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Neural functions vary by return-to-sport status in participants with anterior cruciate ligament reconstruction: a retrospective cohort study using sub-bands of resting-state functional magnetic resonance
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Objective: This study aimed to characterize the differences in neural function among patients with different functional abilities 2 years after anterior cruciate ligament reconstruction (ACLR).

Design: Resting-state functional magnetic resonance imaging was performed to obtain blood-oxygen-level-dependent values for ACLR returned to sports coper participants (CP), non-coper participants (NP), and healthy controls (HC). The amplitude of low-frequency fluctuations (ALFF) and regional homogeneity (ReHo) calculated changes in the standard frequency band (SFB) (0.01–0.08 Hz), Slow4 (0.027–0.073 Hz), and Slow5 (0.01–0.027 Hz). Clinical correlations were investigated.

Results: The right cerebellum_8 and bilateral putamen in SFB, while the right cerebellum_crus2 and left putamen in Slow5 were higher in CP than in NP. The ALLF values of the bilateral putamen in Slow4 were increased, while the right parietal lobule in Slow4 and left upper temporal pole in Slow5 were lower in CP than in HC. The ReHo values in the CP group in the right cerebellum_crus2 was higher than that in the NP group in Slow5 (voxel p < 0.05, cluster p < 0.05, Gaussian Random Field theory correction). Y-balance test was correlated with cerebellum ALFF values; Tegner was moderately correlated with putamen ALFF values (p < 0.05). Knee Injury and Osteoarthritis Outcome Score-sports, International Knee Documentation Committee Subjective Knee Evaluation Form and Tegner scores were correlated with the ReHo values of right cerebellum_crus2 (p < 0.05).

Conclusion: Subcortical function transfer was performed in patients with ACLR who returned to sports postoperatively: the function of the somatosensory brain area decreased, while that of the subcortical cerebellum and basal ganglia and cerebellum ReHo increased in CP, which was correlated with clinical function. ALFF and ReHo are consistent to some extent, and sub-band studies can reveal information on different brain functions compared to the classical band.
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1 Introduction

Anterior cruciate ligament (ACL) injuries are one of the most common sports injuries worldwide (Ardern et al., 2014). Even after anterior cruciate ligament reconstruction (ACLR) and postoperative rehabilitation, the incidence of reinjury and risk of contralateral ACL tears remain high (Paterno et al., 2014). Studies have suggested that neuroplastic changes due to lost mechanoreceptors of the ACL and compensations in neuromuscular control and brain function remodeling occur after ACL injury (An et al., 2018; Baumeister et al., 2011; Baumeister et al., 2008; Luc-Harkey et al., 2017; Pietrosimone et al., 2015). Resting-state functional magnetic resonance imaging (rs-fMRI), with its noninvasive nature, high spatiotemporal resolution, and easy localization, can help analyze the function of the living human brain (Fox and Raichle, 2007). Amplitude of low-frequency fluctuations (ALFF) can calculate the low-frequency amplitude of the brain voxel level (Zang et al., 2007). The fractional amplitude of low-frequency fluctuations (fALFF) is the ALFF of a given frequency band expressed as a fraction of the sum amplitudes across the whole frequency range (Zou et al., 2008). While both measures exhibited moderate to high test–retest reliability within gray matter regions, ALFF is more reliable than fALFF in gray matter regions, making it potentially more sensitive for discerning differences between individuals and groups (Zuo et al., 2010). However, it can be impaired and influenced by non-neural physiological fluctuations, such as respiration, cardiac action, and motion (Zuo et al., 2010). Compared with ALFF, fALFF can reduce the influence of physiological noise in the ventricles and cisterns on the results (Zou et al., 2008) and reflect gray matter signals with more specificity. However, it is less reliable than ALFF as a proportional measure (Zuo et al., 2010). Regional homogeneity (ReHo) is an analytical method of rs-fMRI that measures the similarity of a given voxel’s time series to its nearest neighbors by calculating the Kendall coefficient, which is used to detect subtle changes in the synchronization of neuronal activity in a specific brain region (Zang et al., 2004).

