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Free water imaging unravels unique patterns of longitudinal structural brain changes in Parkinson’s disease subtypes
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Background: Research shows that individuals with Parkinson’s disease (PD) who have a postural instability and gait difficulties (PIGD) subtype have a faster disease progression compared to those with a tremor dominant (TD) subtype. Nevertheless, our understanding of the structural brain changes contributing to these clinical differences remains limited, primarily because many brain imaging techniques are only capable of detecting changes in the later stages of the disease.

Objective: Free water (FW) has emerged as a robust progression marker in several studies, showing increased values in the posterior substantia nigra that predict symptom worsening. Here, we examined longitudinal FW changes in TD and PIGD across multiple brain regions.

Methods: Participants were TD and PIGD enrolled in the Parkinson’s Progression Marker Initiative (PPMI) study who underwent diffusion MRI at baseline and 2 years later. FW changes were quantified for regions of interest (ROI) within the basal ganglia, thalamus, brainstem, and cerebellum.

Results: Baseline FW in all ROIs did not differ between groups. Over 2 years, PIGD had a greater percentage increase in FW in the putamen, globus pallidus, and cerebellar lobule V. A logistic regression model incorporating percent change in motor scores and FW in these brain regions achieved 91.4% accuracy in discriminating TD and PIGD, surpassing models based solely on clinical measures (74.3%) or imaging (76.1%).

Conclusion: The results further suggest the use of FW to study disease progression in PD and provide insight into the differential course of brain changes in early-stage PD subtypes.
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Highlights



 • De novo PD with a PIGD subtype had a more rapid progression of motor symptoms over 2 years compared to PD with a TD subtype.
 • PIGD exhibited a greater increase in free water (FW) over a 2 years period compared with TD within the putamen, globus pallidus, and cerebellar lobule V.

• The inclusion of the 2 years percent change in motor symptoms and FW levels within the putamen, globus pallidus, and cerebellar lobule V in a predictive model aimed to distinguish PD subtypes yielded a classification accuracy superior to that derived from models using only clinical or imaging measures. This finding remains to be validated in future, larger-scale studies.



1. Introduction

Parkinson’s disease (PD) is a complex neurodegenerative disease that is increasingly recognized as being heterogeneous in symptom presentation and progression (1–5). Currently, both the clinical and research communities acknowledge two distinct motor subtypes: tremor dominant (TD) and posture instability and gait difficulties (PIGD) subtypes (6–9). This classification is determined by the scores on specific items from Parts II and III of the Movement Disorder Society Unified Parkinson’s Disease Rating Scale (MDS-UPDRS) (10) and considers the prominence of tremor symptoms versus gait-related symptoms. Prior work revealed that PIGD have a greater burden of non-motor symptoms, including cognitive difficulties and dementia, (11–13) and autonomic dysfunction (14, 15). Regarding the progression of motor symptoms, individuals with a PIGD subtype have a faster progression compared to those with a TD subtype (9, 16).

Our understanding of the brain changes that contribute to these clinical differences is still in its early stages. Neuroimaging techniques, particularly those relying on magnetic resonance imaging (MRI), have demonstrated significant value in investigating structural changes in PD, and more recently in its various subtypes (17, 18). Prior studies found that compared to TD, moderate PIGD presented with more widespread structural changes (e.g., atrophy) within the prefrontal, parietal, and temporal brain regions (19, 20). However, it is worth noting that many MRI-based volumetric techniques tend to identify structural brain changes in PD during the later stages of the disease or in PD with dementia, and have reduced sensitivity to structural brain changes occurring in the early stages (21). Also, while conventional structural MRI techniques including voxel-based morphometry (VBM) are sensitive to cortical changes, they are not as optimal for detecting structural changes in some of the basal ganglia nuclei involved in the pathophysiology of the disease. This is because these techniques rely on the contrast in the image to identify brain structures, and the conventional T1-weighted contrast for nuclei such as the globus pallidus (GP), subthalamic nucleus (STN), and substantia nigra is poor (22). As a result, this can lead to inaccuracies or partial segmentations, along with difficulties in interpreting group differences. Moreover, the development and validation of robust T1-weighted-based progression biomarkers in PD, particularly for investigating longitudinal brain changes in its subtypes, are hindered by the increased susceptibility of these measures to scanner artifacts, which can impact the segmentation process.

To the best of our knowledge, no study has assessed the progression of structural brain changes in PD subtypes. This represents an important area of research that has yet to be fully explored. The variability in symptom presentation and progression of PD subtypes poses a significant challenge in clinical trials designed to evaluate potential disease-modifying drugs. Specifically, a drug’s effectiveness and safety may vary between PD subtypes. Therefore, gaining insight into the rate of disease progression in TD and PIGD subtypes could greatly enhance the design of clinical trials. Considering that disease-modifying drug candidates are intended to halt or slow the progression of neurodegeneration during the initial stages of the disease, it is imperative to gain deeper insights into the trajectory of brain changes in TD and PIGD during this critical period. This entails studying the progression of structural brain changes in PD subtypes using a PD progression marker sensitive to early alterations in brain structure.

