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Parkinson’s disease (PD) is the second most common age-related neurodegenerative disease with cardinal motor symptoms. In addition to motor symptoms, PD is a heterogeneous disease accompanied by many non-motor symptoms that dominate the clinical manifestations in different stages or subtypes of PD, such as cognitive impairments. The heterogeneity of PD suggests widespread brain structural changes, and axonal involvement appears to be critical to the pathophysiology of PD. As α-synuclein pathology has been suggested to cause axonal changes followed by neuronal degeneration, diffusion tensor imaging (DTI) as an in vivo imaging technique emerges to characterize early detectable white matter changes due to PD. Here, we reviewed the past 5-year literature to show how DTI has helped identify axonal abnormalities at different PD stages or in different PD subtypes and atypical parkinsonism. We also showed the recent clinical utilities of DTI tractography in interventional treatments such as deep brain stimulation (DBS). Mounting evidence supported by multisite DTI data suggests that DTI along with the advanced analytic methods, can delineate dynamic pathophysiological processes from the early to late PD stages and differentiate distinct structural networks affected in PD and other parkinsonism syndromes. It indicates that DTI, along with recent advanced analytic methods, can assist future interventional studies in optimizing treatments for PD patients with different clinical conditions and risk profiles.
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Introduction

Parkinson’s disease (PD) is the second most common age-related neurodegenerative disease and has no cure. In addition to the cardinal motor manifestations of PD, non-motor symptoms involving cognitive impairment, autonomic dysfunction, and sleep disorders come to dominate the clinical manifestations, with the progression of neurodegeneration and advancing disease (Williams-Gray et al., 2007; Kalia and Lang, 2015). The abnormal α-synuclein aggregation has been found in the brains of patients with PD in post-mortem autopsies of the brain. Although detecting these aggregates in a live human brain using imaging has been challenging, other imaging techniques, such as diffusion-weighted magnetic resonance imaging (DWI) have advanced, allowing in vivo characterization of microstructural changes (Le Bihan et al., 2001) caused by PD, such as axonal involvement (Chung et al., 2009). Axonal involvement appears to be important in the pathophysiology of PD and manifests as white matter changes (Nigro et al., 2016; Tagliaferro and Burke, 2016; Lanskey et al., 2018; Koirala et al., 2019; Zhang and Burock, 2020). Moreover, a plausible PD mechanism known as retrograde axonal degeneration (Tagliaferro and Burke, 2016) has been suggested that α-synuclein accumulation may begin in the presynaptic terminals, causing axonal transporter changes and following axonal degeneration before affecting neurons (Chung et al., 2009; Nigro et al., 2016). Therefore, white matter changes could be measured as an early detectable structural change in PD using the DWI technique (Burke and O'malley, 2013; Lanskey et al., 2018).

Diffusion-weighted magnetic resonance imaging is sensitive to the random motion of water molecules in tissues, allowing a quantitative means to describe tissue microstructural characteristics (Le Bihan et al., 2001). Diffusion tensor imaging (DTI) is the most common method using a single-tensor model to measure diffusion tensors from DWI data and provides four different typical quantitative DTI metrics as follows (Basser and Pierpaoli, 1996): fractional anisotropy (FA) describes the orientation distribution of organic tissues; mean diffusivity (MD) represents the general water diffusion of tissues that can reflect the degree of axonal/neuronal loss; axial diffusivity (AD) and radial diffusivity (RD) respectively describe the diffusion of water molecules along the principle and transverse axis. Furthermore, diffusion MRI tractography (DT) enables noninvasive visualization of in-vivo white matter bundle connections (Basser et al., 2000). Based on DWI data, it has been widely applied to facilitate the detection of axonal abnormalities along the tract bundle and assist in guiding interventional treatments for PD patients [e.g., deep brain stimulation (DBS; Calabrese, 2016)].

In this review, we attempt to provide a comprehensive overview of how different DTI analytic methods and tractography have recently been used in (1) detecting axonal deterioration in different stages and subtypes of PD, (2) differentiating patients with idiopathic PD or other parkinsonism disorders, and (3) improving interventional treatments.



Materials and methods

We performed a systematic search in the PubMed database, with the following key terms: “Parkinson’s Disease” and “diffusion MRI”; or “Parkinson’s Disease” and “diffusion tensor”; or “Parkinson’s Disease” and “diffusion tractography.” Since this is a narrative review, objective-systematic reviews/meta-analysis methods to extract articles do not apply. Thus, the articles were thereby hand-selected when meeting the following criteria: studies published after 2018, published in the English language, article types of original research and randomized clinical trial, topic focusing on white matter microstructures, and studies using typically clinical DTI acquisition. The selected articles with regard to DTI changes in different PD conditions are listed in Table 1.



TABLE 1 Summary of diffusion tensor imaging studies in PD with different clinical conditions.
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Recent advances in diffusion tensor imaging analytic methods

Diffusion tensor imaging is sensitive to cortical microstructural changes in de novo PD patients, even with the absence of obvious atrophy observed on T1-weighted imaging (Tessa et al., 2008). Early DTI studies beyond past decades have drawn much attention to diffusion changes of the nigrostriatal pathway as an imaging hallmark in early PD, because this pathway links the substantia pars compacta (SNpc) to the striatum, where the dopaminergic depletion in the early PD stage will lead to the lack of motor control (Delong, 1990). More findings beyond the nigrostriatal circuit have been addressed with the recent advances in automated DTI analytic methods. These methodologies include the ROI analysis, voxel-based analysis (VBA), skeletonized approaches [i.e., Tract-based spatial statistics (TBSS; Smith et al., 2006], fixel-based analysis (FBA; Raffelt et al., 2015), and graph theory with network-based analysis (summarized in Figure 1).
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FIGURE 1
 Diffusion changes in patients with Parkinson’s disease (PD) with different disease conditions shown by four different DTI analytic methods. (A) De novo PD stage: voxel-based analysis shows lower mean diffusivity (MD) in de novo PD patients relative to healthy controls (HC) in the voxels located at the right corticospinal tract, where the blue color-scale indicates the percentage of effect size. The darkest and lightest blue colors indicate 0 and 6% of the effect size, respectively. In addition, higher fiber cross-section in de novo PD patients was also found in the same brain region. Adapted from Xiao et al. (2021) with permission from John Wiley and Sons (34106502). (B) Early PD stage: tract-specific analysis using deterministic tractography delineates nigrostriatal fiber tracts (blue arrowhead) projecting from the substantia nigra (yellow regions of insterest [ROIs]) to the striatum in both HC (left) and PD (right) groups. The thinner nigrostriatal fiber tract in accordance with reduced striatal standardized uptake value ratio (white arrowhead) in the left side can be visualized in a PD patient. Color-encoded orientations: green for anterior–posterior, red for transverse, and blue for superior–inferior directions. Adapted from Shang et al. (2021) with permission from Springer Nature (34621005). (C) Mild to severe PD stages: patients showed decreased fractional anisotropy (FA, in red) in the tract bundles (e.g., genu, body, and splenium of corpus callosum, internal and external capsule, corona radiata, posterior thalamic radiation, sagittal stratum, cingulum and superior longitudinal fasciculus) detected by Tract-Based-Spatial-Statistics (TBSS) analysis. Slices from left to right are sagittal, coronal, and axial slices of the standard Montreal Neurological Institute (MNI) T1-weighted image template overlaid with the mean FA skeleton (in green). Adapted from Guimarães et al. (2018) with permission from Frontiers Research Foundation (30186216). (D) PD with depression: ROI analysis utilizes a between-group comparison of mean FA value in each ROI based on the predefined MRI atlas (Johns Hopkins University White Matter tractography atlas in this case). The figure illustrates the anatomical localization of FA change regions in MNI space in patients with depression. Adapted from Wu et al. (2018) with permission from BLACKWELL PUBLISHING (29125694).


