
UCLA
UCLA Previously Published Works

Title
Diffusion tensor imaging correlates of depressive symptoms in Parkinson disease

Permalink
https://escholarship.org/uc/item/3wd723z4

Journal
The Journal of Comparative Neurology, 530(10)

ISSN
1550-7149

Authors
Uhr, Lauren
Tsolaki, Evangelia
Pouratian, Nader

Publication Date
2022-07-01

DOI
10.1002/cne.25310
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/3wd723z4
https://escholarship.org
http://www.cdlib.org/


Diffusion tensor imaging correlates of depressive symptoms in 
Parkinson disease

Lauren Uhr, MPH1, Evangelia Tsolaki, PhD1, Nader Pouratian, MD, PhD2,*

1Department of Neurosurgery, David Geffen School of Medicine at UCLA, Los Angeles, California

2Department of Neurological Surgery, UT Southwestern Medical Center, Dallas, Texas

Abstract

Introduction: Depression is a heterogeneous clinical syndrome prevalent in patients with 

Parkinson disease (PD) that remains incompletely understood. Further, the differences in 

biomarkers of depression in PD and in non-PD patients are unclear. The subcallosal cingulate 

cortex (SCC) and its connections has been implicated in the pathophysiology of major depressive 

disorder (MDD). Diffusion tensor imaging (DTI) provides a tool to quantify MDD-related 

structural abnormalities underlying depressive symptoms in PD.

Methods: Diffusion-weighted magnetic resonance imaging data were collected from thirty-one 

patients with PD. Depression symptom severity was measured using the Beck Depression 

Inventory (BDI-II), and assessed using three subscales: dysphoric mood, loss of interest/pleasure, 

and somatic symptoms. Probabilistic tractography methods were used to quantify the SCC 

connectivity to target regions in cortico-limbic-striatal network (ventral striatum (VS), medial 

prefrontal cortex (mPFC), dorsal anterior cingulate cortex (ACC), and uncinate fasciculus (UCF)) 

while fractional anisotropy (FA) was calculated in predefined white matter regions of interest. DTI 

data was correlated with severity of depression across three domains.

Results: SCC-mPFC connectivity in the left hemisphere was positively correlated with severity 

of dysphoric mood (Benjamini-Hochberg adjusted p = 0.02). ROI-based analyses demonstrated a 

significant and distinct topographic association between FA and dysphoric mood, loss of interest/

pleasure, and somatic symptom severity, although these findings did not maintain significance 

after applying the false discovery rate correction.

Conclusion: Abnormal SCC connectivity underlies depressive symptoms in both PD and MDD, 

suggesting that interventions used for MDD should be explored in treating depressive symptoms in 

PD, particularly depression dominated by dysphoric mood.
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1. Introduction

Parkinson disease (PD) is associated with multiple non-motor symptoms, including 

depression which is one of the most common non-motor symptoms affecting 40–50% of PD 

patients [1]. Beyond the emotional disturbances, untreated depression negatively influences 

patients’ quality of life, physical disability, and cognitive dysfunction [1]. Depressive 

symptoms are thought to be associated with the underlying neurodegenerative disease itself 

as depression often precedes motor symptoms [1]. Recently, advanced neuroimaging has 

provided some insights into the neurobiological process of depression in this population. 

However, the neural substrates and mechanism of disease remain incompletely understood. 

Studies have used molecular imaging to explore the role of neurotransmitter systems, while 

other studies have examined the functional or structural connectivity of key brain regions, 

including the bilateral thalamus, bilateral anterior cingulate, and white matter tracts of the 

left frontal region [2,3,4]. However, the results have been inconsistent.

Diffusion tensor imaging (DTI) is a noninvasive imaging modality used to characterize 

the integrity of white matter tracts and the projections of fiber pathways within the brain. 

Fractional anisotropy (FA), the most common DTI scalar, is believed to reflect white matter 

microstructure including myelination, packing density, and membrane permeability [5]. DTI 

has been widely used in connectivity analyses to examine structural underpinnings of motor 

and behavioral symptoms in PD [6] as well as depression in patients with major depressive 

disorder (MDD) [7]. Although DTI has provided key insight to the pathology of these two 

conditions separately, only a few studies have used DTI to examine depression in PD.