Such a progression marker that is sensitive to early-stage microstructural brain changes in PD is free water (FW) (21). FW is a measure derived from diffusion tensor imaging (DTI) that assesses the presence of extracellular fluid in brain tissue (23, 24). In neurodegenerative diseases such as PD, water molecules may diffuse more freely due to increased extracellular spaces (25). Previous single-and multi-site studies utilizing FW in PD have established that when compared to healthy older adults, patients with PD have elevated FW in the posterior substantia nigra (PSN) (26–28). FW values in the PSN were correlated cross-sectionally with the severity of motor symptoms based on the MDS-UPDRS-III (26), DTBZ striatal binding (29), and increased longitudinally over 1 year, 2, and 4 years, with consistent longitudinal observations across multiple MRI platforms (26, 27). In conjunction with FW values in other brain regions, this approach discriminated PD from atypical parkinsonian syndromes like progressive supranuclear palsy (PSP) and multiple system atrophy (MSA) with high sensitivity and specificity in single- and multi-site studies (28, 30). Finally, in a large study involving drug naïve individuals with a recent PD diagnosis recruited as part of the Parkinson’s Progressive Marker Initiative (PPMI) study, a key finding was that short-term increases in FW in PSN were associated with long-term changes in motor symptoms (i.e., worsening of symptoms at the 4 years mark) (27). Collectively, these findings strongly advocate for the utility of FW in monitoring the progression of structural brain changes in TD and PIGD subtypes.

Therefore, the aim of this study was to leverage the capabilities of FW imaging to examine differences in the long-term structural brain changes between TD and PIGD from the PPMI study. This investigation included an examination of 2 years changes in FW in several brain regions important for motor control across the basal ganglia, thalamus, brainstem, and cerebellum. Importantly, the two PD groups had a stable subtype and did not differ significantly at baseline on age, sex, severity of motor symptoms, cognitive status, and FW measures across all regions of interest (ROIs). Due to an observed disparity in medication efficacy between TD and PIGD (31–33), it is plausible that PIGD may exhibit brain changes beyond the basal ganglia, in non-dopaminergic structures. Drawing upon previous observations concerning treatment response and prevailing motor symptoms, we hypothesized that compared to TD, PIGD will have greater increases in FW over the two-year period within the basal ganglia (including PSN) and the cerebellum and that this change will be accompanied by a faster rate of progression of motor symptoms.



2. Methods


2.1. PPMI participants

The data included in this study was obtained from the Parkinson’s Progressive Marker Initiative (PPMI; PPMI 1.0 protocol; https://www.ppmi-info.org/) between May and June of 2023. The PPMI study is a multi-site longitudinal study of PD, launched in 2010 by the Michael J. Fox Foundation, and designed to facilitate the discovery of diagnostic and progression biomarkers of PD that can aid in the development of innovative and possibly disease-modifying treatments (34, 35). The PPMI study provides open access to clinical, imaging, biospecimen, and genetic data collected from early-stage PD who were drug naïve at enrollment and had a clinical diagnosis confirmed by a dopamine transporter scan (DaTscan) (34, 35). The PPMI study obtained approval from the Institutional Review Board at each participating site, and all participants provided informed consent.

Given the purpose of our study to investigate the progression of structural brain changes in PD subtypes, we conducted an analysis of clinical and diffusion MRI data collected at baseline and after 2 years, specifically comparing data of PD with a TD subtype to PD with a PIGD subtype.

Participants were included in this study if they had: (1) a stable diagnosis of idiopathic PD (36), (2) a stable clinical subtype at baseline and year 2 determined based on a widely used formula applied to the Movement Disorders Society Unified Parkinson’s Disease Rating Scale (MDS-UPDRS) items scored off antiparkinsonian medication (9), and (3) diffusion MRI data using 64 directions available at these two time points. Additionally, participants were required to have at least a baseline motor severity score derived from part III of the MDS-UPDRS obtained off antiparkinsonian medication. It is important to highlight that due to potential variability in the clinical subtyping during the initial stages of the disease, we assessed the stability of the TD/PIGD subtypes over a 4 years follow-up in those with available data. However, since a significant number of PIGD patients had clinical scores but lacked imaging data at the 4 years mark, our longitudinal analysis focused on examining clinical and brain changes within a 2 years timeframe.

The following comorbidities were considered exclusion criteria: movement disorders other than PD, a history of cardiovascular diseases including stroke and transient ischemic attack, neuropsychiatric conditions, dementia, degenerative disk disorders, or a history of cancer requiring chemotherapy and/or radiation. Upon applying these inclusion and exclusion criteria, we identified a primary cohort (Cohort 1) of 46 PD with brain imaging available at each timepoint: 28 TD and 18 PIGD. The secondary cohort (Cohort 2) was a subset of Cohort 1 and consisted of PD with an MDS-UPDRS-III off-medication score at each time point: 23 TD and 12 PIGD. The role of this second cohort is explained in detail in the statistical analysis section. Importantly, in both cohorts, the two PD groups were well-matched at baseline (i.e., no statistically significant differences between groups) on the following measures: age, sex, severity of motor symptoms based on the MDS-UPDRS-III score off-medication and cognitive status as assessed by the Montreal Cognitive Assessment (MoCA) (37) (Table 1).