In brief, ROI analysis is an automated method to extract the mean value of a DTI index from a predefined ROI, where ROIs can be obtained from automated segmentation based on different predefined anatomical MRI atlases. Johns Hopkins University (JHU) tractography atlas (Mori et al., 2008) has been widely used to utilize between-group comparison of a DTI index in a given fiber bundle ROI in PD studies (Wu et al., 2018; Juttukonda et al., 2019). VBA is a hypothesis-free approach to investigate microstructural properties in each voxel over the whole brain. Tract-Based Spatial Statistics (TBSS) is a popular automated approach to co-register individual DTI maps to the common DTI skeleton maps that allow statistical and objective group comparisons only on the voxels in the skeletonized white matter tracts (Smith et al., 2006). To date, TBSS is one of the most popular DTI analytic methods to investigate DTI changes due to PD with different neurodegenerative conditions (Wen et al., 2018; Ji et al., 2019; Chen et al., 2022). Unlike VBA investigating the overall diffusivity or anisotropy of a voxel, a fixel-based analysis is more likely to quantify the intravoxel white matter properties with the exclusion of other tissue compartments. To achieve this, each fixel is derived from the fiber orientation distributions obtained by the constrained spherical deconvolution (CSD) technique (Jeurissen et al., 2014). The graph-theoretical analysis is used to investigate differences in small-worldness, which is a measure to quantify global network efficiency and local connectivity strength within a large-scale structural topological organization that can be established by axonal interconnections (Bullmore and Sporns, 2009). This analysis could help understand network reorganizations in response to distinct dynamic pathophysiological changes in different PD subtypes or other parkinsonism disorders (Wen et al., 2018; Abos et al., 2019).



Diffusion tensor imaging study in different Parkinson’s disease stages

DTI studies in patients with the prodromal stage of PD are still scarce. Rapid eye movement sleep behavior disorder (RBD) has been recently considered as a prodromal sign of PD. Growing evidence from neuroimaging studies indicates that pathophysiological changes substantially overlap between RBD and PD (Heller et al., 2017). Holtbernd et al. (2021) recently performed an ROI analysis to investigate the difference in DTI metrics of predefined brain atlas among PD patients, RBD patients, and healthy controls (HC). They identified the convergent pattern of axonal degeneration manifesting as lower FA in the corpus callosum and higher FA in the right corticospinal tract (CST) in both RBD and PD patients. The co-occurrence of FA changes in the opposite direction suggests that both the neurodegenerative and compensatory mechanisms are simultaneously proceeding, probably contributing to a continuous spectrum of PD development.

In the drug-naïve de novo Parkinson’s Progression Markers Initiative (PPMI) PD dataset, increased FA in the CST in PD patients was characterized by the fixel-based and VBA (Xiao et al., 2021). Notably, Xiao et al. (2021) also showed the applicability of clinical DTI data to the single-shell 3-tissue-constrained spherical deconvolution (SST-CSD) algorithm that is able to derive the extra diffusion metrics of fiber cross-section (FC) and fiber density (FD), accounting for gray matter (GM) and cerebrospinal fluid (CSF) compartments. The higher FC and FD were observed in the right posterior limb of the internal capsule (IC), cingulum, CST, and superior cerebellar peduncle (SCP). Increased FC in the motor pathways together with the above DTI findings, were interpreted as the consequence of neuroplastic reorganization against dopaminergic nigrostriatal degeneration during the de novo PD phase.

The recent studies in the middle to late PD stages moved to investigate microstructural changes in the brain regions beyond the nigrostriatal pathway, especially for those regions that appear structurally normal or unaffected by the pathophysiology of PD (Isaacs et al., 2019; Scamarcia et al., 2022). Scamarcia et al. (2022) performed both T2-weighted imaging and DTI to understand the longitudinal evolution of white matter damages, respectively, represented by increased white matter hyperintense (WMH) volume and altered DTI metrics in PD patients over time (one to four years). WMH volume gradually increased in patients over time. However, altered DTI metrics were only seen at baseline. Nonetheless, their baseline analysis revealed extensive axonal involvement in the normal-appearing white matter, with lower FA and higher diffusivity values in PD patients. These findings may suggest two different patterns of longitudinal evolution during the progressive PD course, with earlier development of microstructural changes conferring vulnerability to later WMH accumulation (Promjunyakul et al., 2018). In addition, Isaacs et al. (2019) aimed to determine whether the spatial registration to the standard stereotaxic space with the appropriate tractography atlas in the subthalamic nucleus (STN) can help identify more specific STN projections relevant to PD progression, and thereby improve the accuracy of DBS lead placement. They found significant FA reductions in the STN connections to the frontal areas, where the number of tract streamlines was comparable between PD and HC, suggesting higher sensitivity of DTI metrics than macrostructural measures. Lower FA in the STN connections was thought to affect preparatory motor control, task monitoring, and decision-making in PD.



Diffusion tensor imaging changes in motor subtypes of Parkinson’s disease


Postural instability and gait disorder dominant PD vs. tremor dominant PD

An early study performed manual ROI analysis and demonstrated lower FA and higher apparent diffusion coefficient values in the body of corpus callosum in PIGD-PD (Chan et al., 2014) relative to PD. Compared to the TD-PD subtype, PIGD-PD has been reported to have more severe gait and cognitive impairments, with more involvement in non-dopaminergic systems (Ren et al., 2020). As such, a recent DTI study comparing PIGD-PD vs. TD-PD shifted their attention to non-dopaminergic or non-motor brain regions. Nazmuddin et al. (2021) found a lower FA in the frontal NBM-WM tracts in PIGD-PD than TD-PD using VBA analysis on the predefined cholinergic white matter map innervated by nucleus basalis of Meynert white matter (NBM-WM) in the standard common MRI space. In addition, there were significant correlations among the severity of gait impairment, attentional performance, and NBM-WM DTI values in PD-PIGD. These findings indicate that PD-PIGD patients, even in the de novo stage, have already presented the impaired cholinergic white matter projections as a proxy of cholinergic denervation. Meanwhile, another DTI study performed the tract-specific analysis with probabilistic tractography to characterize white matter alterations between an executive-task-based functional network in both PIGD-PD and TD-PD with normal cognitive functions (Yang et al., 2021). They suggested that PIGD-PD patients exhibited poor performance on the FAS verbal fluency task relative to PD-T patients and more microstructural white matter impairments compared to PD-PIGD patients, in agreement with previous TBSS findings in both phenotypes at the de novo stage (Wen et al., 2018). Moreover, Schulz et al. (2018) depicted that degeneration of the nucleus basalis of Meynert measured by DTI predicts the onset of cognitive impairment; however, this was not confirmed in the PPMI cohort (Caspell-Garcia et al., 2017).