Most studies on the ALFF of rs-fMRI have focused on low-frequency oscillatory signals in the standard frequency band (SFB) (0.01–0.08 Hz). However, many studies have revealed that some brain regions have different sensitivities to oscillatory signals in various frequency bands, resulting in the lack of certain neural activity information. Therefore, Zuo et al. (2010) and Buzsáki and Draguhn (2004) divided the ALFF into multiple frequency bands and considered Slow4 (0.027–0.073 Hz) and Slow5 (0.01–0.027 Hz) better reflectors of neuronal function, and ALFF in Slow4 (0.027–0.073 Hz) band were most robust in the basal ganglia (Zuo et al., 2010). There is a lack of sub-band research on the postoperative ACLR.

To the best of our knowledge, the ALFF and fALFF calculation were applied to the early postoperative study of ACLR (Wang et al., 2019), but not to the participants who returned to sports 2 years postoperatively. ALFF with its more stable signal could reflect individual differences, and the ReHo study was not applied to the postoperative study of ACLR. Therefore, this study aimed to explore the differences in neural plasticity in sub-band ALFF and ReHo values among patients who returned to sports (coper, CP), those who could not return to sports (non-coper, NP) (Hartigan et al., 2013) 2 years after ACLR, and healthy controls (HC). To this end, the correlation between the ALFF and ReHo values of different clusters of participants with varied motor abilities and functional test results was examined.

Based on our previous study, we expected to discover more brain function information in Slow4 and Slow5, which maybe more correlated with motor function. Moreover, we expected our findings to identify brain function plasticity characteristics, guide the selection of rehabilitation training exercises, and provide a theoretical basis for later treatment.



2 Materials and methods


2.1 Study design

A retrospective cohort study was conducted to compare the differences in neural function in patients with different functional abilities 2 years after ACLR. All patients received verbal and written information regarding the study procedures and provided written informed consent for study participation. The Medical Ethics Review Committee of the Second Affiliated Hospital of Zhejiang University School of Medicine approved this study (ethics number: IR2020214) in accordance with the Declaration of the World Medical Association. This study conforms with the Strengthening the Reporting of Observational Studies in Epidemiology guidelines and reports the required information accordingly.



2.2 Participants

The inclusion criteria were as follows: age ≥ 18 years but ≤50 years; being right-handed with ACL tears by MRI and arthroscopy and having undergone ACLR by the same surgeon >2 years prior; and having volunteered for an fMRI brain examination. Participants were excluded if they met the following criteria: heart and nervous system diseases, medial collateral ligament injury, meniscus repair, grade III–IV cartilage injury, ankle instability and other sports injuries, metal implants in the body, taking medication, or other diseases.

The additional four inclusion criteria were as follows: (1) number of episodes of knee giving way (≤1); (2) single leg 6-m timed hop index ≥80%; (3) knee outcome survey activities of daily living subscale ≥80%; and (4) global rating scale score, a measure of pre-injury functional level of ≥60%. If a patient failed to meet the established criteria on any of the four tests, the patient was classified as NP, even if adequate scores were achieved on the other three tests (Kapreli et al., 2009). Additionally, we recruited healthy persons as the control group matched with the CP based on sex, age, body mass index (BMI), main power leg, and Tegner scores.

A research team member not involved in data collection conducted all analyses on de-identified data. Overall, 38 patients with ACLR who were hospitalized in the Second Affiliated Hospital of Zhejiang University School of Medicine between January 2019 and December 2021 and met the inclusion criteria were included in this study. Additionally, 15 HCs were recruited. Subsequently, four participants were excluded owing to incomplete cerebellum coverage and excessive head movement, and one person in the HC group was excluded because of an inability to match with the CP. Finally, 17, 17, and 14 participants were allocated to the CP, NP, and HC groups, respectively.



2.3 Functional magnetic resonance examination

Data Collection: The same experienced operator performed all scans using a 3.0 T magnetic resonance imaging system (Prisma, Siemens, Germany). Participants were supine on an examination bed, wearing earplugs to reduce external stimulation, with their heads comfortably positioned and fixed. Participants were asked to remain awake and relaxed, with their eyes closed and heads as still as possible. The rs-fMRI sequence scanning parameters were as follows: repetition time = 1,000 ms, echo time = 34 ms, layer thickness = 2.5 mm, layer number = 52, field of view = 230 × 230 mm, matrix = 64 × 64, time point = 360, voxel (2.5 × 2.5 × 2.5 mm), and deflection angle = 90°. The scanning time was 6 min, and during the entire scanning process, the coil was padded with a sponge to limit head movement and ensure the alignment of the rs-fMRI with the structural image.



