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Abstract

Background—Parkinson’s disease (PD) is histopathologically characterized by the loss of 

dopamine neurons in the substantia nigra pars compacta. The depletion of these neurons is thought 
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to reduce the dopaminergic function of the nigrostriatal pathway, as well as the neural fibers that 

link the substantia nigra to the striatum (putamen and caudate), causing a dysregulation in striatal 

activity that ultimately leads to lack of movement control. Based on diffusion tensor imaging, 

visualizing this pathway and measuring alterations of the fiber integrity remain challenging. The 

objectives were to: 1) develop a diffusion tensor tractography protocol for reliably tracking the 

nigrostriatal fibers on multicenter data; 2) test whether the integrities measured by diffusion tensor 

imaging of the nigrostriatal fibers are abnormal in PD; 3) test if abnormal integrities of the 

nigrostriatal fibers in PD patients are associated with the severity of motor disability and 

putaminal dopamine binding ratios.

Methods—Diffusion tensor tractography was performed on 50 drug naïve PD patients and 27 

healthy control subjects from the international multicenter Parkinson’s Progression Marker 

Initiative.

Results—Tractography consistently detected the nigrostriatal fibers, yielding reliable diffusion 

measures. Fractional anisotropy, along with radial and axial diffusivity of the nigrostriatal tract, 

showed systematic abnormalities in patients. In addition, variations in fractional anisotropy and 

radial diffusivity of the nigrostriatal tract were associated with the degree of motor deficits in PD 

patients.

Conclusion—Taken together, the findings imply that the diffusion tensor imaging characteristic 

of the nigrostriatal tract is potentially an index for detecting and staging of early PD.
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Parkinson’s disease; MRI; diffusion tensor imaging; diffusion tensor tractography; nigrostriatal 
pathway

Introduction

Parkinson’s disease (PD) is histopathologically characterized by loss of dopamine neurons 

in the substantia nigra (SN) pars compacta (SNc). The depletion of these neurons is thought 

to reduce the dopaminergic function of the nigrostriatal pathway, a bundle of nerve fibers 

that links the SN to the striatum, causing a dysregulation in striatal activity that ultimately 

leads to lack of movement control.1,2 Assessing the nigrostriatal pathway is therefore useful 

for aiding the diagnosis and treatment interventions of PD.

Previous studies in PD using diffusion tensor imaging (DTI)3 by evaluating the nigral 

fractional anisotropy (FA)4 have reported mixed results,5 though a recent study – attempting 

the separation between free and tissue water diffusion using a bi-tensor model – found a 

prominent free water increase in PD.6 DTI tractography7 of the nigrostriatal pathway has 

been demonstrated in healthy subjects,8 though this tract was termed “striatomesencephalic 

fiber”. Studies analyzing the nigrostriatal tract in PD patients are rare, presumably due to the 

difficulties in reliably identifying this small tract in the presence of crossing or joining 

fibers.9 Two recent studies10,11 have analyzed the connectivity profile, which was defined as 

the number of the most probable fibers that connect SN and putamen using probabilistic 

tractography. One10 study reported a significant reduction in this connectivity, whereas the 
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other11 found no significant abnormality in PD. To our knowledge, no previous study 

reports variations in DTI measures of the nigrostriatal tract in PD.

In this study, DTI measures were used for assessing the integrity of the nigrostriatal fibers 

based on data from the Parkinson’s Progression Marker Initiative (PPMI),11 an international 

multicenter study. The main goals were to: 1) demonstrate that tractography of the 

nigrostriatal tract can reliably be performed in PD patients and HC subjects; 2) test if DTI 

measures along the nigrostriatal tract differ between PD patients and HC subjects; and 3) 

determine the degree to which DTI variations along the nigrostriatal tract in PD are 

associated with the severity of motor symptoms and striatal dopaminergic deficits.