TABLE 1 Participant characteristics at baseline for PD in Cohorts 1 and 2.
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2.2. Diffusion MRI data acquisition

The diffusion MRI data were acquired at multiple sites (Table 1) on 3 T Tim Trio Siemens scanners equipped with a 12-channel matrix head coil and running software versions VB15. The diffusion tensor imaging (DTI) sequence used in the PPMI 1.0 protocol was had the following parameters: TR = 900 ms (cardiac-gated, according to individual heart rate), TE = 88 ms, matrix = 116 × 116, flip angle = 90°, slice order = interleaved, 64 gradient directions with a b-value of 1,000 s/mm2, one b = 0 s/mm2, and a voxel size of 1.98 × 1.98 × 2.0 mm.



2.3. Diffusion MRI data analysis


2.3.1. Preprocessing

Data preprocessing followed established protocols used in prior PD studies where FW was employed as the primary outcome measure (21, 27, 28, 30). To preprocess the data, we employed the FMRIB Software Library (FSL; Oxford, United Kingdom) and custom UNIX shell scripts. The preprocessing pipeline involved removing non-brain tissue, correcting the signal in the DTI data for eddy-current and head motion-induced distortions, and rotating the gradient vectors based in response to these corrections. Next, FW maps were calculated from the preprocessed data using a custom code written in MATLAB (The Mathworks, Natick, MA). During this calculation, a bi-tensor model was fit to each voxel instead of a single-tensor model to quantify the fractional volume of FW for that voxel (23). Within a voxel, there can be a mixture of different tissue types, such as brain tissue and cerebrospinal fluid. Partial volume effects occur when a voxel contains a mix of these tissue types. The bi-tensor model distinguishes the diffusion characteristics of water in brain tissues from those in the extracellular space. This differentiation is significant as it prevents the extracellular space from influencing the diffusion values obtained through the single-tensor model. The isolated FW contains vital structural information, which is useful for studying neurodegenerative diseases. The b-zero image of each participant was normalized to a DTI template used in recent PD studies (30, 38, 39) using a non-linear registration approach (SyN) available in the Advanced Normalization Tools package (ANTs) (40) The resulting transformation matrix was then applied to the FW maps. The final FW maps in MNI space had a resolution of 2 mm isotropic.



2.3.2. Regions of interest

All Regions of interest (ROIs) for the DTI analysis were in MNI space and placed bilaterally in brain structures involved in motor control across the basal ganglia, thalamus, brainstem, and cerebellum (Figure 1). ROIs in the basal ganglia included the caudate nucleus, putamen, GP, STN, anterior substantia nigra (ASN), and PSN. Additional ROIs were placed in the thalamus, pedunculopontine nucleus (PPN), red nucleus (RN), and several motor regions within the cerebellum including lobule V, lobule VI, anterior vermis, and the dentate nucleus.

[image: Figure 1]

FIGURE 1
 Bilateral regions of interest (ROIs) were used in the FW analysis. The ROIs spanned the basal ganglia, thalamus, brainstem, and cerebellar, and are in MNI space. ASN, anterior substantia nigra; GP, globus pallidus; Lob V, cerebellar lobule V; Lob VI, cerebellar lobule VI; MNI, Montreal Neurological Institute; PPN, pedunculopontine nucleus; PSN, posterior substantia nigra; STN, subthalamic nucleus.


All ROIs except for ASN, PSN, and vermis were obtained from a validated template of ROIs implicated in PD (30). In a previous study that investigated the 4 years progression of FW in ASN and PSN in PD from the PPMI study, (27) we employed slightly smaller ROIs than those included in the aforementioned template. These ROIs, each spanning two slices and comprising 16 voxels (voxel size: 2 × 2 × 2 mm), were manually drawn for each participant at each timepoint on the normalized b-zero scan by two experienced raters who were blinded to group status, timepoint, and the FW values. Considering the improved within- and between-subject alignment of brain structures, including smaller regions like the substantia nigra, achieved through the ANTs normalization, we created one set of ASN and PSN ROIs in MNI space using the anatomical landmarks described in our previous work (27). This approach allowed for a more appropriate comparison of the current PPMI data with the PPMI data used in our previous study (27). Finally, in the template mentioned above, the vermis ROI comprised the posterior vermis in the posterior lobe of the cerebellum. Here, we are using an ROI that consists of the anterior vermis in the anterior lobe of the cerebellum. It is well-known that the anterior cerebellar vermis plays a crucial role in coordinating gait and facilitating balance and postural adjustment of the trunk and legs (41, 42). Such motor behaviors are affected in the PIGD subtype (43, 44). ROIs were used to extract FW values for each participant at baseline and year 2.




2.4. Statistical analysis

Statistical analyses for both clinical and imaging data were performed using SPSS 28.0 (IBM, New York). Outcome measures included clinical and FW measures at baseline and the change in these measures over the two-year period. Since using the absolute difference in values may not account for individual baseline variations and could lead to confounding effects and difficulties in the interpretation of the data, we decided to conduct statistical analysis on the % change. Percent change was calculated by subtracting the baseline value from the year two value, dividing the new value by the baseline value, and multiplying it by 100. This was done for FW values in all ROIs for Cohorts 1 and 2, as well as for the total MDS-UPDRS-III score for Cohort 2.