Diffusion tensor imaging changes relevant to non-motor symptoms


Normal cognition vs. mild cognitive impairment vs. dementia

Patients with PD can develop a spectrum of cognitive declines during disease progression. Compared with PD-NC, FA values in the corpus callosum, corona radiata, and cingulum substantially dropped in PD with dementia (PD-D) (Chondrogiorgi et al., 2019). TBSS revealed that all PD patients had lower cognitive performance assessed by the Parkinson’s disease-Cognitive Rating Scale in relation to FA/MD/AD in the prefrontal and limbic tracts as well as corpus callosum. Another DTI study further segmented the entire corpus callosum into several sub-regions and found that PD-D patients had increases in diffusivity metrics, not FA, in the most anterior callosal segment compared to HCs (Bledsoe et al., 2018), PD-NC, and PD with mild cognitive impairment (PD-MCI), suggesting the PD cognitive declines primarily caused by the disruption across interhemispheric callosal connections (Bledsoe et al., 2018; Chondrogiorgi et al., 2019). Minett et al. (2018) also applied TBSS to characterize widespread white matter impairments in both PD-NC and PD-MCI groups compared with HC beyond the corpus callosum and corona radiata, including the internal capsule, external capsule, and other association tracts. They also confirmed a longitudinal MD increase in the several frontal white matter tracts only in the PD-MCI group after 18 months, with no significant difference between PD and PD-MCI in any DTI metric at baseline. Based on their correlation results of baseline MD associated with executive/attention functions and longitudinal motor function declines, Minett et al. (2018) further suggested that MD can be serve as a predictor to monitor the progressive PD-related motor dysfunctions, and as a potential indicator to evaluate the effect of cognitive treatment on patients with PD-MCI or PD-D. Other approaches, such as network-based analysis (Wang et al., 2020) and hierarchical clustering analysis (Inguanzo et al., 2021), also demonstrated more severe deterioration in either network (e.g., less nodal efficiency) or DTI properties (e.g., reduced FA) in the frontal white matter network in PD-MCI patients compared with PD-NC.




Differential diagnosis of Parkinson’s disease and atypical parkinsonism

It is challenging to differentiate PD, multiple system atrophy (MSA), and progressive supranuclear palsy (PSP), as these neurodegenerative diseases share some motor and non-motor features (Hughes et al., 2002). An increasing number of DTI studies have put considerable effort into differentiating MSA and/or PSP from PD over the past decade. In addition to classical statistical comparison, the recent DTI studies introduced a machine-learning approach with different DTI features to differentiate atypical parkinsonism from PD. Archer et al. (2019) recently proposed a novel machine-learning model based on a support vector machine (SVM) to classify patients with PD, MSA, or PSP. Their SVM models were, respectively, trained by the following combinations of features obtained from patients: diffusion MRI features only, Movement Disorder Society-Sponsored Revision of the Unified Parkinson’s Disease Rating Scale part-III (MDS UPDRS-III) only, diffusion MRI features + MDS UPDRS-III. In addition, they performed a free-water imaging method to reconstruct raw DTI data and produce novel diffusion MRI metrics [i.e., free-water (FW) and tissue FA (FAT)] as diffusion MRI features that can correct the partial volume effect of corticospinal fluid on FA value (Pasternak et al., 2009). Several PD studies have used free water imaging to consistently show increased FW within the posterior substantia nigra in PD (Planetta et al., 2016). Critically, their SVM model can achieve the best performance for classifying PD, MSA, and PSP when only using FW and FAT features. Another study (Abos et al., 2019) also performed SVM models, respectively, trained by DTI metrics, subcortical volume, or the number of fiber streamlines to distinguish patients with MSA from patients with PD. Finally, Seki et al. (2019) adopted a multimodal MRI approach to extract different quantitative MRI features based on VBA results. The following principal component analysis was used to reduce the high dimensionality of MRI features, and stepwise receiver-operating characteristic curve analysis was used to distinguish patients with PSP, Parkinson type of MSA (MSA-P), and PD. Notably, principal component analysis also highlighted DTI metrics of a few critical clusters to differentiate the three patient cohorts. These clusters were mainly distributed at the thalamus, dentatorubrothalamic tract, corpus callosum, and middle cerebellar peduncle. These findings were consistent with previous MRI findings (Nicoletti et al., 2006; Ito et al., 2008), where the axonal degeneration of dentatorubrothalamic tract comprises of demyelinated fibers, tau pathology, and microgliosis seen in autopsy PSP subjects (Ishizawa and Dickson, 2001).



Deep brain stimulation therapy for Parkinson’s disease

DBS is a conventional therapy for PD when treatment with dopaminergic medication is inadequate. However, the variability of DBS therapy sometimes proposes a need for a more detailed characterization of the targeted networks and visualization of white matter pathways that drives the clinical outcome (Henderson, 2012; Calabrese, 2016; Gonzalez-Escamilla et al., 2022). DT has been proposed to be the only non-invasive method of visualizing neural structural connectivity that could guide DBS targeting in neurological diseases, including PD (Calabrese, 2016). DT can define specific axonal trajectories as the basis of pathway-activation models to provide better anatomical/electrical volume conductor estimations to evaluate the strength and coverage of electric field covering DBS targets (Gunalan et al., 2018). As such, DT helped strategize the best direct or indirect DBS target by delineating and segmenting STN-cortical (Chen et al., 2018; Gunalan et al., 2018), pallido-cortical (Middlebrooks et al., 2018), pedunculopontine (Raghu et al., 2021), and cortico-cerebellar pathways (Strotzer et al., 2019; Coenen et al., 2020) to mitigate PD-related motor symptoms and minimize unwanted side effects, such as depression and impaired cognition (Combs et al., 2015; Irmen et al., 2020).

In another recent study, Gonzalez-Escamilla et al. (2022), using DTI and probabilistic tractography, presented an approach to integrate postoperative MRI, showing the DBS contact locations, with WM pathways connecting the contact locations to essential parts of motor network in individual PD patients. Specifically, the authors showed that the postoperative outcome of STN-DBS is strongly associated with active stimulation of contacts connected to the primary cortex and supplementary motor area and that can be individually defined. In addition, both DTI profile and network-based connectivity have served as a preoperative predictor for postoperative outcome (Koirala et al., 2018; Gonzalez-Escamilla et al., 2022) or a targeted indicator to trace the therapeutic effect (Strotzer et al., 2019; Huang et al., 2022).



