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Freezing of gait (FOG) has devastating consequences for patients with Parkinson's disease (PD), but the underlying pathophysiological mechanism is unclear. This was investigated in the present study by integrated structural and functional connectivity analyses of PD patients with or without FOG (PD FOG+ and PD FOG–, respectively) and healthy control (HC) subjects. We performed resting-state functional magnetic resonance imaging (fMRI) and diffusion tensor imaging of 24 PD FOG+ patients, 37 PD FOG– patients, and 24 HCs. Tract-based spatial statistics was applied to identify white matter (WM) abnormalities across the whole brain. Fractional anisotropy (FA) and mean diffusivity (MD) of abnormal WM areas were compared among groups, and correlations between these parameters and clinical severity as determined by FOG Questionnaire (FOGQ) score were analyzed. Voxel-mirrored homotopic connectivity (VMHC) was calculated to identify brain regions with abnormal interhemispheric connectivity. Structural and functional measures were integrated by calculating correlations between VMHC and FOGQ score and between FA, MD, and VMHC. The results showed that PD FOG+ and PD FOG– patients had decreased FA in the corpus callosum (CC), cingulum (hippocampus), and superior longitudinal fasciculus and increased MD in the CC, internal capsule, corona radiata, superior longitudinal fasciculus, and thalamus. PD FOG+ patients had more WM abnormalities than PD FOG– patients. FA and MD differed significantly among the splenium, body, and genu of the CC in all three groups (P < 0.05). The decreased FA in the CC was positively correlated with FOGQ score. PD FOG+ patients showed decreased VMHC in the post-central gyrus (PCG), pre-central gyrus, and parietal inferior margin. In PD FOG+ patients, VMHC in the PCG was negatively correlated with FOGQ score but positively correlated with FA in CC. Thus, FOG is associated with impaired interhemispheric brain connectivity measured by FA, MD, and VMHC, which are related to clinical FOG severity. These results demonstrate that integrating structural and functional MRI data can provide new insight into the pathophysiological mechanism of FOG in PD.
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INTRODUCTION

Freezing of gait (FOG), which is among the most serious symptoms of Parkinson's disease (PD) (1), is defined as the inability to achieve an effective gait when walking (2). PD with FOG (PD FOG+) is characterized by severe and sudden gait disorder, with patients describing a feeling that their feet are glued to the floor. The duration of FOG is usually a few seconds but occasionally lasts for dozens of seconds or more. Unlike other cardinal symptoms, FOG is difficult to manage with dopaminergic drugs or deep brain stimulation (3).

FOG is considered a mysterious clinical phenomenon, and the underlying pathophysiological mechanism is unclear (1, 2, 4). One explanation that has been proposed is that the difficulty of performing movements autonomously results in an increased reliance on attention to execute movements (5). It has also been suggested that executive dysfunction prevents PD patients from performing an action when it is required (6). Impaired control of rhythmicity, bilateral coordination, and gait asymmetry are also important aspects of freezing (7).

Brain white matter (WM) abnormalities in PD FOG+ rarely overlap. Altered WM connectivity has been observed in the bilateral pedunculopontine nucleus and superior premotor cortex and left supplementary motor area (8). One study found no difference in the tract projecting from the supplementary motor region to subcortical regions between PD FOG+ and PD without FOG (PD FOG–) (9). However, damage to multiple cortical areas involved in high-level gait control along with WM disruption in motor, cognitive, and limbic structures may constitute the anatomic correlates of FOG (10).

Voxel-mirrored homotopic connectivity (VMHC) analysis based on resting-state functional magnetic resonance imaging (fMRI) data has been proposed as a means of measuring the synchronization of spontaneous neural activity [functional connectivity (FC)] between interhemispheric regions (11). Specifically, Pearson's correlation coefficient between the time series of the low-frequency (0.01–0.08 Hz) blood oxygen level-dependent signal of each voxel and that of its spatially symmetric counterpart in the contralateral hemisphere is calculated, and the VMHC value is calculated by Fisher's Z transformation and weighting by voxel-wise gray matter probability. Further group-level analysis is performed to identify clusters or brain regions with significantly different VMHC (12, 13). A decreased VMHC has been reported in PD in brain regions related to information processing, sensory integration, and motor coordination (11) including the putamen and cortex (14). Moreover, PD FOG+ patients were shown to have lower VMHC in the inferior parietal lobe than PD FOG– patients (15).