First, the normality and equal variance were assessed for all data using Shapiro–Wilk and Levene’s tests. The results of these tests helped determine whether further analyses would utilize parametric or non-parametric testing. Categorical data such as sex (Table 1) were compared between the TD and PIGD groups using the Chi-Square test. Group differences in the remaining continuous variables at baseline (clinical measures and FW values in all ROIs) were assessed with Independent Samples t-tests or Mann–Whitney U Tests. For Cohort 2, group differences in the % change in total MDS-UPDRS-III were assessed with an Independent Samples t-test. Differences between TD and PIGD in the progression of FW in all ROIs were assessed using an Analysis of Covariance (ANCOVA) with the testing (MRI) site as a covariate for Cohort 1, and testing site and % change in total MDS-UPDRS-III for Cohort 2. In the latter analysis, the % change in total MDS-UPDRS-III was used as a covariate because previous studies have suggested that individuals with the PIGD subtype may exhibit a faster progression of motor symptoms compared to those with a TD subtype (16). By using the change in clinical scores as a covariate, we aimed to control for the potential confounding effect of motor symptom progression on group differences in brain measures between TD and PIGD subtypes.

Finally, we conducted partial correlation analyses to investigate the potential relationship between clinical changes (i.e., changes in the severity of motor symptoms) and FW changes in any brain regions where the progression of FW differed between TD and PIGD subtypes. The partial correlations controlled for the testing site (data in Cohort 2). Three logistic regression analyses were also conducted on data from Cohort 2 to predict the probability of a PD belonging to one of the two PD subtypes. These analyses used different sets of features: change in clinical measures only (i.e., % change in total MDS-UPDRS-III), changes in FW only, and changes in clinical and FW. Results were noted as significant if value of ps < 0.05.




3. Results

Below are the results of several statistical analyses focused on assessing: (1) differences between TD and PIGD in clinical and FW measures at baseline, (2) differences between TD and PIGD in the progression over 2 years of motor symptoms, (3) differences between TD and PIGD in the progression over 2 years of FW, (4) the relationship between the progression over 2 years of motor symptoms and that of FW, evaluated separately in TD and PIGD, and (5) whether longitudinal changes in motor symptoms, FW, or a combination of both are able to predict PD subtype.


3.1. Baseline comparisons

Baseline comparisons of the TD and PIGD groups within each cohort revealed no significant differences between groups in age, sex, severity of motor symptoms, or cognitive status (p values > 0.050; Table 1). Similarly, within each cohort, the baseline FW values in all ROIs did not show any significant differences between the TD and PIGD groups: caudate nucleus (Cohort 1 p(T-Test) = 0.279; Cohort 2 p(Mann–Whitney) = 0.211), putamen (Cohort 1 p(Mann–Whitney) = 0.685; Cohort 2 p(Mann–Whitney) = 0.945), GP (Cohort 1 p(Mann–Whitney) = 0.928; Cohort 2 p(Mann–Whitney) = 0.248), STN (Cohort 1 p(T-Test) = 0.404; Cohort 2 p(T-Test) = 0.114), ASN (Cohort 1 p(Mann–Whitney) = 0.514; Cohort 2 p(Mann–Whitney) = 0.366), PSN (Cohort 1 p(Mann–Whitney) = 0.392; Cohort 2 p(Mann–Whitney) = 0.602), thalamus (Cohort 1 p(T-Test) = 0.331; Cohort 2 p(T-Test) = 0.637), PPN, (Cohort 1 p(T-Test) = 0.825; Cohort 2 p(T-Test) = 0.909), RN (Cohort 1 p(Mann–Whitney) = 0.062; Cohort 2 p(T-Test) = 0.050), cerebellar lobule V (Cohort 1 p(T-Test) = 0.842; Cohort 2 p(T-Test) = 0.947), cerebellar lobule VI (Cohort 1 p(T-Test) = 0.764; Cohort 2 p(T-Test) = 0.760), cerebellar vermis (Cohort 1 p(T-Test) = 0260; Cohort 2 p(T-Test) = 0.181), and cerebellar dentate nucleus (Cohort 1 p(T-Test) = 0.540; Cohort 2 p(T-Test) = 0.258) (Table 1).



3.2. Progression of motor symptoms

An independent samples t-test comparing the percent change in total MDS-UPDRS-III off medication over the 2 years period between TD and PIGD revealed a greater increase in the severity of motor symptoms in PIGD compared to TD (p(T-Test) = 0.004; total MDS-UPDRS-III TDBaseline = 21.82 (±8.09), total MDS-UPDRS-III TDYear2 = 24.04 (±10.27); total MDS-UPDRS-III PIGDBaseline = 25.33 (±9.54); total MDS-UPDRS-III PIGDYear2 = 38.25 (±14.49)). Of note, this analysis was conducted on data from Cohort 2 as not all PD in Cohort 1 had a total MDS-UPDRS-III off medication at year 2 (Table 2).



TABLE 2 FW measures were extracted from each ROI at baseline and 2 years later for Cohorts 1 and 2.
[image: Table2]



3.3. Progression of FW

An ANCOVA was conducted separately for each ROI to determine whether there were any statistically significant differences between TD and PIGD in the % change in FW over the two-year period. For Cohort 1, the analyses included testing site as a covariate, while for Cohort 2, the covariates were testing site and % change in total MDS-UDPRS-III. The FW values at baseline and year 2 for each ROI can be found in Table 2, while the results of the ANCOVA analyses for each ROI are presented in Figure 2.