2.4 Functional evaluation

The results of the International Knee Documentation Committee Subjective Knee Evaluation Form (IKDC), Tegner, Knee Injury and Osteoarthritis Outcome Score (KOOS), 6 M timed jump test (Harrison et al., 2017), horizontal jump test (Gustavsson et al., 2006), vertical jump test (Harrison et al., 2017), lateral jump test (Thomeé et al., 2012), and Y-balance test (YBT) (Kim et al., 2023) symmetry were collected. The limb symmetry index was calculated as the affected limb score/healthy limb score × 100 (Thomeé et al., 2012).



2.5 Statistical methods

The original Digital Imaging and Communications in Medicine classification was transformed into the Neuroimaging Informatics Technology Initiative format, REST plusv1.251 was utilized for data preprocessing, encompassing time correction, head motion correction, spatial standardization, spatial smoothing, and linear trend regression to pre-characterize the local brain activity of the participants in the resting state.

ALFF was computed based on the Fast Fourier Transform, and the time series of each voxel was converted to the frequency domain without band-pass filtering. The square root was initially calculated at each frequency of the power spectrum, and subsequently, the mean square root was obtained in SFB, Slow4, and Slow5. All individual ALFF maps were computed and normalized into mean ALFF (mALFF). ReHo was calculated for each subject within the different frequency bands. For each voxel, Kendall’s coefficient of concordance was computed between the blood oxygen-level dependent time series for the designated voxel and those of its 26 nearest neighbors, generating a voxel-wise ReHo map for each subject. The individual ReHo map was normalized into subject-level z-score maps by subtracting the mean voxel-wise ReHo obtained for the entire brain (global mean of ReHo) and then dividing by the standard deviation across voxels. Subsequently, a spatial smoothing of 6 mm was executed on the ReHo map.

One-sample t-tests were performed for within-group comparisons in SFB. One-way analysis of variance (ANOVA) were used to compare mALFF and zReHo brain maps among three groups. Two sample t-tests were used to compare mALFF and zReHo brain maps between groups. The Gaussian Random Field theory (GRF) was used for multiple comparison correction (Gong et al., 2018), with voxel p < 0.05 and cluster p < 0.05 indicating statistical significance. The results were observed using Xjview8. In addition, Pearson’s correlation analysis was performed to assess the relationships between the ALFF and ReHo showing significant differences and clinical variables, with statistical significance set at p < 0.05. Moreover, voxel-wise regression analyses of ReHo maps and YBT, Tegner scores were also explored, with voxel p < 0.05 and cluster p < 0.05 indicating statistical significance.




3 Results

Overall, 17 CP, 17 NP, and 14 HC completed the tests. No significant differences were found in age, sex, BMI, and main strength leg among the three groups (F > 0.05). No significant differences were observed in the injured limb between the CP and NP groups (p > 0.05) (Table 1).



TABLE 1 Demographic data of participants.
[image: Table1]

Intrinsic brain activity patterns expressed as normalized group ALFF maps in SFB are shown in Figure 1A (one-sample t-test; p < 0.05, uncorrected for visual inspection). We found significant differences were among the three groups in the bilateral putamen in SFB, the left putamen and right precuneus in Slow4, and the left lingual gyrus and right caudate in Slow5 (Supplementary Figure S1; Supplementary Table S1). The results of different frequency bands were similar to some extent; and, they were comparable in all aspects. Compared with those of the NP group, the ALLF values of cerebellum_8_R and the bilateral putamen in SFB significantly increased in the CP group, and those of cerebellum_crus2_R and the left putamen in the Slow5 band also significantly increased. The ALLF values of the bilateral putamen in Slow4 were significantly higher, while the parietal lobule in Slow4 and the upper temporal pole in Slow5 were significantly lower in the CP group than in the HC group; The ALLF values of left caudate in SFB and right precuneus in Slow4 were significantly lower in the NP group than in the HC group (voxel p < 0.05, cluster p < 0.05, GRF correction) (Figure 1; Table 2). Compared with the NP group, the function of the subcortical cerebellum and basal ganglia of the CP group was enhanced, and the motor function of the CP group moved forward from the cortex to the subcortex compared with the HC group, with Slow4 and Slow5 supplementing SFB.

