for Q-LSI (0.32 ± 0.30 vs. 0.161 ± 0.12). The one-way ANCOVA 
for the contralateral superior parietal cortex % signal change among groups was not significant (F(2,42) = 1.702, 
p = 0.182, η2 = 0.113, supplemental materials).

Strength data for each limb and symmetry index.  Raw strength values for peak isokinetic quadriceps 
torque (normalized to body-weight) were calculated for each group (Q-LSI < 90%, Q-LSI ≥ 90%, healthy con-
trols) and are provided in Table 3. Average isokinetic strength values were not different across groups for either 
the involved or uninvolved limb (p > 0.05), with average values for the involved limb being 1.96 ± 0.56 Nm/Kg, 
for participants with Q-LSI < 90%, 2.21 ± 0.52 Nm/Kg for participants with Q-LSI ≥ 90%, and 2.22 ± 0.68 Nm/
Kg for healthy controls. Q-LSI was significantly different between groups with the Q-LSI < 90% group having 
75 ± 14% Q-LSI and the Q-LSI ≥ 90% having 1.03 ± 9% Q-LSI (Table 3).

Table 2.   Relationship between Q-LSI (quadriceps limb symmetry index) and ROI (region of interest) 
neural activity of ACL-R (anterior cruciate ligament reconstructed). Data presented as r-value and (p-value 
Benjamini–Hochberg corrected).

ROI Q-LSI (controls) Q-LSI covariates: sex

Ipsilateral M1  − 0.213(0.34)  − 0.219(0.34)

Contralateral M1  − 0.206(0.36)  − 0.207(0.37)

Ipsilateral S1  − 0.306(0.17)  − 0.316(0.16)

Contralateral S1  − 0.179(0.43)  − 0.184(0.42)

Ipsilateral PMC  − 0.215(0.34)  − 0.179(0.34)

Contralateral PMC  − 0.274(0.22)  − 0.276(0.23)

Ipsilateral SMA  − 0.233(0.30)  − 0.239(0.30)

Contralateral SMA  − 0.122(0.59)  − 0.127(0.58)

Ipsilateral SII  − 0.078(0.73)  − 0.08(0.72)

Contralateral SII  − 0.006(0.98)  − 0.004(0.99)

Ipsilateral Cerebellum  − 0.233(0.30)  − 0.256(0.26)

Contralateral Cerebellum  − 0.222(0.32)  − 0.227(0.32)

Lingual Gyrus  − 0.238(0.29)  − 0.255(0.27)
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Figure 2.   Bivariate scatterplot of % signal change of the lingual gyrus and Q-LSI (quadriceps limb symmetry 
index) values for the ACL-R cohort.
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Discussion
Cortical contributions to muscle function after injury.  Voluntary muscle contraction requires dis-
tributed activity among several brain structures to encode movement related parameters. For example, neurons 
within the sensorimotor cortex regulate movement amplitude40 and direction41. Cramer et al.42 demonstrated 
that neuronal activity within the motor cortex and surrounding regions exhibit a proportional response to force 
output in healthy adults (more force output equated with more neural activity). Considering the peripheral 
neuromuscular consequences common to injury, such as joint deafferentation, reflexive inhibition, and limb 
disuse43–45, cortical reorganization is likely to occur following ACL-R. A series of recent investigations46–48, sug-
gest properties of neurons along pathways projecting to the quadriceps (e.g. reductions in corticospinal excit-
ability) are related to weakness after ACL-R. In the present study, lower levels of Q-LSI were associated with 
greater neuronal activity in the premotor cortex and lingual gyrus (Figs. 1 and 2 correlation and Fig. 3 by group 
asymmetry classification) reflecting relative increased neural demands to elicit quadriceps contractions.

The lingual gyrus and strength asymmetry.  Activity within two cortical regions (lingual gyrus and 
PMC) were inversely related to Q-LSI (Figs. 1 and 2). Prior case–control fMRI investigations using similar knee 
flexion/extension paradigms have demonstrated greater neuronal activity within the lingual gyrus in those 
with ACL-R compared to healthy matched controls19,20. Further, participants who did not meet cut-off rec-
ommendations (Q-LSI < 90%) had greater levels of lingual gyrus activity for repetitive knee flexion/extension 
compared to those who met the Q-LSI of > 90% and controls. The lingual gyrus is active in a number of move-
ment-related processes, fast motor sequences, skill acquisition, movement observation, and muscle contrac-
tion steadiness49–51. Several reports have also linked lingual gyrus activity in ACL-R patients to greater neural 
demands for visuo-motor control19,52. The relationship between the lingual gyrus and function is largely based 
on previous neuroimaging investigations which have suggested the lingual gyrus is involved in visual attention 
and a hub for integrating multiple sensory stimuli53,54. In a study investigating brain regions involved in isomet-
ric ankle dorsiflexion, Yoon et al.51 described the lingual gyrus as a region that integrates visual and attentional 
stimuli to coordinate appropriate muscle output. Therefore, activity within the lingual gyrus may be critical for 
coordinated muscle action relative to proprioceptive and visual cues to achieve restored function.