Methods

Population

The data were obtained through the PPMI study12 which has been approved by the 

respective Institutional Review Boards of all participating sites, and all subjects provided 

written informed consent. After initial screening, the subjects were fully assessed at the 

baseline visit for clinical (motor, neuropsychologic and cognitive) performance by the site 

investigators. Specifically, motor function was assessed using Part III of the Movement 

Disorder Society-sponsored revision of the Unified Parkinson’s Disease Rating Scale 

(UPDRS).13 Patients who received a diagnosis of PD less than 2 years before the initial visit 

without receiving any PD medication, and with a Hoehn and Yahr (H&Y)14 stage of I or II, 

were enrolled. Demographically comparable HC subjects, free of a neurological disorder, 

were recruited into the PPMI. All subjects had dopamine transporters (DAT) imaging, as 

routinely measured in the striatum using Ioflupane (123I) single-photon emission computed 

tomography (SPECT). SPECT imaging data were centrally reconstructed (http://

www.indd.org/), attenuation corrected, and analyzed with a standardized volume of interest 

template for extraction of regional count densities in the left and right putamen. Putaminal 

DAT binding ratios were calculated using the occipital lobe as reference region. Since a 

reduced DAT binding ratio is usually considered an indicator of dopaminergic neuron 

loss,15 PD patients were excluded if: 1) there was no evidence of an abnormal DAT binding 

ratio, the so-called Scans Without Evidence of Dopaminergic Deficit (SWEDD); 2) subject 

withdrew from the study; or 3) tractography of the nigrostriatal fiber was not identifiable on 

at least one side due to poor DTI quality. In all, 77 DTI sets (PD=50, HC=27) were selected 

in the order the data became available for conducting tractography from an initial count of 

178 DTI sets (PD=123, HC=55) from 10 PPMI sites. Further details of the PPMI 

recruitments and subject selection of the current study are described in Supplemental 

Materials. Demographic information, clinical characteristics, and the putaminal DAT 

binding ratios of the study population are listed in Table 1.

MRI Acquisition

MRI was performed using a standardized protocol for 3 Tesla machines. The key 

acquisitions of the protocol included a 3D magnetization prepared rapid gradient echo 

(MPRAGE) sequence and a 2D single-shot echo-planar DTI sequence (TR/TE = 900/88ms, 

2 mm3 resolution; 72 contiguous slices, twofold acceleration, axial-oblique aligned along 

Zhang et al. Page 3

Mov Disord. Author manuscript; available in PMC 2016 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.indd.org/
http://www.indd.org/


the anterior-posterior commissure, diffusion-weighting along 64 gradient directions with a 

b-value of 1000s/mm2). Further details of the MRI acquisition and processing are 

summarized at (http://www.ppmi-info.org/). The majority of DTI scans were obtained with 

cardiac-gating except a few cases (less than 5%) when a clear cardiac signal was not 

available. The MRI protocol was electronically distributed to each site to guarantee 

consistent installations.

DTI Processing

The DTI data were post-processed in the laboratory of the senior author (N.S), using a 

standard processing pipeline.16 In brief, image quality was evaluated based on the signal-to-

noise ratio where the background noise uniformity was measured using the Kullback-Leibler 

divergence.17 Diffusion-weighted images were corrected for eddy-currents and head motion. 

To maintain the original orientation of the principle eigenvector, no spatial distortion 

correction was performed. To achieve successful visualization of small fibers, the original 

DTI resolution was up-sampled to a 1 mm3 resolution through trilinear interpolation. In 

addition to analyzing a specific tract, an unbiased whole-brain voxel-based analysis using a 

high-dimensional normalization (DARTEL toolbox) in SPM8 was performed as a 

comparison.

Nigrostriatal Tractography

Tractography of the nigrostriatal tract was performed using TrackVis software (http://

www.trackvis.org/). The ‘seed disk’ function,18 which computes DTI values along the fiber 

curvature point-by-point, was used to initiate streamlines starting from the SN. In detail, a 

circular seed disk of 1 mm2 size, small enough to avoid other fiber streamlines in 

neighboring area, with an angle perpendicular to the streamlines, was placed in the SN. 

Since only a few DTI voxels within SN produced visible fibers, the seed disk was slightly 

moved around until streamlines reached the putaminal and pallidal area. A default length 

threshold of 10 mm and an angular threshold of 35° were used to limit deviations from the 

main path. More detailed description of the fiber tracking method is given in the 

Supplemental Material. To avoid bias due to variable fiber lengths and terminations (see 

Supplemental Figure S1), measures of FA, radial diffusivity (rD) and axial diffusivity (aD) 

were extracted at every 1mm from a 30mm segment of the consistent portion of the 

streamlines.