[image: Figure 1]

FIGURE 1
 Brain regions exhibiting significant differences in ALFF in different frequency bands between the three groups (voxel p < 0.05, cluster p < 0.05, GRF correction), along with bar graphs depicting of ALFF values extracted from differential brain regions (p < 0.05). (A) ALFF spatial patterns of each group were obtained by uncorrected one-sample t-tests. (B) CP vs. NP by two sample t-tests (C) CP vs. HC by two sample t-tests (D) NP vs. HC by two sample t-tests. Warm color indicates the former ALFF values is higher than the latter, and cool color indicates the opposite in brain regions. ALFF, amplitude of low-frequency fluctuations; CP, coper; NP, non-coper; SFB, Standard Frequency Band.




TABLE 2 Brain regions showing significant differences in ALFF in SFB, Slow4, and Slow5.
[image: Table2]

Regarding functional test results, we selected the ALFF values from brain areas showing differences between the CP and NP groups. Subsequently, we conducted Pearson correlation analysis with the results of YBT-LSI, LJ-LSI, Tegner, IKDC, KOOS-pain, and KOOS-sports, among others, used to evaluate the ability to return to sports. The results were presented using a heat map. The correlation analysis between the ALFF values obtained from differential clusters and the functional evaluation results indicated that YBT results were correlated with ALFF in the cerebellum; Tegner was moderately correlated with ALFF in the putamen; and LJ, IKDC, and KOOS were correlated with ALFF in the cerebellum and putamen, especially with KOOS-pain (Figure 2).

[image: Figure 2]

FIGURE 2
 Heat map illustrating clinical correlations between ALFF values with significant differences and functional evaluations in the CP and NP groups. YBT, Y-balance test; LSI: Limb symmetry index; LJ, Lateral jump test; IKDC: International Knee Documentation Committee Subjective Knee Evaluation Form; KOOS, Knee Injury and Osteoarthritis Outcome Score; SFB, Standard Frequency Band; ALFF, amplitude of low-frequency fluctuations.


Intrinsic brain activity patterns expressed as normalized group ReHo maps in SFB are shown in Figure 3A (one-sample t-test; p < 0.05, uncorrected for visual inspection). The ReHo values of left putamen in SFB and right cerebellum_8 regions, left putamen, right caudate nucleus, and right middle cingulate in Slow5 of all groups were significant (Supplementary Figure S2; Supplementary Table S2). The ReHo value of the CP group in the right cerebellum_crus2 was higher than that in the NP group (voxel p < 0.05, cluster p < 0.05, GRF correction) (Figure 3B; Table 3). CP vs. HC and NP vs. HC had no significant difference. The results showed that the CP group had more synchronization of neuronal activity in the cerebellum. Reho was consistent with ALFF, especially in Slow5.

[image: Figure 3]

FIGURE 3
 Brain regions revealing significant differences in ReHo in different frequency bands between the three groups. (A) ReHo spatial patterns of each group were obtained by uncorrected one-sample t-tests. (B) CP vs. NP by two sample t-tests in Slow5 (voxel p < 0.05, cluster p < 0.05, GRF correction) and bar graph of ReHo values extracted from differential brain regions (p < 0.05). Warm color indicates higher ReHo values in CP than NP, and cool color indicates the opposite ReHo, Regional Homogeneity; CP, coper; NP, non-coper; HC, Healthy Controls; GRF, Gaussian Random Field theory.




TABLE 3 Brain regions showing significant differences in ReHo in SFB, Slow4, and Slow5.
[image: Table3]

Regarding ReHo values and functional assessments, KOOS-sports, IKDC and Tegner scores exhibited significant correlations with ReHo values of right cerebellum_crus2 (p < 0.05) (Figure 4A). Additionally, we performed a regression analysis of whole brain ReHo values in Slow 5 with YBT-LSI and Tegner to explore alternative correlations between brain function and behavioral indices; the results were interesting: YBT-LSI was positively correlated with ReHo in vermis_4_5, right cerebellum_crus2, left caudate, and left middle cingulate, and negatively correlated with ReHo in inferior occipital and left rectus. Conversely, Tegner was positively correlated with ReHo in the right supplementary motor area (SMA) and negatively correlated with ReHo in the bilateral para-hippocampal gyrus in Slow5 (Figure 4B; Table 4). Although both analyses are correlational in nature: one at the voxel level while the other represents average brain regain values, they exhibit distinct differences. Overall, YBT is associated primarily with cerebellar function whereas Tegner relates more closely to putamen activity as well as SMA and cerebellar functions.