Few studies have investigated the etiology of FOG in PD by integrating structural and functional brain connectivity data because of the difficulty of data acquisition. Tract-based spatial statistics (TBSS) and independent component analysis have been used to investigate abnormalities in structural connectivity and FC, respectively (16). However, no WM differences have been observed between PD FOG+ and PD FOG– patients (17). In another study, no structural abnormalities were found in PD FOG+ patients by TBSS and FC analysis (2).

In the present study, we used TBSS to examine structural defects in the brain of PD patients with or without FOG. Fractional anisotropy (FA) and mean diffusivity (MD) in the splenium, body, and genu of the corpus callosum (CC) were compared between PD FOG+ and PD FOG– patients and healthy control (HC) subjects, and the correlations between these parameters and clinical severity as reflected by FOG Questionnaire (FOGQ) score (18) were analyzed. We also used VMHC to identify regions with abnormal interhemispheric FC. After evaluating the correlation between VMHC and FOGQ score, correlations between VMHC, FA, and MD were determined to integrate structural and functional indices.



METHODS


Participants

A total of 61 right-handed PD patients were recruited for this study. All patients met the Parkinson's diagnostic criteria of the UK Brain Bank. The exclusion criteria were as follows: (1) previous history of cerebrovascular disease, brain injury, or other neurodegenerative disease; (2) PD co-occurring with diseases that seriously affect gait such as eye disease, osteoarthritis, and neuromuscular disease; (3) severe cognitive impairment or dementia [Mini-mental State Examination (MMSE) score <24]; and (4) major diseases or contraindications for MRI.

Patients who scored >1 point on the third item of the FOGQ or who were determined to have FOG by more than two experienced neurologists in a series of motion tests were considered as PD FOG+. Of the 61 PD patients, 24 were PD FOG+ and 37 were PD FOG–. Additionally, 24 right-handed HCs who were matched to the patients in terms of age, sex, and education level were recruited. The study was approved by the ethics committee of Guangzhou First People's Hospital and was carried out in accordance with the 1964 Helsinki Declaration and its later amendments or comparable ethical standards. All subjects were informed of and understood the study protocol and signed the informed consent form prior to participation in the study.



Clinical Assessment

All patients were assessed in terms of motor, visuospatial, cognitive, executive, and attention functions. The Unified Parkinson's Disease Rating Scale (UPDRS-III) (19) and Hoehn and Yahr (H&Y) scale were used to assess the severity of motor symptoms (20). The Timed Up and Go (TUG) test was used to evaluate patients' mobility (21). The FOGQ was used to assess the severity of freezing. MMSE, Montreal Cognitive Assessment (MoCA), and Frontal Assessment Battery (FAB) (22) were used to evaluate cognitive function; and the mental state of the participants was assessed with the Hamilton Depression Rating Scale (HDRS) and Hamilton Anxiety Rating Scale (HARS).

Age and education level were compared among the three groups by one-way analysis of variance, and the chi-squared test was used to compare sex ratios. The two-sample t-test was used for comparisons of disease duration and scores for UPDRS-III, H&Y scale, FOGQ, MMSE, MOCA, FAB, TUG, HDRS, and HARS.



MRI Data Acquisition

MRI images of PD patients were collected in the “off” state (i.e., patients had stopped taking anti-Parkinson drugs for at least 12 h) to eliminate the effects of drugs on neural activity. MRI scans were performed with a 3.0-T MAGNETOM Verio whole-body MRI system (Siemens, Munich, Germany) equipped with eight-channel phase-array head coils. Tight foam padding was used to minimize head movement, and earplugs were used to reduce noise. Subjects were instructed to remain motionless, close their eyes and remain awake, and avoid thinking about anything.

Three-dimensional (3D) T1-weighted images were acquired with a 3D magnetization-prepared rapid gradient echo sequence [repetition time (TR) = 1,900 ms, echo time (TE) = 102 ms, flip angle = 9°, thickness = 1.0 mm, slices = 160, field of view (FOV) = 250 × 250 mm2, matrix = 256 × 256, and voxel size = 1.0 × 1.0 × 1.0 mm3]. Resting-state fMRI images are collected with an echo-planar imaging (EPI) sequence (TR = 2,000 ms, TE = 21 ms, flip angle = 78°, FOV = 256 × 256 mm2, matrix = 64 × 64, slices = 220, thickness = 4.0 mm, and voxel size = 3.5 × 3.5 × 4.0 mm3). Diffusion tensor imaging (DTI) was performed with a spin EPI sequence (TR = 8,700 ms, TE = 102 ms, FOV = 230 × 230 mm2, voxel size = 2.5 × 2.5 × 2.5 mm3, matrix = 92 × 92, thickness = 2.5 mm, and slice gap = 0 mm). Diffusion gradients were applied in 30 non-collinear directions with a b factor of 2,000 s/mm2 after acquisition with b = 0 s/mm2.