Tracking and Measurement Reproducibility

Reproducibility tests of nigrostriatal tractography, i.e. the for intra-rater ROI placement as 

well as for track-based DTI measurements, were tested using mean FA along each tract as 

metric in 12 randomly selected subjects, who had DTI done twice on the same day. An 

experienced radiologist (Y.Z.), blinded to identity and diagnosis of the subjects, completed 

two tractography performances approximately a week apart on the duplicate DTI 

acquisitions of each subject. The reproducibility of intra-rater ROI placement was tested by 

comparing the two tractography results (i.e. mean FA) of the first DTI acquisition. The 

reproducibility of track-based DTI measurement was tested by comparing the first 

tractography result from the two DTI acquisitions. Reproducibility was quantified based on 

an intra-class correlation coefficient (ICC).19 Intra-rater ROI placement had an excellent 
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reproducibility with an ICC of 0.93 overall (left = 0.91, right = 0.95). Track-based DTI 

measurements had an ICC of 0.76 overall (left = 0.73, right = 0.8).

Statistics

Mean values of FA, rD, and aD along the nigrostriatal tract segment as well as streamline 

numbers were analyzed. Since PD patients overwhelmingly (95%) presented asymmetric 

onsets of motor symptoms, we replaced the left and right brain hemisphere labels with 

contralateral and ipsilateral labels, according to each patient’s clinically predominated side 

of Parkinsonian symptoms onset (i.e. contralateral denotes the brain side opposite to the 

body side of symptoms; ipsilateral denotes the same brain side as the body side of 

symptoms). This approach is also consistent with general analysis procedures of the 

PPMI.16,20 For one patient with symmetrical symptom onset and for all HC subjects, the 

DTI values of left and right tracts were averaged, since there was neither a significant 

asymmetry (p > 0.6) between the left and right DTI variables, nor a significant effect due to 

handedness. Group effects on DTI measures were tested with a repeated measures analysis 

of variance (rmANOVA) model for each dependent variable (FA, rD, aD, and streamline 

number) separately. Diagnosis was included as a between-subject factor while ipsilateral/

contralateral side was included as repeated measures. Following an overall test for diagnosis 

and a test for an interaction between diagnosis and side, post-hoc linear regressions were 

performed for each side. Linear mixed models were used to test relations of each DTI 

variable with the degree of motor or dopaminergic deficits in patients, as well an interaction 

between each DTI variable and the side of the tract. Every model included adjustments for 

age and gender. The significance level was α < 0.05 in all tests. All statistical tests were 

performed using the R-Project for statistical computing (http://www.r-project.org/).

Results

Demographic and clinical characteristics

PD patients and HC subjects were similar in their respective age (p = 0.2) and gender (χ2 = 

1.83, p = 0.18) distributions as well as in the degree of cognitive performance (p = 0.7). As 

expected, PD patients had significant deficits on the motor tests as well as reduced DAT 

binding ratios in the putamen (all comparisons p < 0.001), compared to HC subjects (Table 

1).

Visualization of the nigrostriatal fibers

Whole brain analysis did not show differences between PD and HC groups for any DTI 

measure at uncorrected p < 0.001. This result motivated the analysis specifically of the 

nigrostriatal fibers that connect the SN and putamen.

A small fiber tract that connected the SN and putaminal and pallidal area (Figure 1) was 

traceable in 77 subjects. This small fiber was clearly distinguishable from adjacent 

projection fibers that travel through the internal capsule and project to the superior frontal 

cortices. The anatomical regions where the nigrostriatal fibers travel through are illustrated 

in Figure 2. The fibers originate from the posterior part of SN, converge to the anterior 

dorsal part of SN, travel superiorly via the medial side of subthalamic nucleus (STN), and 
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then turn laterally above the STN toward the ventral putaminal and pallidal area. This 

pattern is consistent with the known anatomy of the nigrostriatal pathway.21

DTI group differences

Group differences in each DTI measure, i.e. FA, rD and aD, of the nigrostriatal tract are 

illustrated in the scatter plots of Figure 3 and also numerically summarized in Supplemental 

Table S1. In comparison to HC subjects, FA of the nigrostriatal tract was on average 

markedly reduced in PD patients (F2, 150 = 12.7, p = 0.0007), regardless of the side of motor 

symptom onset (F1, 75 = 0.1, p = 0.7). rD was increased in PD patients (F2, 150 = 5.6, p = 

0.02), regardless of the side of symptom onset (F1, 75 = 0.2, p = 0.6). aD was also increased 

in PD patients (F2, 150 = 4.0, p = 0.049), again with no side interaction (F1, 75 = 1.1, p = 0.3). 