Conclusion

The above studies summarized in the Table 1 indicate that DTI, measuring changes in white matter microstructure, specifically axonal changes, might be more sensitive in the early PD stage than other imaging techniques. DTI can characterize structural changes related to PD as the disease progresses over time so it can be a promising biomarker for monitoring PD progression. It also has the potential for making a more sensitive and specific differential diagnosis between PD and atypical parkinsonism, such as MSA and PSP (de Oliveira and Pereira, 2017). DTI also sheds light on the underlying structural network affected in different subtypes of PD (PD-T vs. PD-PIGD), which can help future interventional studies offering optimized treatment to various subtypes (e.g., treating PD-PIGD patients, in the de novo stage with the impaired cholinergic white matter projections as a proxy of cholinergic denervation with the novel DBS techniques being developed to increase cholinergic modulation).

Moreover, identifying the network topology and connectivity using DTI and probabilistic tractography before traditional DBS surgery directly influences PD patients’ response to DBS and may serve as significant predictors of the DBS clinical outcome (Koirala et al., 2018). Finally, structural changes, detected by DTI, are not only linked to motor but also cognitive symptoms. Therefore, DTI can potentially characterize the structural network involved in PD cognitive impairment leading to dementia and differentiate PD patients with mild cognitive impairment from those with normal cognition. Moreover, DTI information linked with machine learning approaches will add predictive power to this technique to act as a biomarker for early detection of those PD patients at risk of cognitive decline.



Author contributions

Y-CS and LM-K contributed to writing the manuscript. W-YT contributed to editing the manuscript. All authors contributed to the article and approved the submitted version.



Conflict of interest

W-YT was employed by AcroViz Inc. The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 Abos, A., Baggio, H. C., Segura, B., Campabadal, A., Uribe, C., Giraldo, D. M., et al. (2019). Differentiation of multiple system atrophy from Parkinson’s disease by structural connectivity derived from probabilistic tractography. Sci. Rep. 9:16488. doi: 10.1038/s41598-019-52829-8 

 Archer, D. B., Bricker, J. T., Chu, W. T., Burciu, R. G., Mccracken, J. L., Lai, S., et al. (2019). Development and validation of the automated imaging differentiation in parkinsonism (AID-P): a multi-site machine learning study. Lancet Digit Health 1, e222–e231. doi: 10.1016/S2589-7500(19)30105-0 

 Basser, P. J., Pajevic, S., Pierpaoli, C., Duda, J., and Aldroubi, A. (2000). In vivo fiber tractography using DT-MRI data. Magn. Reson. Med. 44, 625–632. doi: 10.1002/1522-2594(200010)44:4<625::AID-MRM17>3.0.CO;2-O 

 Basser, P. J., and Pierpaoli, C. (1996). Microstructural and physiological features of tissues elucidated by quantitative-diffusion-tensor MRI. J. Magn. Reson. B 111, 209–219. doi: 10.1006/jmrb.1996.0086 

 Bledsoe, I. O., Stebbins, G. T., Merkitch, D., and Goldman, J. G. (2018). White matter abnormalities in the corpus callosum with cognitive impairment in Parkinson disease. Neurology 91, e2244–e2255. doi: 10.1212/WNL.0000000000006646 

 Bullmore, E., and Sporns, O. (2009). Complex brain networks: graph theoretical analysis of structural and functional systems. Nat. Rev. Neurosci. 10, 186–198. doi: 10.1038/nrn2575

 Burke, R. E., and O'malley, K. (2013). Axon degeneration in Parkinson's disease. Exp. Neurol. 246, 72–83. doi: 10.1016/j.expneurol.2012.01.011 

 Calabrese, E. (2016). Diffusion tractography in deep brain stimulation surgery: a review. Front. Neuroanat. 10:45. doi: 10.3389/fnana.2016.00045

 Caspell-Garcia, C., Simuni, T., Tosun-Turgut, D., Wu, I. W., Zhang, Y., Nalls, M., et al. (2017). Multiple modality biomarker prediction of cognitive impairment in prospectively followed de novo Parkinson disease. PLoS One 12:e0175674. doi: 10.1371/journal.pone.0175674 

 Chan, L. L., Ng, K. M., Rumpel, H., Fook-Chong, S., Li, H. H., and Tan, E. K. (2014). Transcallosal diffusion tensor abnormalities in predominant gait disorder parkinsonism. Parkinsonism Relat. Disord. 20, 53–59. doi: 10.1016/j.parkreldis.2013.09.017 

 Chen, Y., Ge, S., Li, Y., Li, N., Wang, J., Wang, X., et al. (2018). Role of the cortico-subthalamic hyperdirect pathway in deep brain stimulation for the treatment of Parkinson disease: a diffusion tensor imaging study. World Neurosurg. 114, e1079–e1085. doi: 10.1016/j.wneu.2018.03.149 

 Chen, J., Jiang, X., Wu, J., Wu, H., Zhou, C., Guo, T., et al. (2022). Gray and white matter alterations in different predominant side and type of motor symptom in Parkinson's disease. CNS Neurosci. Ther. 28, 1372–1379. doi: 10.1111/cns.13877 

 Chondrogiorgi, M., Astrakas, L. G., Zikou, A. K., Weis, L., Xydis, V. G., Antonini, A., et al. (2019). Multifocal alterations of white matter accompany the transition from normal cognition to dementia in Parkinson's disease patients. Brain Imaging Behav. 13, 232–240. doi: 10.1007/s11682-018-9863-7 

 Chung, C. Y., Koprich, J. B., Siddiqi, H., and Isacson, O. (2009). Dynamic changes in presynaptic and axonal transport proteins combined with striatal neuroinflammation precede dopaminergic neuronal loss in a rat model of AAV alpha-synucleinopathy. J. Neurosci. 29, 3365–3373. doi: 10.1523/JNEUROSCI.5427-08.2009 

 Coenen, V. A., Sajonz, B., Prokop, T., Reisert, M., Piroth, T., Urbach, H., et al. (2020). The dentato-rubro-thalamic tract as the potential common deep brain stimulation target for tremor of various origin: an observational case series. Acta Neurochir. 162, 1053–1066. doi: 10.1007/s00701-020-04248-2 

 Combs, H. L., Folley, B. S., Berry, D. T., Segerstrom, S. C., Han, D. Y., Anderson-Mooney, A. J., et al. (2015). Cognition and depression following deep brain stimulation of the subthalamic nucleus and Globus Pallidus pars Internus in Parkinson's disease: a meta-analysis. Neuropsychol. Rev. 25, 439–454. doi: 10.1007/s11065-015-9302-0 

 De Oliveira, R. V., and Pereira, J. S. (2017). The role of diffusion magnetic resonance imaging in Parkinson's disease and in the differential diagnosis with atypical parkinsonism. Radiol. Bras. 50, 250–257. doi: 10.1590/0100-3984.2016-0073 

 Delong, M. R. (1990). Primate models of movement disorders of basal ganglia origin. Trends Neurosci. 13, 281–285. doi: 10.1016/0166-2236(90)90110-V