[image: Figure 4]

FIGURE 4
 Clinical correlations between ReHo values with significant differences and functional evaluations in the CP and NP groups. (A) Pearson’s correlation analysis between ReHo values of the right cerebelum_crus2 and functional evaluations (p < 0.05). (B) Whole-brain voxel-wise regression analysis of ReHo in Slow5 with YBT-LSI, Tegner. Warm color indicates a positive correlation, and cool color indicates the opposite (voxel p < 0.05, cluster p < 0.05, GRF correction). ReHo, Regional Homogeneity; CP, coper; NP, non-coper; HC, Healthy Controls; GRF, Gaussian Random Field theory. YBT, Y-balance test; LSI, Limb symmetry index.




TABLE 4 Correlation of ReHo with pat group and YBT-LSI, Tegner in Slow5, GRF correction, voxel p < 0. 05, and cluster p < 0.05.
[image: Table4]

Furthermore, we completed several samples of time series plots, including BOLD signal time series that facilitate the visualization of raw data prior to any processing steps; ReHo Time Series Plots that demonstrate how ReHo fluctuates over time across different subjects; and Mean Time Series that aid in visualizing average brain activity patterns and their variations among three groups (Supplementary Figure S3).



4 Discussion

To the best of our knowledge, this is the first study to systematically evaluate ALFF and ReHo values in SFB, Slow4, and Slow5 frequency bands separately among people with different motor abilities after ACLR surgery. Our findings suggest differential brain function performance in people with different motor abilities and that subcortical function migration in the CP group is conducive to their return to sports. The ALFF value is consistent with the ReHo value. YBT is associated primarily with cerebellar function whereas Tegner relates more closely to putamen activity as well as SMA and cerebellar functions.

Previous studies on return to sports have tended to focus on task-fMRI. Kapreli et al. (2009) first used task-fMRI to demonstrate that, compared to controls, patients with ACL deficiency had diminished activity in several sensorimotor cortical areas and increased activity in the following three areas: pre-SMA, posterior secondary somatosensory area, and posterior inferior temporal gyrus. Grooms et al. (2017) compared patients with ACLR who could return to sports 6 months to 5 years postoperatively with healthy matched controls. They noted that participants who had undergone ACLR had increased activity in the contralateral motor cortex, lingual gyrus, and ipsilateral secondary somatosensory area and diminished activation in the ipsilateral motor cortex and cerebellum compared to healthy matched controls. The findings may indicate a shift toward a visual-motor strategy as opposed to a sensory-motor strategy to engage in knee movement. Criss et al. (2023) conducted task-fMRI studies on patients who returned to exercise 2–6 years after ACLR surgery and demonstrated that the function of the ipsilateral secondary somatosensory cortex and the ipsilateral SMA increased. In our study, rs-fMRI was used to observe patients for >2 years postoperatively, and the subcortical function, such as that of the cerebellum and putamen, was increased in those who returned to sports, while the motor cortex function was decreased. Although task-fMRI is a study of brain areas immediately activated by the task paradigm at that time, some potential motor functions and planning abilities may be reflected in rs-fMRI, which might explain why the results of this study are different from those of previous studies.

There are relatively few studies on rs-fMRI regarding ACLR. Wang et al. (2019) revealed that the ALFF in the brain was significantly higher than that in the control group in the bilateral central cingulate gyrus and involved the SMAs. The fALFF in activation cluster 1 was significantly higher in the right central gyrus, right lower lobule, and right upper margin in patients than that in the normal control group; the fALFF in activation cluster 2 in the right central cingulate gyrus, involving the right supplementary movement zone was significantly higher in patients than that in the normal control group. This study was conducted within 3 months postoperatively and reflected changes in the sensorimotor cortex of the brain, while the patients did not return to sports; further observations of brain function remodeling after returning to sports are needed. Therefore, our study was based on patients who had undergone the surgery 2 years prior, which can better reflect the brain regions more relevant to return to sports. For the first time, we used the ReHo calculation method to explore the consistency of brain functional regions after ACLR surgery. The study results indicated a significant difference in the cerebellum_rus2 region when CP was compared with NP, which was consistent with the results of the ALFF value in Slow5, suggesting that neurons excited themselves while diffusing excitability outward. This makes it possible to complete some complex sports.