The subcallosal cingulate cortex (SCC) and its structural connectivity has been identified 

as a critical network in the pathophysiology of mood disorders, specifically depression [8]. 

The SCC is a limbic brain region with extensive connections, forming the limbic-cortical 

network that processes sadness and regulates emotion [8]. SCC functional and structural 

connectivity has been correlated with clinical features and treatment outcomes in MDD 
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[9,10]. Further, the SCC is a target of deep brain stimulation (DBS) for depression, 

suggesting that stimulation of connections to the ventromedial pre-frontal cortex, nucleus 

accumbens, and cingulum bundle is related to the therapeutic antidepressant effect [11]. 

SCC DBS responders compared to non-responders shared activation of the following 

subject-specific white matter tracts: forceps minor, uncinate fasciculus (UCF), cingulum 

bundle, and fronto-striatal fibers [12]. Probabilistic tractography, a method that accounts 

for intra-voxel fiber crossing to quantitatively provide the probability of fiber direction at 

single voxels, has been used to predict the response to electroconvulsive therapy (ECT) 

treatment based on the SCC structural connectivity at baseline in MDD patients [10]. Such 

altered patterns in this limbic-cortical network may be present in depression associated with 

neurodegenerative diseases such as PD, but has not been explored or characterized.

Region of interest (ROI)-based analyses have been used to compare differences in white 

matter across individuals. In PD, multiple studies recognize FA changes correlated with 

motor symptom manifestations [13] and executive dysfunction [14]. To date, more limited 

evidence suggests that depression in PD is associated with white matter microstructural 

changes. For example, some studies have found decreased FA in the thalamus bilaterally [4], 

bilateral anterior cingulate [3], and multiple white matter tracts (left uncinate fasciculus, left 

superior longitudinal fasciculus, left anterior thalamic radiation, left forceps minor and the 

inferior longitudinal fasciculus) in the left frontal region in PD patients with depression [2], 

while another study reported no statistically significant differences [15].

Perhaps, the aforementioned inconsistencies in these findings can be explained by the 

heterogeneity of the depressive syndrome. In patients with MDD, lower FA has been 

reported in numerous white matter tracts and most significantly in the corona radiata and 

corpus callosum [16]. However, recognizing the constellation of MDD clinical features, DTI 

techniques have been used to examine white matter abnormalities in subtypes of depression. 

Such depression subtypes can be distinguished by functional connectivity differences within 

depression-related networks, which are associated with specific clinical symptom profiles 

[17] and treatment outcome [18]. Therefore, symptom-based research of biomarkers is 

needed to help understand the pathophysiology of depressive disorders, where subtypes may 

differentially benefit from therapeutic strategies.

We hypothesize the depressive symptom subscales predict distinct SCC structural 

connectivity and white matter microstructural changes and these changes would be 

associated with severity of symptoms. The overall aims of this study include: 1) investigate 

the relationship between the SCC structural connectivity to the cortico-limbic-striatal 

circuit using probabilistic tractography and 2) examine the white matter microstructure in 

predefined ROIs implicated in depression, particularly within the limbic system. The present 

study is the first to examine the depressive symptomatology in a population with PD and 

may provide insights into the structural underpinnings of depressive symptoms.
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2. Methods

2.1 Subjects

Using UCLA’s stereotactic neurosurgery database, this retrospective study included 31 

patients (24 males, 7 females, average age of 64.5 ± 5.8 years), who underwent evaluation 

for stereotactic implantation of deep brain stimulators (DBS) for PD. All patients had 

preoperative MRI data and comprehensive neuropsychological testing as part of the 

evaluation for DBS. The patient’s mean disease duration was 8.48 ± 3.38 years, with a 

mean Levodopa equivalent of 1126.33 ± 613.46 mg (range 20–2760). Motor function was 

measured with the Movement Disorder Society Unified Parkinson’s Disease Rating Scale, 

Part III (UPDRS) (measure in the “off” state). The mean UPDRS score was 35.11 ± 14.09 

(range 16–66). This study was done with approval from the UCLA Institutional Review 

Board.