 Gonzalez-Escamilla, G., Koirala, N., Bange, M., Glaser, M., Pintea, B., Dresel, C., et al. (2022). Deciphering the network effects of deep brain stimulation in Parkinson's disease. Neurol. Ther. 11, 265–282. doi: 10.1007/s40120-021-00318-4 

 Guimarães, R. P., Campos, B. M., de Rezende, T. J., Piovesana, L., Azevedo, P. C., Amato-Filho, A. C., et al. (2018). Is Diffusion Tensor Imaging a Good Biomarker for Early Parkinson’s Disease? Front Neurol. 9:626. doi: 10.3389/fneur.2018.00626 

 Gunalan, K., Howell, B., and Mcintyre, C. C. (2018). Quantifying axonal responses in patient-specific models of subthalamic deep brain stimulation. Neuro Image 172, 263–277. doi: 10.1016/j.neuroimage.2018.01.015 

 Heller, J., Brcina, N., Dogan, I., Holtbernd, F., Romanzetti, S., Schulz, J. B., et al. (2017). Brain imaging findings in idiopathic REM sleep behavior disorder (RBD) – a systematic review on potential biomarkers for neurodegeneration. Sleep Med. Rev. 34, 23–33. doi: 10.1016/j.smrv.2016.06.006 

 Henderson, J. M. (2012). "Connectomic surgery": diffusion tensor imaging (DTI) tractography as a targeting modality for surgical modulation of neural networks. Front. Integr. Neurosci. 6:15. doi: 10.3389/fnint.2012.00015

 Holtbernd, F., Romanzetti, S., Oertel, W. H., Knake, S., Sittig, E., Heidbreder, A., et al. (2021). Convergent patterns of structural brain changes in rapid eye movement sleep behavior disorder and Parkinson's disease on behalf of the German rapid eye movement sleep behavior disorder study group. Sleep 44:199. doi: 10.1093/sleep/zsaa199 

 Huang, L. C., Chen, L. G., Wu, P. A., Pang, C. Y., Lin, S. Z., Tsai, S. T., et al. (2022). Effect of deep brain stimulation on brain network and white matter integrity in Parkinson's disease. CNS Neurosci. Ther. 28, 92–104. doi: 10.1111/cns.13741 

 Hughes, A. J., Daniel, S. E., Ben-Shlomo, Y., and Lees, A. J. (2002). The accuracy of diagnosis of parkinsonian syndromes in a specialist movement disorder service. Brain 125, 861–870. doi: 10.1093/brain/awf080

 Inguanzo, A., Sala-Llonch, R., Segura, B., Erostarbe, H., Abos, A., Campabadal, A., et al. (2021). Hierarchical cluster analysis of multimodal imaging data identifies brain atrophy and cognitive patterns in Parkinson's disease. Parkinsonism Relat. Disord. 82, 16–23. doi: 10.1016/j.parkreldis.2020.11.010 

 Irmen, F., Horn, A., Mosley, P., Perry, A., Petry-Schmelzer, J. N., Dafsari, H. S., et al. (2020). Left prefrontal connectivity links subthalamic stimulation with depressive symptoms. Ann. Neurol. 87, 962–975. doi: 10.1002/ana.25734 

 Isaacs, B. R., Trutti, A. C., Pelzer, E., Tittgemeyer, M., Temel, Y., Forstmann, B. U., et al. (2019). Cortico-basal white matter alterations occurring in Parkinson's disease. PLoS One 14:e0214343. doi: 10.1371/journal.pone.0214343 

 Ishizawa, K., and Dickson, D. W. (2001). Microglial activation parallels system degeneration in progressive supranuclear palsy and corticobasal degeneration. J. Neuropathol. Exp. Neurol. 60, 647–657. doi: 10.1093/jnen/60.6.647 

 Ito, S., Makino, T., Shirai, W., and Hattori, T. (2008). Diffusion tensor analysis of corpus callosum in progressive supranuclear palsy. Neuroradiology 50, 981–985. doi: 10.1007/s00234-008-0447-x 

 Jeurissen, B., Tournier, J.-D., Dhollander, T., Connelly, A., and Sijbers, J. (2014). Multi-tissue constrained spherical deconvolution for improved analysis of multi-shell diffusion MRI data. Neuro Image 103, 411–426. doi: 10.1016/j.neuroimage.2014.07.061 

 Ji, G. J., Ren, C., Li, Y., Sun, J., Liu, T., Gao, Y., et al. (2019). Regional and network properties of white matter function in Parkinson's disease. Hum. Brain Mapp. 40, 1253–1263. doi: 10.1002/hbm.24444 

 Juttukonda, M. R., Franco, G., Englot, D. J., Lin, Y. C., Petersen, K. J., Trujillo, P., et al. (2019). White matter differences between essential tremor and Parkinson disease. Neurology 92, e30–e39. doi: 10.1212/WNL.0000000000006694 

 Kalia, L. V., and Lang, A. E. (2015). Parkinson's disease. Lancet 386, 896–912. doi: 10.1016/S0140-6736(14)61393-3

 Koirala, N., Anwar, A. R., Ciolac, D., Glaser, M., Pintea, B., Deuschl, G., et al. (2019). Alterations in white matter network and microstructural integrity differentiate Parkinson's disease patients and healthy subjects. Front. Aging Neurosci. 11:191. doi: 10.3389/fnagi.2019.00191 

 Koirala, N., Fleischer, V., Glaser, M., Zeuner, K. E., Deuschl, G., Volkmann, J., et al. (2018). Frontal lobe connectivity and network community characteristics are associated with the outcome of subthalamic nucleus deep brain stimulation in patients with Parkinson's disease. Brain Topogr. 31, 311–321. doi: 10.1007/s10548-017-0597-4 

 Lanskey, J. H., Mccolgan, P., Schrag, A. E., Acosta-Cabronero, J., Rees, G., Morris, H. R., et al. (2018). Can neuroimaging predict dementia in Parkinson's disease? Brain 141, 2545–2560. doi: 10.1093/brain/awy211 

 Le Bihan, D., Mangin, J. F., Poupon, C., Clark, C. A., Pappata, S., Molko, N., et al. (2001). Diffusion tensor imaging: concepts and applications. J. Magn. Reson. Imaging 13, 534–546. doi: 10.1002/jmri.1076 

 Middlebrooks, E. H., Tuna, I. S., Grewal, S. S., Almeida, L., Heckman, M. G., Lesser, E. R., et al. (2018). Segmentation of the Globus Pallidus Internus using probabilistic diffusion Tractography for deep brain stimulation targeting in Parkinson disease. AJNR Am. J. Neuroradiol. 39, 1127–1134. doi: 10.3174/ajnr.A5641 

 Minett, T., Su, L., Mak, E., Williams, G., Firbank, M., Lawson, R. A., et al. (2018). Longitudinal diffusion tensor imaging changes in early Parkinson's disease: ICICLE-PD study. J. Neurol. 265, 1528–1539. doi: 10.1007/s00415-018-8873-0 