Neither a significant group difference nor side interaction was found for streamline numbers.

Relations between DTI and motor deficits

Relations between DTI variations of the nigrostriatal tracts in PD and motor deficits based 

on UPDRS part III scores (UPDRS-III) are illustrated in Figure 4, separately for FA, rD, and 

aD. A significant relationship was found for nigrostriatal FA and rD, but not for aD. There 

was a trend (p = 0.09 via likelihood ratio test) towards an interaction between UPDRS-III 

and ipsilateral/contralateral definition, with nigrostriatal FA decreasing more substantially 

for larger UPDRS-III on the contralateral side. Specifically, after controlling for age and 

gender, per unit increased in UPDRS-III corresponds with a 0.40% (CI95: 0.11% to 0.68%) 

decrease in contralateral FA and a 0.30% (CI95: −0.17%, 0.44%) decrease in ipsilateral FA. 

rD increased on average 1.05% (CI95: 0.47 to 1.64 %) as per UPDRS-III unit increase, 

without significant differences between the contralateral and ipsilateral side. aD was not 

significantly correlated with UPDRS-III (p = 0.2).

Similar to UPDRS-III, significant relationships for FA and rD of the nigrostriatal tracts were 

also found with total UPDRS. There is a statistically significant (p = 0.009 via likelihood 

ratio test) interaction between total UPDRS and ipsilateral/contralateral definition, with 

nigrostriatal FA again decreasing more substantially for larger total UPDRS scores on the 

contralateral side. Specifically, after controlling for both age and gender, per unit increase in 

total UPDRS corresponds with a 0.25% (CI95: 0.08% to 0.42%) decrease in contralateral FA 

and a 0.01% (CI95: −0.17%, 0.20%) decrease in ipsilateral FA. rD increased 0.51 % (CI95: 

0.13 to 0.89%) as per total UPDRS unit increase, with no difference between the 

contralateral and ipsilateral side. aD had no significant correlation with total UPDRS (p = 

0.2).

Relations between DTI and DAT binding ratios

No significant relationships were found between any DTI measures of the nigrostriatal tract 

and putaminal DAT binding ratios. Interestingly, the putaminal DAT ratios also had no 

significant correlations with UPDRS-III (p = 0.12), whereas the ratios showed a trend of a 

negative correlation with total UPDRS (p = 0.2).
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Discussion

Our study has three main findings: 1) The nigrostriatal tract can be visualized reliably in PD 

patients and HC subjects in a multicenter study using tractography. 2) The DTI 

characteristic of the nigrostriatal tract is abnormal in PD patients, suggesting a degradation 

of the microstructural integrity of the motor control circuitry. This finding is potentially 

important for new treatment interventions that target restoring the nigrostriatal circuitry. 3) 

The microstructural degradation of the nigrostriatal tract in PD patients is associated with 

the severity of motor symptoms, whereas a relationship to dopaminergic deficits is not 

apparent. This finding implies that structural deficits of the nigrostriatal circuit – aside from 

functional (i.e. dopaminergic) deficits – contribute to the severity of PD. Taken together, the 

findings suggest that the DTI characteristic of the nigrostriatal tract is potentially an index 

for detecting and staging of early PD.