Overview of the Study Protocol

The study consisted of the following six steps (Figure 1): (1) Image processing was carried out for resting-state fMRI and DTI data; (2) TBSS were used to identify WM abnormalities throughout the whole brain; (3) the two-sample t-test was used to evaluate differences in FA and MD in the splenium, corpus, and genu of the CC across the three groups; (4) a correlation analysis was performed between FA, MD, and FOGQ scores in the CC; (5) a VMHC analysis was performed to explore homotopic connectivity; and (6) correlations between FA, MD, and VMHC were analyzed.


[image: Figure 1]
FIGURE 1. Study protocol. (A) TBSS. (B) Intergroup comparisons of FA and MD in the CC. (C) Correlation between FA, MD, and FOGQ scores. (D) Analysis of VMHC. (E) Correlation between FOGQ scores and VMHC. (F) Correlation between FA, MD, and VMHC.




TBSS and Analysis of FA, MD, and FOGQ Score

DTI data were preprocessed and analyzed using the Pipeline for Analyzing Brain Diffusion Images toolkit (http://www.nitrc.org/projects/panda). FA and MD maps were obtained after standard preprocessing including eddy current correction and brain extraction (23).

The TBSS procedure consisted of four steps: (1) The non-linear registration method was used to register each FA image to the target template; (2) all registered FA images were used to generate the average FA template, extract its skeleton, and remove smaller edge fiber bundles according to a threshold value of 0.2; (3) FA in each standard space was mapped to the FA skeleton map; and (4) the Tbss-no_FA tool was for TBSS analysis of MD images. Family-wise error correction was applied to the statistical results of TBSS. The threshold-free cluster enhancement correction method was used for the correction of multiple comparisons. The number of permutations was set to 5,000, and differences with P < 0.05 were considered statistically significant.

The Johns Hopkins University ICBM-DTI-81 WM atlas was used to identify areas of WM impairment. FA and MD in these areas were compared among groups with the two-sample t-test, and their correlations with FOGQ score were analyzed. False discovery rate (FDR) correction was applied to multiple comparisons of FA and MD.



Preprocessing of fMRI Data

Data processing assistant for resting-state fMRI was used to preprocess the fMRI data (24). The first 10 time points were removed. The head movement standard was set to 2 mm (translation) or 2° (rotation). The brain was segmented into gray matter, WM, and cerebrospinal fluid (CSF). After head movement correction, the images were standardized and resampled to 3 × 3 × 3 mm3. Linear regression was used to remove the influence of six head movement parameters and WM and CSF signals (25). A Gaussian kernel with 6-mm full width at half maximum was used for spatial smoothing. The data were detrended and filtered at low frequency (0.01–0.08 Hz).



VMHC and FOGQ Score and Integration of FA, MD, and VMHC

VMHC was calculated using Resting-State fMRI Data Analysis Toolkit plus software package [(26); http://www.restfmri.net]. After obtaining the time series of each voxel, homotopic FC was calculated as the Pearson correlation coefficient between each voxel and the contralateral mirror voxel. The coefficients were then converted into T values with Fisher's Z transformation for normalization; these values represented VMHC (27).

In the VMHC map, the mean value was standardized to reduce differences between subjects. Analysis of covariance was carried out to identify brain regions with significant differences among the three groups. Using the resultant regions as masks, the two-sample t-test and multiple comparison correction of the Gaussian random field (voxel P < 0.001, cluster P < 0.05) were performed to evaluate differences in VMHC between groups.

To clarify the relationship between interhemispheric connectivity and FOG severity, the correlation between VMHC in regions with WM abnormalities and FOGQ score was analyzed. To explore the relationship between CC abnormalities and interhemispheric connectivity of the post-central gyrus (PCG), correlations between MD and FA of the CC and VMHC of the PCG were determined.