 Mori, S., Oishi, K., Jiang, H., Jiang, L., Li, X., Akhter, K., et al. (2008). Stereotaxic white matter atlas based on diffusion tensor imaging in an ICBM template. NeuroImage 40, 570–582. doi: 10.1016/j.neuroimage.2007.12.035 

 Nazmuddin, M., Van Dalen, J. W., Borra, R. J. H., Stormezand, G. N., Van Der Horn, H. J., Van Der Zee, S., et al. (2021). Postural and gait symptoms in de novo Parkinson's disease patients correlate with cholinergic white matter pathology. Parkinsonism Relat. Disord. 93, 43–49. doi: 10.1016/j.parkreldis.2021.11.010 

 Nicoletti, G., Lodi, R., Condino, F., Tonon, C., Fera, F., Malucelli, E., et al. (2006). Apparent diffusion coefficient measurements of the middle cerebellar peduncle differentiate the Parkinson variant of MSA from Parkinson's disease and progressive supranuclear palsy. Brain 129, 2679–2687. doi: 10.1093/brain/awl166 

 Nigro, S., Riccelli, R., Passamonti, L., Arabia, G., Morelli, M., Nisticò, R., et al. (2016). Characterizing structural neural networks in de novo Parkinson disease patients using diffusion tensor imaging. Hum. Brain Mapp. 37, 4500–4510. doi: 10.1002/hbm.23324 

 Ohlhauser, L., Smart, C. M., and Gawryluk, J. R. (2019). Tract-based spatial statistics reveal lower white matter integrity specific to idiopathic rapid eye movement sleep behavior disorder as a proxy for prodromal Parkinson's disease. J. Parkinsons Dis. 9, 723–731. doi: 10.3233/JPD-191688 

 Pasternak, O., Sochen, N., Gur, Y., Intrator, N., and Assaf, Y. (2009). Free water elimination and mapping from diffusion MRI. Magn. Reson. Med. 62, 717–730. doi: 10.1002/mrm.22055 

 Planetta, P. J., Ofori, E., Pasternak, O., Burciu, R. G., Shukla, P., Desimone, J. C., et al. (2016). Free-water imaging in Parkinson's disease and atypical parkinsonism. Brain 139, 495–508. doi: 10.1093/brain/awv361 

 Promjunyakul, N. O., Dodge, H. H., Lahna, D., Boespflug, E. L., Kaye, J. A., Rooney, W. D., et al. (2018). Baseline NAWM structural integrity and CBF predict periventricular WMH expansion over time. Neurology 90, e2119–e2126. doi: 10.1212/WNL.0000000000005684 

 Raffelt, D. A., Smith, R. E., Ridgway, G. R., Tournier, J. D., Vaughan, D. N., Rose, S., et al. (2015). Connectivity-based fixel enhancement: whole-brain statistical analysis of diffusion MRI measures in the presence of crossing fibres. NeuroImage 117, 40–55. doi: 10.1016/j.neuroimage.2015.05.039 

 Raghu, A. L. B., Parker, T., Zand, A. P. D., Payne, S., Andersson, J., Stein, J., et al. (2021). Tractography patterns of pedunculopontine nucleus deep brain stimulation. J. Neural Transm. 128, 659–670. doi: 10.1007/s00702-021-02327-x 

 Ren, J., Hua, P., Li, Y., Pan, C., Yan, L., Yu, C., et al. (2020). Comparison of three motor subtype classifications in de novo Parkinson's disease patients. Front. Neurol. 11:601225. doi: 10.3389/fneur.2020.601225 

 Scamarcia, P. G., Agosta, F., Spinelli, E. G., Basaia, S., Stojković, T., Stankovic, I., et al. (2022). Longitudinal white matter damage evolution in Parkinson's disease. Mov. Disord. 37, 315–324. doi: 10.1002/mds.28864 

 Schulz, J., Pagano, G., Fernández Bonfante, J. A., Wilson, H., and Politis, M. (2018). Nucleus basalis of Meynert degeneration precedes and predicts cognitive impairment in Parkinson's disease. Brain 141, 1501–1516. doi: 10.1093/brain/awy072 

 Seki, M., Seppi, K., Mueller, C., Potrusil, T., Goebel, G., Reiter, E., et al. (2019). Diagnostic potential of multimodal MRI markers in atypical Parkinsonian disorders. J. Parkinsons Dis. 9, 681–691. doi: 10.3233/JPD-181568 

 Shang, S., Li, D., Tian, Y., Li, R., Zhao, H., Zheng, L., et al. (2021). Hybrid PET-MRI for early detection of dopaminergic dysfunction and microstructural degradation involved in Parkinson's disease. Commun. Biol. 4:1162. doi: 10.1038/s42003-021-02705-x 

 Smith, S. M., Jenkinson, M., Johansen-Berg, H., Rueckert, D., Nichols, T. E., Mackay, C. E., et al. (2006). Tract-based spatial statistics: voxelwise analysis of multi-subject diffusion data. NeuroImage 31, 1487–1505. doi: 10.1016/j.neuroimage.2006.02.024 

 Strotzer, Q. D., Anthofer, J. M., Faltermeier, R., Brawanski, A. T., Torka, E., Waldthaler, J. A., et al. (2019). Deep brain stimulation: connectivity profile for bradykinesia alleviation. Ann. Neurol. 85, 852–864. doi: 10.1002/ana.25475 

 Tagliaferro, P., and Burke, R. E. (2016). Retrograde axonal degeneration in Parkinson disease. J. Parkinsons Dis. 6, 1–15. doi: 10.3233/JPD-150769 

 Tessa, C., Giannelli, M., Della Nave, R., Lucetti, C., Berti, C., Ginestroni, A., et al. (2008). A whole-brain analysis in de novo Parkinson disease. AJNR Am. J. Neuroradiol. 29, 674–680. doi: 10.3174/ajnr.A0900 

 Wang, W., Mei, M., Gao, Y., Huang, B., Qiu, Y., Zhang, Y., et al. (2020). Changes of brain structural network connection in Parkinson's disease patients with mild cognitive dysfunction: a study based on diffusion tensor imaging. J. Neurol. 267, 933–943. doi: 10.1007/s00415-019-09645-x 

 Wen, M. C., Heng, H. S. E., Lu, Z., Xu, Z., Chan, L. L., Tan, E. K., et al. (2018). Differential white matter regional alterations in motor subtypes of early drug-naive Parkinson's disease patients. Neurorehabil. Neural Repair 32, 129–141. doi: 10.1177/1545968317753075 

 Williams-Gray, C. H., Foltynie, T., Brayne, C. E., Robbins, T. W., and Barker, R. A. (2007). Evolution of cognitive dysfunction in an incident Parkinson's disease cohort. Brain 130, 1787–1798. doi: 10.1093/brain/awm111

 Wu, J. Y., Zhang, Y., Wu, W. B., Hu, G., and Xu, Y. (2018). Impaired long contact white matter fibers integrity is related to depression in Parkinson's disease. CNS Neurosci. Ther. 24, 108–114. doi: 10.1111/cns.12778 