The nigrostriatal pathway primarily innervates the dorsolateral striatum (putamen and 

caudate), an area that plays a central role in movement control via cortical activation and 

deactivation.1,2 The loss of the nigrostriatal projections, which comprises the dopaminergic 

neurons, results in dysfunctional regulations of the basal ganglia circuitry, which is 

presumed to cause the presence of bradykinesia, rigidity and other motor problems in PD.22 

Postmortem studies have shown that striatal dopamine levels are reduced in PD and the level 

of reduction parallels the degree of nigral degeneration.23,24 Aside from common 

dopaminergic treatments of PD that restore striatal dopamine levels, new treatments that aim 

at restoring the nigrostriatal pathway, such as dopamine graft implantation25,26 and infusion 

of glial-cell-line-derived neurotrophic factors, also known as GDNF,27–29 have become 

major goals for potentially disease-modifying interventions. Our findings of abnormal 

microstructural integrities of the nigrostriatal tract in PD using DTI in a multisite MRI 

setting demonstrated that DTI assessment is potentially important for clinical trials that 

target restoring the nigrostriatal circuitry in PD.

It is noteworthy that we found a prominent disease effect on DTI measures of the 

nigrostriatal tract, while a previous DTI study of PPMI, focusing on the SN, reported only a 

trend of disease effect.16 Other single center DTI studies focusing on the SN in PD have also 

reported a disease effect,30 though magnitude and location of nigral abnormalities varied 

across the studies.5 More recently, another study using PPMI data6 and attempting the 

separation between free and tissue water diffusion based on a bi-tensor model, found a 

prominent disease effect selectively on increased free water diffusion in the SN while 

variations in tissue water were not significant. An increase of free water diffusion is 

generally interpreted as indication of atrophic or inflammatory fibers.31 Whether a bi-tensor 

analysis of the nigrostriatal tract data would also lead to similar findings of free water 

diffusion needs to be determined in the future. In addition, our findings imply that structural 

damage in PD can extend beyond the SN into the nigrostriatal tract. The disease effect also 

appears to impact the fibers in the vicinity of the SN more than at the opposite end toward 

the putamen, though these regional variations along the tract were not significant 

(Supplemental Table S2). Altogether, our results support the hypothesis that DTI alterations 

of the nigrostriatal tract are potentially relevant to the pathological characters of PD.
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Given that one might generally expect a unilateral distribution of abnormal DTI values for 

unilateral symptoms, the finding of bilateral DTI abnormalities of the nigrostriatal tracts in 

PD is surprising. One interpretation for the bilateral abnormalities of the nigrostriatal tracts 

is that progression of PD symptoms can spread from one side to encompassing both within 

20 months.32 Thus, finding bilateral DTI abnormalities of the nigrostriatal tract in these PD 

patients with reported unilateral domain of symptoms at onset might be a sign that the 

disease has already progressed to both hemispheres since the time when a PD diagnosis was 

given, e.g. within 2 years before enrollment in PPMI. Another possibility is that DTI 

abnormalities precede the appearance of clinical motor symptoms in PD. This can 

potentially be tested on a prodromal PD cohort, i.e. subjects with a genetic predisposition for 

PD, before subjects develop clinical motor symptoms. A sub-study of the PPMI is currently 

collecting DTI data in a prodromal PD cohort to test this possibility.33

The finding of strong relationships between motor deficits and FA as well as rD is consistent 

with several reports of nigral DTI variations in PD.34–36 In this context, the finding of a 

weak relationship between decreased putaminal DAT ratios and increased motor deficits in 

this cohort is interesting. These findings imply that microstructural damage of the 

nigrostriatal tract – and not functional (i.e. dopaminergic) deficits alone – contribute to 

motor deficits in PD. This result potentially has implications for the development of disease-

modifying interventions. In particular, improvement of structural components of axons, such 

as myelin sheets and microtubules, through drug-induced increase of neural and glial grow 

factors, could be an important target for therapeutic interventions in PD.

Given the conventional concept of PD, in which reduced dopaminergic function of the 

nigrostriatal pathway is the underpinning of motor deficits, a relationship between 

nigrostriatal integrity and DAT might have been expected. However, our study didn’t reveal 

an apparent relationship between DTI measures and DAT. One explanation is that the DAT 

tracer uptake does not correlate with nigral neuron loss.37 DTI may therefore provide 

complementary information about PD pathology to DAT. Another explanation is that the 

selectivity of the nigostriatal fiber to dopaminergic neurons is diminished because fiber 

tracking may also have included the GABAnergic striato-pallido-nigral pathway aside from 

the dopaminergic nigrostriatal one. It is also possible that a bi-tensor analysis6 that separates 

free water from tissue water diffusion is more sensitive to detect DAT-DTI relationships. It 

should also not be overlooked that the relative sensitivity of DTI and DAT measures for PD 

may vary with disease progression. Therefore it cannot be excluded that DAT sensitivity 

exceeds that of nigrostriatal DTI for PD at other stages of the disease. An analysis of 

longitudinal DTI and DAT data from the PPMI is warranted to determine the value of each 

imaging modality for detecting PD pathology.