RESULTS


Demographic and Clinical Characteristics of the Study Population

Demographic and clinical characteristics of the participants are shown in Table 1. There were no significant differences between PD FOG+ and PD FOG– groups in terms of age (P = 0.298), education level (P = 0.36), sex ratio (P = 0.452), disease duration (P = 0.062), UPDRS-III score (P = 0.19), and H&Y scale score (P = 0.16). As expected, FOGQ, FAB, and TUG scores differed between PD FOG+ and PD FOG– patients (P < 0.001), but there were no differences in MMSE (P = 0.46), MoCA (P = 0.353), HDRS (P = 0.34), or HARS (P = 0.76) scores between the two groups.


Table 1. Demographic and clinical characteristics of participants.
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WM Abnormalities Identified by TBSS

Compared to HCs, FA in the CC was reduced while MD was increased in the PD FOG+ group (Figure 2A). The same trends were observed in the PD FOG– group—i.e., FA was lower and MD was higher in the CC and corona radiata compared to HCs (Figure 2B). PD FOG+ patients had more WM abnormalities than PD FOG– patients. Notably, FA in the CC was lower in PD FOG+ patients than in PD FOG– patients (Figure 2C), but there was no difference in MD between the two groups.


[image: Figure 2]
FIGURE 2. TBSS results in the three groups. (A) PD FOG+ vs. HC. (B) PD FOG– vs. HC. (C) PD FOG+ vs. PD FOG–. Red and blue represent regions with reduced FA and increased MD, respectively. The WM skeleton is shown in green. Results are shown at P < 0.05 (family-wise error-corrected).


WM abnormalities were also observed in brain areas outside the CC in PD FOG+ patients: compared to HCs, FA was decreased in the cingulum (hippocampus) and superior longitudinal fasciculus, while MD was increased in the internal capsule, corona radiata, superior longitudinal fasciculus, and thalamus (Figure 2A). In PD FOG– patients, there were no decreases in FA in any WM areas outside the CC; however, increased MD was observed in the cingulum (hippocampus), superior longitudinal fasciculus, thalamus, and external capsule (Figure 2B). Widespread WM changes were observed in the PD FOG+ group compared to the PD FOG– group, including in FA in the cingulum (hippocampus) and superior longitudinal fasciculus and in MD in the internal capsule, corona radiata, superior longitudinal fasciculus, and thalamus (Figure 2C).



FA and MD in the Splenium, Body, and Genu of the CC

FA and MD differed significantly among the splenium, body, and genu of the CC in the three groups; the rank order of FA values was splenium > body > genu (P < 0.05, FDR corrected; Figure 3). PD FOG+ patients had the lowest FA in all three parts of the CC, while PD FOG– patients had lower FA values than HCs (P < 0.05, FDR corrected). The median FA values in the splenium were 0.612 for HCs, 0.574 for PD FOG– patients, and 0.515 for PD FOG+ patients; compared to HCs, the values for the PD FOG– and PD FOG+ groups were 6.13 and 15.73% lower, respectively. In the body, the median FA values for PD FOG– patients (0.478) and PD FOG+ patients (0.452) were 15.09 and 19.75% lower, respectively, than that in HCs (0.563). For the genu, the median FA values were 0.455 for PD FOG– patients and 0.412 for PD FOG+ patients, which were 11.30 and 19.67% lower, respectively, than that in HCs (0.513). Thus, the greatest difference in FA between PD patients and HCs was in the body of the CC. The rank order of MD value was body > splenium > genu. The PD FOG+ group had the highest MD in all three parts of the CC, PD FOG– group had lower MD values, and HCs had the lowest values (P < 0.05, FDR corrected).


[image: Figure 3]
FIGURE 3. Comparison of FA and MD values of CC splenium, body, and genu. (A) Comparison of FA values. (B) Comparison of MD values. (C) 2D view of CC. (D) 3D view of CC. *P < 0.05, **P < 0.01 (two-sample t-test; FDR correction was applied to multiple comparisons). B, body; G, genu; S, splenium.




Correlations Between FA, MD, and FOGQ Score

There was a significantly negative correlation between FA values in the CC and FOGQ scores (splenium: P = 0.0021, r = −0.5972; body: P = 0.0001, r = −0.7038; genu: P = 0.0086, r = −0.5237; Figure 4). This suggests that the integrity of the WM declined with the severity of FOG. MD values in the CC were positively correlated with FOGQ score (splenium: P = 0.0006, r = 0.6491; body: P = 0.0039, r = 0.5665; genu: P = 0.0059, r = 0.5448), indicating that more severe hematogenous edema of the CC was associated with increased FOG severity.