Figure 3.   Group comparison of estimated marginal means of regional % signal change for ROIs related 
to strength asymmetry (covariate: sex). Error bars, standard error of the mean. Q-LSI < 90%: 12 ACL-R 
participants with Q-LSI < 90%; 10 ACL-R participants with Q-LSI ≥ 90%; Controls: 22 healthy participants. * 
indicates p-values < 0.05.

Table 3.   Raw Isokinetic strength values (normalized to bodyweight). Isokinetic strength values for ACL-R 
(anterior cruciate ligament reconstruction) participants with Q-LSI (quadriceps limb symmetry index) < .90, 
ACL-R participants with Q-LSI ≥ .90 and healthy controls. The p-value indicates significance for the group 
comparison between those that achieve relative quadricep strength symmetry and those that do not, and the 
effect size indicates the strength of this difference. interpreted as small (0–0.39), moderate (0.4–0.69), and large 
(0.7 or greater).

Group Q-LSI < 90% (n = 12) Q-LSI ≥ 90% (n = 10) Controls (n = 22) P-value Effect size

Involved isokinetic (60/s)/BW 1.96 ± 0.56 2.21 ± 0.52 2.22 ± 0.68 0.468 0.04

Uninvolved isokinetic (60/s)/BW 2.34 ± 0.65 2.51 ± 0.36 2.15 ± 0.46 0.165 0.08

Q-LSI 0.75 ± 0.14 1.03 ± 0.09 1.02 ± 0.21  < 0.001 0.372
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Levels of lingual gyrus activity may also differ based on novelty and motor performance difficulty. For exam-
ple, Guo et al.55 evaluated brain activity between athletes and non-athletes during sport-related visuo-spatial 
tasks. Interestingly, the “expert” group recruited less cortical activity within the bilateral lingual gyrus compared 
to the non-expert or “novice” group. Thus, during the rehabilitation window, patients with persistent strength 
asymmetry may develop motor strategies that upweight visuo-motor integration in order to maintain coordi-
nation and balance as a consequence of inadequate quadriceps strength. However, it is important to note that 
our experiment did not explicitly test visuo-motor integration and therefore, the exact function of the lingual 
gyrus within the context of lower extremity movement as well as muscle asymmetry still needs to be elucidated.

The lingual gyrus and associated extrastriate visual regions identified19,23, are also responsible for visual rep-
resentations of limb and body movements56,57. Rather than increases in overt visual input, these regions may be 
engaged in underlying neural processes of interoceptive awareness. Interoception is defined as the perception 
of body and limb information58. Interestingly, extrastriate visual regions within ACL-R participants have been 
shown to overlap with neural networks responsible for interception20,59. While multidimensional assessments of 
interoceptive awareness have not been assessed in ACL-R individuals, constructs that overlap with body aware-
ness (e.g. kinesiophobia) have been reported to be psychological factors important for ACL-R recovery60–63.

The premotor cortex and strength asymmetry.  We identified cortical activity within the contralateral 
PMC to be related to strength asymmetry in individuals with a prior history of ACL-R (Fig. 2). While inves-
tigations exploring the role of the cortex and muscle activity have been largely focused on the primary motor 
cortex (M1), the PMC has been shown to influence muscle activity and sensorimotor integration64. The PMC 
receives direct inputs from the dorsolateral prefrontal cortex and the parietal cortex, and projects to the M1 for 
motor execution. Moreover, the PMC also plays an active role during M1 reorganization after central injury (e.g. 
ischemic or hemorrhagic stroke)65. For example, after an ischemic stroke affecting M1 or the corticospinal tract, 
the PMC can remain functional and display heightened levels of neuronal activity in concert with increased 
levels of growth factor release, contributing to recovery66. While ACL-R is not a central injury, disruptions in 
afferent information secondary to joint capsule distension, ligament rupture, and compensatory changes in sen-
sorimotor integration to the affected knee may result in a similar phenomenon, though to a lesser degree8.

Considering that neurons within the M1 exhibit greater levels of intracortical inhibition and reductions in 
excitability in those after ACL injury15, increase recruitment of PMC, may, compensate for depressed M1 excit-
ability or excessive inhibition14,15,67,This would support conclusions from prior fMRI and electroencephalography 
investigations, which have collectively provided evidence of increased attention (anterior cingulate region) and 
motor planning (pre-motor region) associated activity in patients following ACL injury, likely in an attempt to 
overcome the elevated injury induced inhibtion19,23,68,69,Greater PMC activity has also been observed in non-
athletes or “novices” compared to athletes or “experts” for voluntary movement control. This work implicates a 
lack of “neural efficiency” or decreased neural activity to achieve the same behavior in the novices whom require 
greater levels of attention and thus, neural activity to achieve the same motor performance70. Our observations 
propose a similar manifestation, where those who exhibit greater strength asymmetry may revert or adopt a 
relative “novice” motor brain activation strategy by relying more on pre-motor activity.