 Xiao, Y., Peters, T. M., and Khan, A. R. (2021). Characterizing white matter alterations subject to clinical laterality in drug-naïve de novo Parkinson's disease. Hum. Brain Mapp. 42, 4465–4477. doi: 10.1002/hbm.25558 

 Yang, Q., Nanivadekar, S., Taylor, P. A., Dou, Z., Lungu, C. I., and Horovitz, S. G. (2021). Executive function network's white matter alterations relate to Parkinson's disease motor phenotype. Neurosci. Lett. 741:135486. doi: 10.1016/j.neulet.2020.135486 

 Zhang, Y., and Burock, M. A. (2020). Diffusion tensor imaging in Parkinson's disease and Parkinsonian syndrome: a systematic review. Front. Neurol. 11:531993. doi: 10.3389/fneur.2020.531993 



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Recent advances in using diffusion tensor imaging to study white matter alterations in Parkinson’s disease: A mini review



		Introduction



		Materials and methods



		Recent advances in diffusion tensor imaging analytic methods



		Diffusion tensor imaging study in different Parkinson’s disease stages



		Diffusion tensor imaging changes in motor subtypes of Parkinson’s disease



		Postural instability and gait disorder dominant PD vs. tremor dominant PD









		Diffusion tensor imaging changes relevant to non-motor symptoms



		Normal cognition vs. mild cognitive impairment vs. dementia









		Differential diagnosis of Parkinson’s disease and atypical parkinsonism



		Deep brain stimulation therapy for Parkinson’s disease



		Conclusion



		Author contributions



		Conflict of interest



		Publisher’s note



		References



















OPS/images/fnagi-14-1018017-g001.jpg
PD






OPS/images/fnagi-14-1018017-t001.jpg
Studies Patient group  Age Disease  UPDRS-III DTI Number of ~ b-value  Main result
(years)  duration analytic  diffusion  (the degree

(years or method directions  of diffusion
months) weighting,
s/mm?)

DTI changes in different PD stages

saacsctal 2019) | 70PD 2016860 651 (6hyers | (ON] 1446 (703), | NA Probabilsic @ 01000 | - [PD s HC] lower FA in STN-IFG N-DLPEC, STN-preSMA in PD; no
(OFF) 29584 1218) wsctography, significant difference i tract steength
T5A
Jiewal G019) | 578D 9500121 46006 yars | 2500 (141) mean (SD)] 5SS, raph @ 01000 |~ [PD s HC) ower structural-functonal coupling n et CST, higher smll-worldness in PD

130039 theory

Samarciaetal. | 154PD 6158(795) 495 (8N yers | 2859 (1581) {mean (SD)]  TBSS NA. N ~ [PD vs. HC, baseline] Lower FA and higher difusivity metrics in both WMH and NAWM
@o2) baseine: 170 areasin PD.
08 ~ Nosignificant progressive changesin all DTI metricsafter 1-4years
Shang etal. (2021) | 25PD 696(1477) | 17.44(519) 2688(873) [mean (SD)]  Deterministic 2 oo - [PD vs. HC] lower FA in the nigrostriatal projection associated with lower sriatal
months 128045 tractography, standardized uptake value ratio in PD
A
Xiaoetal 202) | PPMIcarydrug- | 6170(890) | NA. 2080 (900) {mean (SD)] | FBA for 6 oo - [PD vs. HC] higher FC and FDC in PLIC, cingulum, CST, SCP in the contralateral sde;
naive PD data: 141 160(050)  SST-CSD, higher FDC in the ALIC in the affected sde; lower FDC in the contralatera cingulum
drug-naive PD VBA for DI - [L-PD vs. R-PD] higher FD and FDC in CST, SCP, and cingulum in the afected side in

R-PD; higher FA and lower MD in the affected side in R-PD

DTI changes in different motor phenotypes

Nazmuddin etal. | 54 PIGD-PD, #4 6690(926), | N.A 320901117),3132 | [subject VBA,TBA 30 1000 ~ [PIGD-PD vs. TD-PD] lower FA in the blateral proximal-medial and-ateral NBM-WM
Qo2 D £2.70(828) (1252) number, tract, no significant MO diference
stage ~ Low FA and high MD in the NBM-WAM tract correated with severe postural and gait
12130415) symptoms in PIGD-PD
15/60/19/6/0, - Significant relationships between NBM-WM integriy,attentional function, and gait
39159101200 impairment in de novo PD
Wenetal (2018) | PPMIearydrug- | 6046957, 752800654 | 1977(948).2246 | [subject TBSS, graph o 01000 ~ [TD-PD vs, HC or PIGD-PD] regional FA increases and AD/RD decreases in TD-PD
naivePDda:52 | 6666(1017) | (678 months | (8:83) number, | theory. ~ [PIGD-PD vs. HC o TD-PD] widespread FA decreased and AD/RD increases in PIGD-PD
TD-PD, 13 PIGD-PD stage12]  network ~ [PIGD-PD vs, TD-PD] PIGD-PD showed more impaired WM tracts, with stronger
26/26,419  based analysis correlations with UPDRS-III
Yangetal. (2021) | MPDNCIOTDNG, | 5750(779), | 1279(629),1253 [ONI3323(1281),  NA. ROT analysis, 3 011000 - Altered WM structures in the executive network in PD
15 PIGD-NC 5726(782), | (563,1313 3357 (1221),32.38 probabilty ~ [PIGD vs. TD] higher MD and R in the exccutive network WM connections in PIGD
S7.80(803) (722 (13.42) tractography ~ A posiive orrelation between MD in the SLF and verbal fluency task scores in PD-NC