[image: Figure 4]
FIGURE 4. Correlation analysis of FA, MD, and FOGQ scores for the splenium, body, and genu of the CC. FOGQ scores and FA values of the (A) splenium, (B) body, and (C) genu. FOGQ scores and MD values of the (D) splenium, (E) body, and (F) genu.




Correlation Between VMHC and FOGQ Score

Compared to HCs, VMHC in the PCG, pre-central gyrus (PRG), and angular gyrus of the parietal inferior margin was reduced in PD FOG+ and PD FOG– patients (Figure 5). Lower VMHC in the PCG, PRG, and parietal inferior margin was observed in PD FOG+ patients compared to PD FOG– patients. In the comparison between PD FOG+ and PD FOG–, the local maxima of the cluster with a significant difference in VMHC was located at x = ±48, y = −18, and z = 48; the T-value was −1.351, and the number of voxels in the PCG, PRG, and parietal inferior margin was 130, 51, and 6, respectively (Table 2). The T values for PD FOG+ vs. HC and PD FOG– vs. HC were −5.354 and −4.479, respectively; thus, the difference between PD FOG+ patients and HCs was more significant than that between PD FOG– patients and HCs. FOGQ score was negatively correlated with VMHC in the PCG (P = 0.0007, r = −0.6443), suggesting that PD patients with more severe FOG have lower PCG functioning.


[image: Figure 5]
FIGURE 5. Comparison of VMHC among PD FOG+, PD FOG–, and HC groups. VMHC between (A) PD FOG+ and PD FOG–, (B) PD FOG+ and HC, and (C) PD FOG– and HC. (D) Correlation analysis between FOGQ scores and VMHC of PCG.



Table 2. VMHC differences among PD FOG+ and PD FOG–patients and HCs.
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Integration of FA, MD, and VMHC

FA of the CC was positively correlated with VMHC in the PCG (splenium: P = 0.0002, r = 0.6825; body: P = 0.0046, r = 0.5585; genu: P = 0.0060, r = 0.5438; Figure 6). On the other hand, there was a negative correlation between MD in the CC and VMHC in the PCG (splenium: P = 0.0223, r = −0.4643; body: P = 0.0001, r = −0.7206; genu: P = 0.0003, r = −0.6741). This suggests that the abnormalities in the CC of PD FOG+ patients are related to a decrease in VMHC in the PCG.


[image: Figure 6]
FIGURE 6. Correlation analysis between FA, MD, and VMHC values for different parts of the CC. VMHC and FA in the (A) splenium, (B) body, and (C) genu. VMHC and MD in the (D) splenium, (E) body, and (F) genu.





DISCUSSION

The present study investigated changes in brain structure and FC in patients with PD with or without FOG. WM impairment was identified by TBSS, and FA and MD in the CC were compared among groups, and their correlations with FOGQ score were analyzed. VMHC analysis can reveal brain regions with abnormal interhemispheric FC. There were four major findings from our study: (1) structural connectivity was decreased in all three parts of the CC in patients with PD; (2) widespread impairment in the frontal lobe WM was present in PD patients; (3) PD FOG+ patients showed decreased VMHC in the PCG, PRG, and angular gyrus of the parietal inferior margin; and (4) FA, MD, VMHC, and FOGQ score were correlated.


Decreased Interhemispheric Structural Connectivity in the CC

The TBSS analysis revealed decreased FA and increased MD values in the CC of PD FOG+ patients compared to PD FOG– patients and HCs, indicating that WM microstructure in the CC was abnormal. The CC is the largest connecting tract between the left and right brain hemispheres (28); lesions in the CC result in decreased interhemispheric structural connectivity, which can disrupt brain functions requiring interhemispheric coordination such as cognition, executive functions, and attention. All of these resources are required for gait, especially in unfamiliar environments (25, 29, 30). Thus, our findings suggest that limited cognition/attention/execution resources resulting from CC impairment underlie FOG in PD.

Fiber tracts for leg motor control are located in the CC; a DTI study revealed callosal leg motor fibers passing through the isthmus of the CC (31), which has been confirmed using Klingler's fiber dissection technique (32). Therefore, the impairment in CC (especially splenium) might be associated with FOG in PD patients.