2.2 Depression Measure

Neuropsychological testing was part of the standard procedure for stereotactic implantation 

of DBS evaluation. All assessments were completed in an “on” medication state. The 

Beck Depression Inventory-II (BDI-II), a self-reported 21-item scale measuring the presence 

and severity of depression symptomatology, was extracted from the neuropsychological 

assessments. Each item consists of four self-evaluative statements scored 0 to 3. Based on 

confirmatory factor analysis in a PD population, we used a three-factor model of BDI-II 

to establish independent scores for three factors of depression: dysphoric mood, loss of 

interest/pleasure, and somatic symptoms [19]. The summation of the items in each factor 

was used in the analysis, measuring symptom severity of that factor.

2.3 Imaging Acquisition and Analysis

Each participant underwent MR imaging (Siemens 3T Prismafit, Erlangen, Germany) using 

a spin-echo, echo-planar diffusion-weighted single phase encoding direction sequence with 

64-directions (matrix=128×128, b value=1000s/mm2; number of slices=72; 2mm isotropic 

voxels, repetition time/echo time=7600/66msec) and a high resolution, motion corrected 

multi-echo MPRAGE T1-weighted sequence (TEs/TR= 2.44/2100ms, TI=1100ms, FA=15°, 

isotropic 1mm voxels).

Imaging analysis was conducted using Functional Magnetic Resonance Imaging of the 

Brain (FMRIB) Software Library (FSL) tools [20]. Diffusion and T1 data were stripped 

of the skull using brain extraction tool (BET). Eddy current correction was performed 

on each volume in the dataset, applying affine registrations to the initial reference B0 

volume. Visual inspection of each DTI data was completed to assess for large artifacts. 

A multi-fiber diffusion model was fit to each diffusion-weighted imaging. At each voxel, 

Bayesian techniques were used to estimate the principal diffusion direction, accounting for 

the possibility of crossing fibers. T1 images were segmented to generate a CSF mask, and 

subsequently used as an exclusion mask to limit tractography to brain voxels.
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2.4 Subject-Specific Regions of Interest

The definition and implementation of subject-specific ROIs (ventral striatum (VS), medial 

prefrontal cortex (mPFC), dorsal anterior cingulate cortex (ACC), and uncinate fasciculus 

(UCF)) were adapted from a previous study [10]. The SCC seeds were defined anatomically 

in MNI152 standard space and then registered into each subject’s T1 and diffusion imaging 

space using linear and non-linear transformations FLIRT-FNIRT. Probabilistic tractography 

was performed with FDT [21] to characterize the probability of connectivity from the 

anatomically defined SCC with the whole brain. Tractography was conducted using a 

whole brain target and CSF exclusion mask with the following parameters: 5000 samples 

(streamlines), 0.2 curvature threshold, loopcheck termination, 2000 maximum number of 

steps, 0.5 mm step length and 0.01 subsidiary fiber fraction threshold. The subsequent whole 

brain tractography map was transformed into MNI152 standard space. The forceps minor, 

cingulum bundle and fronto-striatal fiber pathways were localized, and their termination area 

was identified. The anatomical region of each termination area was used to define extended 

regions of the mPFC, ACC, UCF and VS based on coordinates in MNI152 standard space. 

Figure 1 illustrates exemplary mPFC and ACC ROIs. For each extended ROI, the voxel 

with the highest probability of connectivity to SCC was determined and that voxel was used 

to delineate the center of the subject-specific, connectivity determined target mask (mPFC: 

5×5×5 voxel ROI, ACC: 5×5×5 voxel ROI, UCF=2×2×2 voxel ROI and VS: 2×2×2 voxel 

ROI in MNI152).

2.5 Probabilistic Tractography

To investigate the SCC structural connectivity, FMRIB’s Diffusion toolbox was used to 

perform probabilistic tractography using the same parameters. Using PROBTRACTX, 

streamlines were generated from each voxel within the seed region and the number of 

streamlines connecting the seed to each subject-specific target ROI were determined [22]. 