The contralateral superior parietal cortex and strength asymmetry.  Despite the a priori ROI 
selection requiring activity differences in whole brain analyses for the knee motor task between controls and 
those with ACL-R, the unique role of the parietal cortex in sensory integration for motor control warranted 
post-hoc investigation31,32 (refer to supplemental materials). The contralateral superior parietal cortex corre-
lation with quadriceps strength asymmetry (lower strength in the involved side) may indicate potential sen-
sory compensation to preserve function71. The posterior parietal cortex encodes multiple parameters, includ-
ing movement direction, position, amplitude, velocity and acceleration related to maintaining sensorimotor 
contorl72. A prior cross-sectional investigation with a different knee motor task that also involved hip and ankle 
flexion identified heightened neural activity within the SPL for individuals after ACL injury relative to healthy 
controls. In that report, SPL activity was found to be functionally connected to frontal and primary motor activ-
ity for lower limb coordination in the ACL-R cohort. Therefore, mechanistic relationships between increased 
SPL activity in individuals with greater levels of strength asymmetry should be further explored, but may relate 
to sensory processing requirements cascading into attentional and spatial related processing via frontal-parietal 
connectivity to compensate for the lack of strength32.

Limitations.  The fMRI paradigm in this study to assay neural correlates of knee control was a submaximal 
quadriceps-dominated task. Consequently, the relationship between brain activity during repeated submaximal 
movement tasks may differ to a maximal quadriceps contraction. This is especially important when considering 
that other neurophysiologic measures (e.g. corticospinal excitability) are related to peak torque but not submaxi-
mal, coordination tasks in those after ACL-R12,73. Consequently, future studies should attempt to investigate neu-
ral correlates of maximal quadriceps contractions. While fMRI provides the opportunity to visualize cortical and 
subcortical neural activity with a high level of spatial and temporal fidelity, head motion, which can be prevalent 
under high contraction intensities, remains a challenging confound to data quality. Due to MRI technical limita-
tions at the time, we were not able to capture a quantitative measure of task performance, but practice sessions 
were completed to ensure task timing and all participants were monitored to ensure the same movement rate 
across participants. The use of more sophisticated fMRI paradigms are becoming more available with methods 
for quantitative in-scanner biomechanics74, and thus, future studies may provide more precise descriptions of 
neural contributions to knee control.
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Further, we quantified strength via Q-LSI. While this is a common metric for measuring levels of strength 
deficits by clinicians, the contralateral limb has been shown to exhibit weakness following unilateral injury75, 
and Q-LSI can overestimate levels of knee function in patients following ACL-R76. As such, future studies may 
benefit from using normalized measures of strength while incorporating fMRI paradigms that can quantify force-
output in the scanner. For reference, average isokinetic strength for ACL-R participants and healthy controls can 
be found in the supplementary materials.

Clinical implications perspective.  The current investigation found that individuals after ACL-R with 
underlying strength asymmetry exhibit recruit higher levels of brain activity within regions responsible for 
visual-spatial integration and motor planning. Therefore, current strategies for ACL-R rehabilitation may not 
address central adaptations underlying strength asymmetry. Strategies such as cryotherapy and NMES have 
been suggested as methods to improve deficits in strength77. These strategies, which aim to restore neural drive 
to the muscle via increasing afferent traffic may mitigate strength losses secondary to central nervous system 
adaptations77. These data suggest modifying patient visual attention, clinician instruction, and motor learning 
principles as a means to modulate neural activity during rehabilitation78,79. As selective attention can modulate 
neural activity within several visuo-spatial and sensorimotor regions (including the PMC and lingual gyrus)53,80. 
Therefore, some of the findings of this investigation may be an indicator of heightened attention in those with 
greater levels of weakness (increased strength asymmetry). The use of motor learning principles and instruc-
tional delivery, which can modulate an individual’s attention during skill acquisition, may mitigate neurophysi-
ologic consequences of injury though further study is needed.

Conclusion
This study is the first to suggest a link between clinical strength asymmetry and brain activity following ACL-
R. ACL-R participants with greater strength asymmetry allocated greater cortical resources for a knee motor 
task. ACL-R participants, however, who achieve Q-LSI > 90% do not show any cortical activation differences to 
controls.

Data availability
Data is available upon request and institutional review board approval, please contact Dustin Grooms at 
groomsd@ohio.edu.
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