Widespread Impairment of Frontal Lobe WM

We observed widespread impairment in frontal WM beyond the CC in PD FOG+ patients. This is in line with a previous study in which PD patients with postural imbalance and gait difficulty were found to have a lower FA in the prefrontal cortex than tremor-dominant patients (33). A loss of integrity of WM tracts including superior and inferior longitudinal fasciculus, pedunculopontine nucleus, and corticospinal tract has also been observed in PD patients with FOG (34). Frontal areas are important for higher-order motor control (35); thus, frontal WM disease is another possible cause of PD FOG+ and gait disorder. It should be noted that prefrontal and premotor fibers pass through the anterior part and body of the CC, respectively (31), which are associated with higher-order motor control in the frontal lobe. The lower FAB score in the PD FOG+ group was also indicative of frontal lobe defects.



Impaired Interhemispheric Functional Coordination in Sensorimotor and Visuospatial Regions

In PD FOG+ patients, VMHC was decreased in the PCG and PRG, which are critical for sensory and motor functions, respectively. This is consistent with several previous fMRI studies reporting a decreased FC between the sensorimotor network and other brain regions (36, 37). A decreased VMHC was also observed in the angular gyrus of the parietal inferior margin in the PD FOG+ group. This is an important component of the frontoparietal network for visuospatial function, and its impairment can lead to left–right disorientation (38, 39). Our results indicate that PD FOG+ patients have visuospatial dysfunction resulting from structural or functional alterations in the frontoparietal network (40).

Gait is neither a sensorimotor skill (e.g., like daily hand motor skill) nor an automatized motor action. A growing body of evidence indicates that gait has the multidimensionality and relies on high cognitive aspects including attention, executive control, and sensorimotor integration, which are all especially impaired in FOG (41–45). It will be interrupted by freezing of gait in PD, representing a pathological condition that can be resolved by a sensory cue. The impaired interhemispheric functional coordination in sensorimotor and visual–spatial regions might be associated with the pathological condition in PD FOG+.



FA, MD, and VMHC as Potential Biomarkers of FOG Severity

FA and MD in the CC and VMHC in the PCG, PRG, and parietal inferior margin were significantly correlated with the FOGQ score. Other indices such as FC in the sensorimotor network were reported to be correlated with the severity of motor impairment (46). VMHC in the inferior parietal lobe was shown to be negatively correlated with FOGQ score (15). This implies that FA, MD, and VMHC are potential quantitative biomarkers of FOG severity that can be used in conjunction with FOGQ score—which has large interobserver variability—to reduce the risk of misdiagnosing FOG.



Integrating Structural Connectivity and FC

This is the first study to establish correlations between FA, MD, and VMHC from the same PD FOG+ dataset. FA and MD measure the structural connectivity (i.e., in WM), while VMHC reflects functional homotopic FC. The structural and functional data were concordant and indicated that interhemispheric brain connectivity is impaired in PD FOG+. Thus, integrative analysis of structural connectivity and FC can provide detailed insight into the mechanisms of FOG in PD.

It should be noted that the interhemispheric fibers subserving the three areas with decreased VMHC (PCG, PRG, and parietal inferior margin) likely intersect in the body of the CC. A recent study reported that transection of the CC decreased VMHC, with a greater reduction in the frontal and parietal lobes than in sensorimotor and visual areas (47). The areas of decreased VMHC found in our study were less affected than would be expected following complete and partial callosotomy. Nonetheless, the impairment of the CC in our PD FOG+ patients presumably decreased interhemispheric coordination, leading to visuospatial and sensorimotor dysfunction and loss of the leg motor control.

There were limitations to our study. First, the sample size was relatively small, which may have reduced the statistical power. Second, the asymmetry of cortical structures could affect VMHC, although asymmetric template in fMRI data processing was used to reduce this effect. Third, as our study was cross-sectional, changes in related regions and indices in the progression of FOG– to FOG+ could not be examined. In future work, we will investigate the structural and functional brain networks of PD constructed from multimodal MRI data (34, 48–50) and identify potential network biomarkers of PD FOG+ using machine learning algorithms (51, 52).




CONCLUSION

PD FOG+ was found to be associated with abnormal interhemispheric brain connectivity as measured by FA, MD, and VMHC, which were correlated with clinical FOG severity. Our results suggest that decreased FA in the CC impairs all advanced brain functions requiring interhemispheric coordination, and decreased VMHC in three brain regions (PCG, PRG, and parietal inferior margin) underlies defects in visuospatial and sensorimotor functions in FOG. Additionally, our data indicate that FA, MD, and VMHC are potential biomarkers of FOG severity in PD patients and demonstrate that integrating structural and functional MRI measures can provide novel insight into the pathophysiological mechanisms of FOG.
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