To guide the tractography to the target ROI from the seed, each ROI target was used as 1) 

a waypoint mask such that only tracts that pass through the mask will be counted towards 

the probability of connectivity, 2) a termination mask to stop tracts at the target mask and 

3) a classification target to quantitatively estimate the connectivity between each voxel in 

the seed mask to the target mask. The probability of connectivity for each target ROI was 

calculated using the following equation, where the number of streamlines from seed to target 

represent the number of tracts from each voxel in the seed mask to the waypoint target mask, 

number of seed voxels represent how many voxels were included in the SCC seed mask, and 

5000 represent the number of streamlines generated:

Probabilityof Connectivity = Numberof strealimesfromseed to target
numberof seedvoxels * 5000

Each subject’s SCC tractography map was non-linearly registered to the MNI152 template.

2.6 Diffusion Metrics

Voxel-wise analysis of the FA data was done using Tract-Based Spatial Statistics (TBSS) 

[23], a part of the FSL toolkit. FA images were generated using FSL’s DTIFIT after the 

aforementioned brain extraction and eddy current correction. The FA images were then 
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aligned into the FMRIB58_FA standard space using a nonlinearly registration (FNIRT). A 

mean FA image was then generated and used to create a mean FA skeleton, depicting tracts 

common to the entire group (FA threshold = 0.2). Each subject’s FA map was then projected 

onto the mean FA skeleton, allowing for an alignment-invariant tract representation.

For the ROI-based analysis, FSL’s Johns Hopkins (JHU) DTI-based white-matter atlas was 

used for automated white matter segmentation, labeling 48 white matter tracts [24] (Table 1). 

Using fslstats, average FA values were calculated in the 48 ROIs for each subject.

2.7 Data Analysis

Analysis was conducted using SPSS version 26 (IBM Corp. in Armonk, NY). Subjects with 

missing data were removed prior to analysis. The probability of connectivity from the left 

and right hemisphere SCC to each target ROIs were linearly regressed against the three 

model-factor of BDI-II depression symptomatology. In addition, the DTI measure of the 48 

ROIs were similarly linearly regressed against the three model-factor of BDI-II depression 

symptomatology. Further analyses were performed on both models to control for possible 

confounding by age and sex. We also conducted a sensitivity analysis by including UPDRS 

in the multivariable models to control for motor function when examining the association of 

the SCC tracts and/or ROIs with depression symptomatology. To limit the false discovery 

rate, Benjamini-Hochberg Adjusted p-values were calculated with a significance threshold 

set at p < 0.05. The unadjusted relationships that reach a significance threshold of p < 0.05 

were also reported even if the test was no longer significant after adjustment to delineate 

trends.

3. Results

Table 2 depicts the demographics of the study population and depressive symptomatology 

characteristics.

For the probabilistic tractography analysis, the mean SCC connectivity to each ROI was 

calculated, ranging from 0.001 to 0.567 (Figure 1A). In the univariate analysis examining 

the relation between the SCC probability of connectivity and depressive symptoms, the 

probability of connectivity between the SCC in the left hemisphere and the ipsilateral 

mPFC and ACC was significantly correlated with dysphoric mood (p = 0.002) and somatic 

symptoms (p = 0.044), respectively (Figure 2). After controlling for age and sex, the 

probability of connectivity between the SCC in the left hemisphere and the ipsilateral mPFC 

and dysphoric mood remained statistically significant (p = 0.003) and persisted after the 

Benjamini-Hochberg p-value adjustment (p = 0.015). This finding remained statistically 

significant in the sensitivity analysis adjusting for age, sex and UPDRS score (Table 3A).

The mean FA values for each of the 48 JHU ROIs ranged from 0.125 to 0.806 (Figure 

1B). After controlling for age and sex, regression analysis showed significant correlations 

between ROI FA measures and depression symptomatology in each BDI-II factor: right 

fornix with dysphoric mood (p = 0.037); splenium of the corpus callosum with loss of 

interest (p = 0.048); and ROIs within the limbic system and brainstem with somatic 

symptoms (p < 0.041) (summarized in Table 4). A graphical representation of these 
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significant ROIs is illustrated in Figure 3. After further controlling for UPDRS score, 

significant correlations were found between somatic symptoms and the left external capsule, 

right cingulate gyrus, left superior fronto-occipital fasciculus, and bilateral tapetum (Table 

3B). However, these correlations did not retain significance after applying the Benjamini-

Hochberg adjustment.

4. Discussion

This study characterizes the DTI changes, specifically the SCC structural connectivity and 

white matter microstructural correlates, associated with depression symptomatology and 

severity in patients with PD. Although a few studies have used DTI to better understand 

depression, apathy and anxiety in PD, none have examined specific symptoms of depression. 