Located in the dorsal fossa of the brain stem, the cerebellum has multiple connections with the brain, brain stem, and spinal cord. It is crucial in motor control, motor coordination, and learning of fine motor skills (Roostaei et al., 2014). The classic basal ganglia model describes how information returns to the cerebral cortex through two neural pathways in the basal ganglia to achieve normal regulation of movement (Sheng et al., 2019). However, the basal ganglia are involved in more complex goal-directed behaviors (Haber, 2016), including emotion, motivation, and the cognitive components that express specific movements, which are highly correlated with higher motor functions. Redundancy in the system enables adaptation and compensation when sensory patterns are impaired. These behavioral changes may be learned through reward- and error-based learning processes implemented via the basal ganglia and cerebellum pathways, respectively (Roostaei et al., 2014).

Previous studies on the correlation between ALFF values and functional test results or functional scores of differential brain masses are scarce. Lepley et al. (2019) revealed that KOOS-pain, and symptoms were significantly correlated with increased activation of the frontal lobe of the brain using task-fMRI. Criss et al. (2023) found that patient-reported knee function was positively and moderately correlated with the ipsilateral secondary somatosensory cortex and the ipsilateral SMA. Our study also demonstrated that KOOS-pain was moderately correlated with increased activation of subcortical brain function. YBT results were correlated with cerebellum ALFF values, and Tegner was moderately correlated with putamen ALFF values. Simultaneously, when we calculated the ReHo value in the Slow5 band and performed regression analysis with YBT and Tegner, we also found that vermis_4_5, cerebellum_crus2, caudate nucleus, and middle cingulate gyrus were positively correlated with YBT function, while the SMA was positively correlated with Tegner. These functional evaluation results may indirectly reflect the function of brain areas and can be recommended for clinical evaluation of return to sports.

Buzsaki et al. proposed the sub-band theory to reduce the omission of information from brain regions (Zuo et al., 2010; Buzsáki and Draguhn, 2004). Previous studies focused on Slow4 and Slow5, and the results revealed that brain ALFF in different frequency bands had band-specific neural functional changes (Wu et al., 2023; Yang et al., 2022). The same characteristics were also demonstrated in this study. First, in comparing the three groups, significant differences were found in the bilateral putamen in the SFB. In contrast, differences in the right precuneus in Slow4 and left lingual gyrus and right caudate in Slow5 were explored. In the comparison between the CP and NP groups and between the CP and HC groups, we also obtained functions different from those in the SFB and obtained reduced information on the sensorimotor cortex in the CP group. Therefore, the study of the sub-frequency band reflects certain band specificity and warrants further investigation.

This study had some limitations. First, only part of the calculation method of rs-fMRI was used in this study, and other calculation methods can be employed to explore the imaging features that can characterize the return to sports of ACLR. Second, the sample size of this study was small, and the study was conducted retrospectively. Although patients who had undergone rehabilitation were selected as far as possible, whether they had received normative rehabilitation treatment cannot be guaranteed. Third, although our study layer thickness = 2.5 and time point = 360, the overall test time was short, which may affect the reliability of the study.

Subsequent studies will continue to confirm these findings on a larger sample, with longer scan duration and better spatiotemporal resolution. Additionally, to increase prospective observation or therapeutic studies, further studies will explore rehabilitation treatment methods conducive to return to sports.

In conclusion, our study shows that there are significant differences in brain function remodeling in patients with ACLR with different motor abilities 2 years post-operation, which is correlated with clinical function test indicators. ALFF results suggested that brain function in the CP group shifted to the subcortical basal ganglia and cerebellum, while ReHo results suggested that cerebellum synchronization of neuronal activity in the CP group was increased. These changes in brain function may be the reason for postoperative patients to return to exercise. Postoperative rehabilitation can strengthen the training of subcortical function and improve the return-to-sport rate of patients with ACLR. Slow4 and Slow5 complement the SFB and warrant further study.
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