o

3971 (1264),
40.68(1371),3847

(1147)
DTI changes relevant to non-motor symptoms
Bledsoe et T20(80), | 970(440),940 | 2650(570,3530 | [range] 2-3,  ROIanalysis 2 o800 - [PD-NC vs. HC] no significant difference
Qos) MCL17PDD TAS0(G10) | (41011350 | (760, 4400(1460) | 2-4.2-5 - [PD-MCI or PD-D vs. HC] higher AD and RD in the most antrior segments of CC in
7450(670) | (490) years PD-MCLand PD-D
~ [PD-Dvs. HC] higher AD and RD in the anterior 2 segments in PD-D
~ (ANl PD] DT changes in the most anterior and posterior segments in associations with
cognitve defcits
Chondrogiorgi | 40PDNC,21PD-D | 68.40(600),  570(480,7.90 | N.A (mean] 22, TBSS 16 700 ~ [PD-D vs. PD-NC] lower FA in CC, CR, and cingulum in PD-D
etal.019) 090670 | (680) years 25 ~ (A1 PD] lower cogitive performance in relation to FA/MD/AD changes in CC, prefrontal
and imbic WM
Holberndetal | 30RBD,29PD (from | 6680 (9110, | 14690 (12140),  230(180,2130 | NA,L80  ROlanalysis site 01000 ~ [RBD vs. HC or PD)] higher FA in the bilateral ICR, MCP, SCP in RBD.
o2 ‘multple sites) @50(630) | BNE0) 070 ©70) 1213041506 ~ [RBD vs. PD) higher FA i the bilateral SCP and right ICP in RBD
months =60120/54/120 ~ [RBD or PD vs, HC) lower FA in CC and higher FA in right CST in both patient groups
3064
Ioguanzoctal | 15PDL2IPD2,26 | [mean (mean (median)] | [mean (median)]  [subject  TBSS 30 01000 ~ [PD1 vs. HC] PDI with the worst cognition accompanying with widespread FA reductions
o2 PD3 (ata-driven | (mediam)] | 700(750,900 | 30.00(100),2900 | number, in the fronto-occipital WM tracts.
subtypes,basedon | 7500 (14.00), | (900),7.00(550) | (200),3000 (200 stage ~ [PD2.0r PD3 vs. HC] no significant FA changes
whole brain analysis 68,00 (9.00), | years 121253) ~ (% of PD-MCI) 67,48, 31%
maps) 58,50 (11.00) Ve,
110019,
s
Minettetal. C018) 93PD-NC,27PD- | 6430(1080), | 1820(130),1900 2590(110),2920  190(0.10), | TBSS 6 oo ~ (A1l PD vs. HC] higher MD in bilateral CR, IC, EC, CC, IFOF, SFOF, FM, cingulum, SLE, ILF
Mt 70506100 | (150 months | (2200 30010 ~ [PD-MCIvs. PD-NC] no significantdifference at baseline, but PD-MCI showing significant
MD increasesin frontal WM after 18months
= [PD-MClvs. HC] lower FA in aforementioned tracts as well as CST
- Baseline MD is  neural correlae of ognitive function and a predictor o motor decline
Oblhauseretal. | PPMI data: 20 679770, NA NA. NA TBSS 6 onan ~ (PD-pRBD vs. PD-npRBD] widespread MD increases seen in prodromal PD-pRED.
Q09 prodromal PD-pRED, | 67.69 (5.97)
17 prodromal PD-
pRED
Wangetal, (2020) | 43PDNG,28PD- | 6019(10.72), | 2400400), | 2858(10.68),3083 | 200(100), | Graph theory, 2 01000 ~ [ANPD vs. HC] reduced nodal efficency in the hippocampus, parahippocampus, cingulat,
Mt @930089) 24000600 | (1383) 25001000 network- temporal lobe, fusiform, and amygdala; the orbital nodal eficiency in PD in relation to overall
months based analysis coitive function in PD
~ [PD-MCvs. PD-NC] reduced nodal effciency in theleft olfactory cortex, lef superior
frontal gyrus, and medial orbital gyrus in PD-MCH
Differential diagnosis of PD and atypical parkinsonism
Abosetal. 2019) | 65 PD, 31 MSA 654001000, | 826(602,4.46 | 16599022, NA  [sbject | Network- 3 0/1000 ~ [MSA vs. PD or HC) reduced number o fbr streamines in connections between the
€0.90(8.40) | (275) years number, | based bilatealstiatum, ventral diencephalon, thalamus,and cercbellum in MSA
stage, analysis, - [MSA vs. D] an accuracy of 0.78 for classification, with a sensitivty of .71, and a.
1203045 SVM for specifcity of .86
103222110, | classification
o9
Archeretal, (2019) | Multisitedata, 278 | Averageageof | PDIMSA/PS: | PDIMSA/PSP:30.15 | NA ROlanalysis, | [rangel 15-64 | 0/10000r0/800 - Model only trained by DTT WM features achieving the best performance of AUC (PD vs.
HCSUPD,8IMSA, | allgroups, | 387(380,294 | (1502),5113(7.17), svm atyical parkinsonism: 0955; MSA vs. PSP: 0926)
19vsp 6505065 | (277),3456.16) | 4065(1979)
years
Selietal (019) | ISPSRIGMSARI6 | 6710(650), | 230(150,190 | 3230(900,4050 | 300(0375),  VBAPCA, 2 01000 - MD and FA of the dentatorubrothalamic tract and CC were the most important
pu 6900710, | (160320200 | (720),2460(690)  300(100), | ROC analysis components to achieve difcrential diagnosis.
620630 years 200(1.00) - [PSP vs. MSA or PD] an accuracy of 92%

- [MSA-P vs PD] an accuracy of 80%

ACC, anterior cingulate cortex; AD, axial diffusivity: ALIC, anterior limb of internal capsule; CC, corpus callosum; CR, corona radiata; CST, corticospinal tract; DLPFC, dorsal lateral prefrontal cortex; DT, diffusion tensor imaging; EC, external capsule; FA,
fractional anisotropy; FBA, fixel-based analysis; FC, fiber-bundle cross-section; FD, fiber densitys FDC, fiber density and cross-section; FM, forceps mirror; H&Y, Hoehn-Yahr scale; HC, healthy controk;IC, internal capsule; ICR, inferior cerebellar peduncle; IFG,
inferior frontal gyrus; IFOF, inferior fronto-occipital fasciculus; ILF, inferior longitudinal fasciculus; L-PD, left onset PD; MCP, middle cerebellar peduncle; MD, mean diffusivity; MSA, multiple system atrophy; MSA-P, multiple system atrophy-parkinsonian
type; NA, not available; NAWM, normal appearing white matter; NBM, nucleus Basalis of Meynert; PD-D, PD with dementia; PD-MCIL, PD with mild cognitive impairment; PD-NC, PD with normal cognition; PD-npRBD, PD with no probable rapid eye
movement sleep behavior disorder; PD-pRBD, PD with probable rapid eye movement sleep behavior disorder; PIGD-PD, postural instabiliy and gait ifficulty subtype of PD; PLIC, posterior limb of internal capsule; PPMI, Parkinson's progression markers
initiative; preSMA, pre-supplementary motor AREA; PSP, progressive supranuclear palsy; RBD, rapid eye movement sleep behavior disorder; RD, radial diffusivity; ROC, receiver operating characteristics ROI, region of interest; R-PD, right onset PD; SCP,
superior cerebellar peduncle; SD, standard deviation; SFOE, superior fronto-occipital fasciculus; SLE, superior longitudinal fasciculus; SST-CSD, single-shell 3-tissue constrained spherical deconvolution; STN, sub-thalamic nucleus; SVM, support vector
machine; TBA, tract-based analysis; TBSS, tract-based spatial statistics; TD-PD, tremor dominant subtype of PD; UF, uncinate fasciculus; UPDRS-IIL, unified Parkinson's disease Rating Scale part I1; VBA, voxel-based analysis; WM, white matter; WMH, white
matier rpestaiciiie:






OPS/images/cover.jpg
, frontiers | Frontiers in Aging Neuroscience

Recent advances in using
diffusion tensor imaging to study
white matter alterations in
Parkinson's disease: A mini
review












OPS/images/crossmark.jpg
(®) Check for updates







OPS/images/logo.jpg
, frontiers Frontiers in Aging Neuroscience