Overall, our study suggests potentially distinct anatomic subtracts mediating distinct aspects 

of depression symptomatology in PD, namely dysphoric mood, loss of interest/pleasure, 

somatic symptom. Most significantly, the ipsilateral SCC probability of connectivity with 

left mPFC was positively correlated with dysphoric mood. Importantly, the left SCC-mPFC 

tract remained significant after controlling for motor function, suggesting that these findings 

are specific to dysphoric mood symptomatology.

The mPFC, connected via bilateral forceps minor of the anterior corpus callosum, is a key 

node in the limbic-cortical network. The region has been implicated in mood regulation and 

is thought to regulate the generation of negative emotion [25]. The region’s role in emotional 

and affective function is made clear by a lesion study where individuals with bilateral 

ventromedial prefrontal cortex lesions have low levels of “cognitive/affective” symptoms 

such as guilt, self-dislike sadness but normal levels of “somatic” symptoms [26]. This is 

consistent with our findings as while no statistically significant relationship was found 

with loss of interest/pleasure and somatic symptoms, dysphoric mood (consisting of the 

cognitive/affective symptoms) is positively correlated with the probability of connectivity 

between the SCC and the mPFC in the left hemisphere.

The mPFC has also been implicated in depression in PD. Studies have found abnormalities 

in blood flow [27] and spontaneous activity [28] in this region in PD patients with 

depression. Further, repetitive transcranial magnetic stimulation for depression in PD 

normalized abnormal activity in the prefrontal cortex, more prominently in the left 

hemisphere [29]. Our findings suggest that increased connectivity between the SCC and 

mPFC in the left hemisphere is associated with severity of dysphoric mood symptoms. 

While it was found that differences in structural connectivity between the SCC and mPFC 

in MDD patients predicted therapeutic outcome to ECT [10], future studies are necessary to 

investigate whether this is a biomarker for response to therapy in PD.

Previous studies using DTI to study depression in PD have mainly focused on inter-group 

comparisons between depressed and non-depressed patients with PD. In general, these 

studies have found decreased FA in the frontal regions and connections to the subcortical-

limbic regions in patients with PD and depression [2,3], although the results are inconsistent 

[15]. Decreased FA values have also been found in the bilateral mediodorsal thalamic 

regions [4]. When correlating FA values and depression assessment summative scores, a 
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negative correlation was previously found [2,4]. In the present study, we found a positive 

trend between FA and all three depression symptoms: dysphoric mood, loss of interest/

pleasure, and somatic symptoms. Perhaps, these conflicting findings in PD are due to the 

heterogeneity of depression symptoms used in these clinical measurements, particularly as 

different questionnaires are used to assess depression across studies leading to inability for 

direct comparisons. In MDD patients, increased FA was found in the right ventral tegmental 

area and differed significantly in a subtype of MDD patients with trait anxiety [30]. 

Although our findings did not maintain significance when correcting for the false discovery 

rate, we found evidence of white matter microstructural change in distinct ROIs for loss 

of interest/pleasure and somatic symptoms, with only the fornix associated with dysphoric 

mood and somatic symptoms severity. This suggests that different pathophysiology may 

underlie depression symptoms and by using symptoms subscales for depression, a different 

trend between white matter microstructure and symptom severity may be found.

To this end, we used subscales to measure depression symptomatology based off 

a confirmatory factor analysis of BDI-II in a PD population: 1) dysphoric mood, 

encompassing sadness and negative thoughts about self, 2) loss of interest/pleasure 

suggesting apathy component of depression, and 3) somatic symptoms representing physical 

complaints [19]. Using subscales to break down the symptoms of depression may help 

disentangle this complex syndrome, allowing for further understanding of the structural 

pathophysiology. Further, symptom-based findings may help understand certain phenotypes 

of depression and ultimately improve treatment with targeted strategies.