[image: Figure 2]

FIGURE 2
 Results of the analysis of covariance are presented separately for Cohort 1 (A) and Cohort 2 (B). Of note, Cohort 1 included PD who had DTI scans at baseline and 2 years later, while Cohort 2 included PD who had DTI scans and the total MDS-UPDRS-III score off medication at baseline and 2 years later. For Cohort 1, the analyses included the MRI site as a covariate, while for Cohort 2, the covariates were the MRI site and % change in total MDS-UDPRS-III. Asterisks indicate statistically significant differences between TD and PIGD in % change FW. Error bars represent ±1 standard error. ASN, anterior substantia nigra; GP, globus pallidus; MDS-UPDRS-III, motor section of the Movement Disorders Society Unified Parkinson’s Disease Rating Scale; PIGD, posture instability and gait difficulties; PPN, pedunculopontine nucleus; PSN, posterior substantia nigra; RN, red nucleus; STN, subthalamic nucleus; TD, tremor dominant.


For Cohort 1, a significant effect of PD subtype on % change in FW was found for the putamen (F(1,43) = 15.01; p < 0.001; ηp2 = 0.259) and GP (F(1,43) = 5.47; p = 0.024; ηp2 = 0.113) (Figure 2A). Specifically, the PIGD group had a greater % change in FW than the TD group in the putamen (PIGD = 17.19 ± 3.40%; TD = 0.15 ± 2.72%) and GP (PIGD = 12.07 ± 3.46%; TD = 1.56 ± 2.77%). For both ROIs, there was no significant testing site effect (p values >0.05), indicating that the MRI scanner did not have an impact on the FW measures. There were no significant differences in the progression of FW over 2 years between TD and PIGD in the remaining ROIs: caudate nucleus (p = 0.381), STN (p = 0.858), ASN (p = 0.684), PSN (p = 0.692), thalamus (p = 0.074), PPN, (p = 0.781), RN (p = 0.261), cerebellar lobule V (p = 0.490), cerebellar lobule VI (p = 0.917), cerebellar vermis (p = 0.923), and cerebellar dentate nucleus (p = 0.338) (Figure 2A).

In Cohort 2, when accounting for the progression of motor symptoms, we identified significant differences between the two subtypes in the putamen (F(1,31) = 12.81; p < 0.001; ηp2 = 0.293), GP (F(1,31) = 4.28; p = 0.047; ηp2 = 0.121), and cerebellar lobule V (F(1,31) = 5.46; p = 0.026; ηp2 = 0.150) (Figure 2B). Specifically, the PIGD group had a greater % change in FW than the TD group in the putamen (PIGD = 14.50 ± 21.45%; TD = −0.16 ± 8.73%), GP (PIGD = 10.09 ± 18.23%; TD = 0.38 ± 11.36%), and cerebellum (PIGD = 4.32 ± 11.36%; TD = −0.42 ± 11.38%). Consistent with the findings from Cohort 1, the testing site effect was not statistically significant (p values >0.05). No statistically significant differences were found in the progression of FW over 2 years between TD and PIGD in the other ROIs: caudate nucleus (p = 0.102), STN (p = 0.165), ASN (p = 0.950), PSN (p = 0.676), thalamus (p = 0.105), PPN, (p = 0.212), RN (p = 0.221), cerebellar lobule VI (p = 0.141), cerebellar vermis (p = 0.594), and cerebellar dentate nucleus (p = 0.108) (Figure 2B).

In a previous longitudinal analysis, which focused on assessing FW changes in a larger group of PD participants from the PPMI study over a 4 years follow-up period, FW was found to be significantly elevated in the PSN at follow-up (year 1, 2, and 4) compared to baseline. In this study, although there was an increase in FW values in the PSN, particularly more prominent in the PIGD group (Figure 2), this difference was not statistically significant. To gain further insights into the progression of FW in the PSN of both TD and PIGD subtypes, we conducted an additional partial correlation analysis. This analysis explored the possible relationship between baseline FW in the PSN and the % change in FW in the PSN across both groups while controlling for testing site and the potential confounding effect of change in motor symptoms (i.e., % change in total MDS-UPDRS-III). This correlation demonstrated that across groups baseline FW values in the PSN were negatively correlated to % change in FW in the PSN over 2 years (rho = −0.573, p < 0.001). That is, PD who had a higher FW in the PSN at baseline experienced a lower % change in FW in the same area over 2 years.



3.4. Relationship between the progression of motor symptoms and the progression of FW changes. Predicting PD subtype

The % change in the total MDS-UPDRS-III score over 2 years did not correlate with the percent change in FW in the putamen, GP, or cerebellar lobule V in TD or PIGD (p values >0.05).

A first logistic regression model using only the % change in total MDS-UPDRS-III as a predictor of PD subtype revealed a moderate ability of the rate of progression of motor symptoms to discriminate between TD and PIGD subtypes. The model was statistically significant (X2 = 8.85, p = 0.003), explained 31.2% of the variance (Nagelkerke R2), and correctly classified 74.3% of cases (91.3% TD vs. 41.7% PIGD). The second logistic regression model using only the % change in FW in the putamen, GP, and cerebellar lobule V, had a slightly better ability to discriminate TD from PIGD: X2 = 15.34, p = 0.002, Nagelkerke R2 = 0.384, and correctly classified 76.1% of cases (89.3% TD vs. 55.6% PIGD). Finally, the third model which tested the predictive ability of the rate of progression of both clinical measures and structural brain changes (i.e., % change in total MDS-UPDRS-III and % change in FW in the putamen/GP/cerebellar lobule V), demonstrated superior discrimination power to distinguish between PD subtypes compared to the models based solely on clinical measures or imaging measures (X2 = 26.48, p = <0.001, Nagelkerke R2 = 0.734, and correctly classified 91.4% of cases – 95.7% TD vs. 83.3% PIGD).