Some limitations of the study ought to be mentioned. One limitation is that the analysis was 

restricted to PPMI subjects enrolled at specific and selected centers that already had the 

technical capabilities to obtain DTI scans in a rigorous and highly standardized fashion. 

Although the difference between the DTI subset and the entire PPMI cohort may probably 

have no clinical relevance, a generalization of the DTI findings requires caution. Another 

technical limitation is that due to the nature of the multicenter study, we could not use the 

most sophisticated diffusion imaging methods, such as diffusion spectrum38 and high 
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angular resolution diffusion imaging (HARDI),39 which overcome some pitfalls of DTI, 

especially the ambiguity from crossing or joining fibers. It is possible that these 

sophisticated diffusion imaging methods may lead to different results.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
A. The reconstructed nigrostriatal fibers with color-encoded orientations: green for anterior-

poster, red for transverse, and blue for superior-inferior directions. The connecting nuclei are 

highlighted on diffusion weighted images. B. The nigrostriatal fibers are distinguished from 

the neighboring fibers (Pro).

SN = substantia nigra (SN), Put/GP = putamen/globus pallidus, Pro = projection fibers
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Figure 2. 
Bilateral nigrostriatal fibers are overlaid on diffusion weighted images (left) and color-coded 

anisotropic images (right). Five consecutive slices, starting from the level of Put/GP (top 

slices) until SN (bottom slices) are shown. Adjacent anatomical regions are also indicated.

SNc = pars compacta of substantia nigra, SNr = pars reticulata of substantia nigra, RN = red 

nucleus, STN = subthalamic nucleus, GP = globus pallidus, Put = putamen; Sphere indicates 

the color-coding.
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Figure 3. 
Scatter plots of FA (A), rD (B) and aD (C) of the nigrostriatal tracts in HC subjects and PD 

patients, separately for contralateral (Contra) and ipsilateral (Ipsi) side of symptom onset. 

Linear regressions are shown in black lines.
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Figure 4. 
Relationships between FA (A), rD (B) and aD (C) of the nigrostriatal tracts and the degree 

of motor deficits based on UPDRS-III scores in PD patients, separately for contralateral 

(Contra) and ipsilateral (Ipsi) side of symptom onset.
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Table 1

Group demographics and clinical characteristics

HC PD Group Difference (p)

Number of tractography 27 50 —

Age (years) 56.8 ± 10.7 59.7 ± 9.2 n.s.

Sex (M / F) 21 / 6 32 / 18 n.s.

Handedness (L:R:M)(a) 23 : 4 : 0 44 : 4 : 2 —

Side of symptom onset (L:R:S)(b) — 27 : 22 : 1 —

Total UPDRS (I–IV)(c) 5.8 ± 2.5 38.8 ± 13.3 <0.001

UPDRS III(d) 0.4 ± 0.8 21.9 ± 7.8 <0.001

Hoehn & Yahr(e) 0 1.6 ± 0.5 <0.001

MoCA(f) 28.1 ± 1.1 28.0 ± 1.7 n.s.

Putaminal DAT (minimum side) 1.25 ± 0.4 0.58 ± 0.2 <0.001

(a)
L:R:M = Left : Right : Mixed handedness

(b)
L:R:S = Left : Right : Symmetric onset

(c)
Unified Parkinson’s Disease Rating Scale (Movement Disorder Society revision) Part I-IV, range 0 to 200

(d)
Unified Parkinson’s Disease Rating Scale Part III, range 0 to 72

(e)
Hoehn and Yahr scale, range 0 to 5

(f)
MoCA: Montreal Cognitive Assessment test, range 0 to 30
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