There are several limitations to this study. Like many other DTI studies, our cross-sectional 

analysis has a limited sample size. The small sample size limits the power of the study while 

increasing the possibility of type II error. Our study population was sourced from a cohort 

undergoing surgical planning for DBS that may limit the generalizability. Further, due to 

surgeon preference, most patients exhibiting depression symptoms were mildly depressed 

and therefore do not represent the full spectrum of depression. A larger cohort study using 

a similar standardized depression assessment tool and subscales is needed to help better 

assess the structural changes associated with depression symptomatology across the severity 

spectrum. Despite the statistical significance, the correlation between the left SCC-mPFC 

structural connectivity and dysphoric mood is limited by the low R2, suggesting additional 

variables may aid in further explaining the variation seen in the DTI measures. Additional 

studies must control for potential confounding by PD symptom duration, and antidepressant 

medication use/status, which may impact structural connectivity. Regarding DTI measures, 

here we used an atlas-based approach and probabilistic tractography. Although commonly 

used in the literature, the atlas-based approach for our ROI-analysis has intrinsic limitations 

as it does not account for all inter-subject anatomic variability.

Nonetheless, this study can provide initial insight into the hypothesis that there are distinct 

DTI correlates of depression symptom subcategories. Strengths of this study include the 

quality of our dataset in providing comprehensive PD and psychological assessments. 

Further, the use of probabilistic tractography provides patient-specific targets and advantages 

over deterministic methods, which assumes fiber orientation at the voxel level. Future 

studies are needed with larger sample sizes to disentangle depression symptoms and their 
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neural correlates, as well as to investigate whether clinical symptom biomarkers may guide 

depression treatment selection in PD.

5. Conclusion

Neuroimaging studies have shed light on subtypes of MDD, important in treatment selection 

and predicting response. This study demonstrates that aberrant SCC structural connectivity, 

a neural network implicated in MDD, may underlie the pathophysiology of dysphoric mood 

in PD. We also find that FA is positively correlated with dysphoric mood, loss of interest/

pleasure, and somatic symptom severity in disparate ROIs. Our findings provide insight to 

the pathophysiology of comorbid depression symptomatology in PD.
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Key Points:

• Left SCC-mPFC connectivity is correlated with dysphoric mood symptoms in 

PD

• Distinct white matter tracts underlie dysphoric mood, loss of interest, and 

somatic symptoms

• Abnormal SCC connectivity is implicated in both MDD and depressive 

symptoms in PD
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Figure 1. 
Mean DTI measures

A) Boxplot of probability of connectivity from right and left SCC seeds to ROI targets: 

ipsilateral ACC, bilateral mPFC, ipsilateral UCF, and ipsilateral Vst. B) Boxplot of FA in the 

48 JHU ROIs referenced in Table 1. Lower and upper boundaries of box correspond to the 

first and third quartiles; whiskers extend 1.5 times the inter-quartile range in both directions. 

Outlying points are plotted individually.
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Figure 2. 
Probability of connectivity correlations and depressive symptomatology

Left panel depicts group averaged left SCC-mPFC (red) and left SCC-ACC (blue) tracts 

overlaid on top of a standard brain, with a green box to delineate the SCC seed, yellow the 

mPFC mask, and pink the ACC. The right panel shows a scatter plot of left SCC-mPFC and 

dysphoric mood and of left SCC-ACC and somatic symptoms. Probability of connectivity 

positively correlated with symptom severity. A=anterior, P=posterior, S=superior, I=inferior.
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Figure 3. 
ROI-based correlations and depressive symptomatology

Left panel depicts significant ROIs, after controlling for age and sex, overlaid on top of 

a standard brain for each depressive symptom: dysphoric mood, loss of interest/pleasure, 

and somatic symptoms. The right panel shows a scatter plot between significant ROI and 

depressive symptom. For somatic symptoms, the ROI with the lowest p-value is displayed. 

FA positively correlates with symptom severity.
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Table 1.