4. Discussion

In this study, we conducted the first investigation of the progression of FW over a span of 2 years across multiple motor-related brain regions in the TD and PIGD subtypes. The study revealed several novel findings. First, we confirmed a more rapid progression of motor symptoms in PIGD compared to TD, within a cohort of early-stage PD from the PPMI study who were untreated at enrollment and had a clinical diagnosis confirmed by DaTscan. Second, PIGD had a faster rate of increase in FW within regions of the basal ganglia and cerebellum when contrasted with TD, a finding which was consistent across MRI sites. Third, although changes in PSN showed no significant between-group differences and were smaller in PIGD compared to changes in other basal ganglia regions, they were related to the initial FW value. In other words, higher FW values in PSN at baseline were associated with a smaller change over time. Finally, a logistic regression model demonstrated that the % change in FW within the putamen, GP, and cerebellum lobule V, coupled with the % change in the total MDS-UPRDS-III score off medication, could distinguish PD subtypes with increased accuracy (91.4%). This model’s discrimination power surpassed that of two other models incorporating solely clinical measures or imaging measures.


4.1. Progression of motor symptoms in TD vs. PIGD

The results of this study build upon previous research (9, 16) and demonstrate that individuals with a PIGD subtype have a faster progression of motor symptoms (here, assessed off medication) over a 2 years period compared to those with a TD subtype. One notable strength of this analysis is that these observations are in PD untreated at enrollment and are not confounded by baseline measures. That is, both groups started off with similar clinical scores and structural brain measures. In terms of the long-term clinical outcomes, there has been speculation that individuals with PIGD may experience a broader range of pathophysiological changes extending beyond the basal ganglia than TD. These changes could potentially contribute to the observed faster deterioration in motor function in this subgroup. To the best of our knowledge, our study is the first to investigate longitudinal microstructural changes in PD subtypes, with a focus on multiple brain regions involved in motor control: basal ganglia, thalamus, brainstem, and cerebellum.



4.2. Progression of structural brain changes in TD vs. PIGD

The analysis of FW data from Cohort 1 revealed a greater rate of FW increase over a 2 years period in PIGD compared to TD in the putamen and globus pallidus. It is worth noting that there were no initial differences in FW between the two groups within any of the ROIs. The putamen serves as an input structure to the basal ganglia and its activity is shaped by the release of dopamine from the substantia nigra pars compacta (5, 45), Conversely, GP assumes the role of the output structure of the basal ganglia, exercising influence over the thalamus (10, 45, 46). Both structures are an integral part of the motor circuit and are involved in the pathophysiology of PD (47–49). Recent work based on the PPMI data identified distinct patterns in the progression of dopaminergic denervation based on striatal binding ratios (SBR) derived from I-123 FP-CIT SPECT images in the two PD subtypes. Specifically, the putaminal SBR of PIGD remained consistently lower than that of TD for the first 2 years of the follow-up (50). As for structural differences, previous cross-sectional volumetric and DTI studies revealed greater gray matter loss and increased diffusivity in GP in PIGD compared to TD (51). Importantly, the more severe the symptoms in PIGD, the higher these diffusivity levels, (51) suggesting that structural changes within GP worsen with disease progression in the PIGD subtype. Here, we extend the literature by showing a significant progression-related decline in the microstructural integrity of several basal ganglia regions in PIGD but not in TD (Figure 2).

Because TD and PIGD in this study experience distinct rates of motor symptom progression over the 2 year period, we conducted an additional analysis in Cohort 2 (PD who had both imaging and clinical scores off medication) to be able to relate changes in brain structure to changes in clinical scores, and most importantly, to isolate the true effects of PD subtype on brain changes. By including the rate of symptom progression as a covariate in our analysis, we wanted to ensure that any observed group differences in brain changes are not confounded by differences in disease severity. In this complementary analysis, we confirm that PIGD have a greater % change in FW compared to TD in the putamen, GP, and cerebellum. An increasing amount of literature is pointing to the potential involvement of the cerebellum in PD (52–54). It remains to be fully understood whether changes in the cerebellum are part of the pathophysiology of the disease or if the cerebellum functions as a compensatory mechanism in response to nigral degeneration. Lobule V of the cerebellum is a key component of the motor cerebellum which is interconnected with cortical brain regions involved in motor planning, execution, and coordination (53, 55, 56). In previous work, cerebellar atrophy was found in PD tested about 5 years post-diagnosis, and this finding was accompanied by abnormalities in cerebellar-cortical functional connectivity (57). While the subtype of these PD is not known, it could be that the observed effects may be driven by or be more prominent in PD with a PIGD subtype who exhibit abnormalities in balance control, walking, and motor coordination, all functions regulated by the cerebellum. Here, FW may be able to capture additional information about the microstructural integrity of the cerebellum and produce a more detailed picture of cerebellar changes in PD. Given recent evidence that neuroinflammation precedes neurodegeneration in PD and that increased FW relates to higher TSPO-PET markers of neuroinflammation (58), it could be that FW changes within the cerebellum occur prior to evident atrophy within this region. It is important to note a trend for PIGD to exhibit a progression of FW levels not only in the putamen, GP, and cerebellar lobule V but also in other structures of the basal ganglia, cerebellum, as well as thalamus, and brainstem. Although these changes did not reach statistical significance, they seem to point to PIGD being a multi-system disorder affecting various levels of the motor network. These widespread patterns of changes may explain the accelerated progression of symptoms. The faster deterioration of PIGD patients may also be attributed to the fact that a significant proportion of these brain regions do not fall within the category of dopaminergic sites that one would expect to respond to conventional PD medication. Interestingly, a study conducted on participants from the PPMI study followed up for 1 year, demonstrated that dopaminergic therapy does not impact the allocation to one PD subtype (59). This finding further supports the hypothesis that motor symptoms in PIGD might be rooted in brain changes extending beyond the basal ganglia.

As for changes within the substantia nigra, we found no significant differences between groups in the 2 years % change increase in FW in PSN or ASN. Nevertheless, as illustrated in Figure 2, there is a tendency for the increase in FW to be more pronounced in the PIGD group. Previous single-and multi-site studies of PD progression have repeatedly demonstrated an increase in FW in the PSN at the 1 year, 2 years, and 4 years marks in early-stage PD (26, 27). However, in a study tracking the progression of FW in PD with a mean disease duration of ca. 7 years, only the ASN FW showed an increase and not the PSN, suggesting that changes in FW in PSN may plateau after several years (60). Indeed, it seems that individuals with PD undergo a substantial decline in dopamine-producing cells within the first four years of the disease, after which there is little change in the count of dopaminergic cells (2). An interesting finding in our study was the correlation across groups between baseline FW and the 2 years % change in FW in PSN. This revealed that those PD who had higher FW in PSN at baseline had a slower progression in FW levels compared to those PD who started off with a lower value. One potential explanation for the elevated FW levels at baseline in some individuals is the heterogeneity in the progression rates of the neurodegenerative process which is known to start years before the first motor symptoms emerge. In this context, measures such as disease duration should be interpreted with caution. Although the baseline scan was conducted close to the date of the diagnosis, it is possible that some PD were way ahead in the disease course. Disease duration in studies such as the PPMI reflects the time since diagnosis rather than the time since symptom onset. The latter is difficult to estimate since many patients delay seeking medical attention for their symptoms. Taken together, these findings suggest that FW could serve as a valuable metric for investigating progression-related changes in the brain of PD subtypes. However, its sensitivity to detecting longitudinal changes in TD and PIGD requires confirmation in future, larger-scale studies.

An important research question we wanted to address in this study was whether there was any connection between changes in motor scores and changes in FW levels. The lack of a correlation between the two was not unexpected. Rather, it implies that the extensive structural changes observed in PIGD could potentially give rise to additional motor symptoms that are not encompassed by MDS-UPDRS-III. Moreover, it is plausible that multiple contributing factors such as genetic makeup may predispose individuals to more accelerated brain deterioration. Also, it is important to acknowledge the MDS-UPDRS-III emphasizes symptoms related to the upper limbs and does not comprehensively address symptoms affecting other body parts, such as balance and gait disturbances that are more pronounced in the PIGD subtype. Interestingly, a logistic regression model based solely on the % change in motor severity exhibited limited discriminatory power, highlighting the shortcomings of the clinical scale. By contrast, a superior classification of the two subtypes was achieved by combining % change in motor severity with % changes in FW in the putamen, GP, and cerebellar lobule V. This model correctly classified 91.4% of the cases, with a breakdown of 95.7% for TD and 83.3% for PIGD. The model incorporating solely the imaging measures demonstrated a moderate performance. However, more work needs to be conducted in this area of classification models and results need to be confirmed in larger cohorts. Alternative classification models could include decision trees and random forest models that rely on training and testing datasets.

Finally, this study is not without limitations. It has been previously acknowledged that there is a certain degree of variability in the stability of PD subtypes in de novo PD, especially during the first year since diagnosis (about 61% of PIGD and 82% of TD remained in their respective subtypes after 1 year) (59, 61). Here, we implemented more rigorous inclusion criteria to counteract this phenomenon. We extended the follow-up period to 2 years and only included PD patients who exhibited the same subtype at both time points. Moreover, we verified the stability of these PD subtypes beyond the 2 years mark in those PD who had total MDS-UPDRS-III scores off medication at year 4 (majority of PD). It is important to mention, that despite our initial intention to do so, we were unable to perform an analysis that would assess brain changes over a 4 years period. The number of PIGD patients with a consistent subtype for a longer period in the PPMI dataset is relatively small as noted in another study (9), and the number of PIGD who have both clinical scores off medication and imaging data is even smaller. Another common challenge in longitudinal studies focused on PD is that of managing variables such as the patient’s medication regimens and the degree of physical activity. Frequently, the information pertaining to the medication is either incomplete or absent, the time when individuals are started on medication varies, and data regarding their level of physical activity is unavailable. Although no study to date indicates a positive effect of these variables (i.e., drugs or exercise) on FW levels (disease-modifying drugs are yet to be identified), it cannot be ruled out that the absence of/limited changes in FW in TD (Figure 2) may be linked to a more favorable response of tremor symptoms to PD medication.

Future studies examining the differential disease course of the TD and PIGD subtypes should consider: (1) extending the follow-up, (2) documenting with greater detail the medication taken during the follow-up period and the type and amount of exercise PD engage in, (3) incorporating multi-modal imaging, (4) incorporating conventional DTI measures such as fractional anisotropy (FA) to assess the sensitivity of different DTI-based metrics in detecting longitudinal microstructural brain changes across PD subtypes, (5) focusing the analyses on PD subtypes experiencing more advanced stages of the disease, and (6) expanding the analyses to include ROIs beyond the motor circuit, as non-motor symptoms tend to become more prevalent with disease progression, particularly in the PIGD subtype. Finally, considering subtypes when designing clinical trials or factoring in subtypes in the analysis of the clinical trial data may prove to be a valuable strategy that could limit the potential confounding effects of PD subtypes on outcome measures.




5. Conclusion

The primary goal of this study was to compare the rate of FW increase over a 2 years period in multiple motor regions across the basal ganglia, thalamus, brainstem, and cerebellum between TD and PIGD. We found that when compared to TD, PIGD experienced a faster clinical deterioration and changes in FW that spanned both the basal ganglia and cerebellum. In conjunction with changes in clinical scores, these measures distinguished the two subtypes with increased accuracy, superior to that of models based solely on clinical or imaging measures. In summary, the outcomes of this study serve to reinforce the validity and utility of FW as a marker of disease progression in PD and offer valuable insights into the distinct trajectories of disease progression within PD subtypes. The latter has implications for the design of pharmaceutical and non-pharmaceutical intervention studies aimed at addressing the specific needs of these PD subtypes.
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Variables except for sample size and sex are presented as mean (+5D). MDS-UPDRS-I11, motor section of the Movement Disorders Society Unified Parkinson's Disease Rating Scale; MoC:
Montreal Cognitive Assessment Test; MRI, magnetic resonance imaging: N, number; PD, Parkinson's disease; PIGD, posture instability and gait difficulties; TD, tremor dominant; Y, years.
Value of ps correspond to the satisical tests used to compare baseline characteristics between T and PIGD. A dagger symbol indicates the results of non-parametric between-group
comparisons. An asterisk indicates that group differences were significant at a p<0.05.
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FREE WATER

COHORT 1

FW Caudate 0.248 (0.031) 0.251(0.028) 1.37(6.34) 0.260(0.039) 0.267 (0.033) 315(7.11)
FW Putamen 0.160 (0.030) 0.159 (0.029) 0.15 (9.66) 0.162 (0.043) 0.193 (0.076) 17.19 (19.76)
FW GP 0.165 (0.060) 0.164 (0.054) 156 (13.78) 0.157 (0.040) 0,176 (0.053) 12,08 (16.06)
FW STN 0.109 (0.025) 0.115 (0.030) 7,57 (27.41) 0.103 (0.025) 0110 (0.031) 889 (23.98)
FW ASN 0.198 (0.054) 0.192(0.035) 155 (24.34) 0.192(0.077) 0.188 (0.053) 5.12(33.34)
FW PSN 0.151 (0.039) 0.155 (0.044) 439 (21.40) 0.144 (0.045) 0.151 (0.044) 7.23(25.71)
FW Thalamus 0,122 (0.020) 0.122(0.021) 172(1821) 0.116(0.018) 0.130(0.029) 1272 (21.75)
FW PPN 0.108 (0.032) 0.112(0.042) 10.90 (53.33) 0.110 (0.031) 0.114(0.031) 7.16 (24.13)
FW RN 0.104 (0.012) 0.107 (0.019) 410 (16.75) 0.097 (0.019) 0.105 (0.015) 10.13 (18.09)
FW Lobule V' 0.167 (0.021) 0.168 (0.023) 132(13.36) 0.168 (0.023) 0.172(0.027) 3.93(1041)
FW Lobule VI 0.152 (0.019) 0.155 (0.024) 1.96 (8.76) 0.154(0.023) 0.157 (0.025) 231(999)
FW Vermis 0.200 (0.027) 0.201(0.026) 149 (1230) 0.208 (0.023) 0.212(0.031) 189 (1238)
FW Dentate Nucleus 0.160 (0.028) 0.154(0.025) ~1.93 (18.93) 0.155 (0.028) 0.158 (0.031) 429 (23.87)
COHORT 2

FW Caudate 0.245 (0.032) 0.246 (0.027) 0841 (6.09) 0.261(0.040) 0.267 (0.028) 338 (8.09)
FW Putamen 0.159 (0.030) 0.158 (0.026) ~0.16(8.73) 0.160 (0.034) 0.183 (0.053) 14.50 (21.46)
FW GP 0.173 (0.063) 0.171(0.057) 0.039 (11.36) 0.147 (0.029) 0.161 (0.037) 10.09 (18.23)
FW STN 0.115 (0.025) 0.118 (0.032) 5.72(20.23) 0.100 (0.028) 0.108 (0.034) 10.16 (26.82)
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Variables are presented as mean total MDS-UPDRS-TII/EW and % change in the same variables (SD). ASN, anterior substantia nigra; GR, globus pallidus; PIGD, posture instabilty and gait
difficulties; PPN, pedunculopontine nucleus; PSN, posterior substantia nigra; ROI, region of interest; RN, red nucleus; STN, subthalamic nucleus; D, tremor dominant.
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