JHU DTI-based white-matter atlas 48 ROI labels

Label ROI

1 Middle cerebellar peduncle

2
Pontine crossing tract

†

3 Genu of corpus callosum

4 Body of corpus callosum

5 Splenium of corpus callosum

6 Fornix (column and body of fornix)

7 Corticospinal tract R

8 Corticospinal tract L

9 Medial lemniscus R

10 Medial lemniscus L

11 Inferior cerebellar peduncle R

12 Inferior cerebellar peduncle L

13 Superior cerebellar peduncle R

14 Superior cerebellar peduncle L

15 Cerebral peduncle R

16 Cerebral peduncle L

17
Anterior limb of internal capsule R

†

18 Anterior limb of internal capsule L

19 Posterior limb of internal capsule R

20 Posterior limb of internal capsule L

21 Retrolenticular part of internal capsule R

22 Retrolenticular part of internal capsule L

23 Anterior corona radiata R

24 Anterior corona radiata L

25 Superior corona radiata R

26 Superior corona radiata L

27 Posterior corona radiata R

28 Posterior corona radiata L

29 Posterior thalamic radiation (include optic radiation) R

30 Posterior thalamic radiation (include optic radiation) L

31 Sagittal stratum (include inferior longitudinal fasciculus and inferior fronto-occipital fasciculus) R

32 Sagittal stratum (include inferior longitudinal fasciculus and inferior fronto-occipital fasciculus) L

33 External capsule R

34 External capsule L

35 Cingulum (cingulate gyrus) R

36 Cingulum (cingulate gyrus) L
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Label ROI

37 Cingulum (hippocampus) R

38 Cingulum (hippocampus) L

39
Fornix (cres) / Stria terminalis R

†

40 Fornix (cres) / Stria terminalis L

41 Superior longitudinal fasciculus R

42 Superior longitudinal fasciculus L

43 Superior fronto-occipital fasciculus R

44 Superior fronto-occipital fasciculus L

45 Uncinate fasciculus R

46 Uncinate fasciculus L

47 Tapetum R

48 Tapetum L

†
Signifies missing FA value for one subject (n = 30)
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Table 2.

Participant demographics and disease characteristics

n (%) or mean (SD)

n 31

Male 24 (77.4%)

Female 7 (22.6%)

Age 64.5 (5.80)

Levodopa Equivalent 1126.33 (613.46)

UPDRS Score (in “off” state)
† 35.11 (14.09)

Disease Duration, years 8.48 (3.38)

Depressive Symptomatology

 Dysphoric Mood 4.35 (0.830)

 Loss of Interest/Pleasure 1.48 (0.245)

 Somatic Symptoms 5.10 (0.509)

†
Missing data for three participants (n=28)
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Table 3.

Sensitivity analysis correlations, after controlling for age, sex, and UPDRS

A. Probabilistic tractography

BDI-II Factor SCC Tract Effect Estimate (se) p-value Adjusted p-value

Dysphoric mood L SCC to L mPFC 0.0077 (0.0023) 0.003 0.015

B. ROI-based analysis

BDI-II Factor ROI Effect Estimate (se) p-value Adjusted p-value

Somatic External capsule L 0.0123 (0.0057) 0.043 0.414

Cingulum (cingulate gyrus) R 0.0130 (0.0055) 0.028 0.648

Superior fronto-occipital fasciculus L 0.0128 (0.0059) 0.040 0.484

Tapetum R 0.0151 (0.0064) 0.027 0.648

Tapetum L 0.0131 (0.0050) 0.016 0.757

Multivariable model including age and sex underwent sensitivity analysis by including UPDRS (Unified Parkinson’s Disease Rating Scale) in the 
model to control for motor function when examining the association of the SCC tracts and/or ROIs with depression symptomatology.
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Table 4.

ROI-based correlations of FA and depressive symptoms, controlling for age and sex

BDI-II Factor ROI Multiple Regression

Effect Estimate (se) p- value

Dysphoric mood Fornix (cres) / Stria terminalis R 0.0070 (0.0032) 0.037

Loss of interest/pleasure Splenium of corpus callosum 0.0262 (0.0126) 0.048

Somatic Corticospinal tract L 0.0121 (0.0056) 0.041

Superior cerebellar peduncle R 0.0122 (0.0051) 0.024

Cerebral peduncle R 0.0140 (0.0063) 0.034

Anterior corona radiata R 0.0167 (0.0068) 0.021

External capsule R 0.0137 (0.0052) 0.014

External capsule L 0.0139 (0.0054) 0.015

Cingulum (cingulate gyrus) R 0.0150 (0.0052) 0.008

Cingulum (cingulate gyrus) L 0.0133 (0.0055) 0.024

Cingulum (hippocampus) L 0.0193 (0.0082) 0.026

Fornix (cres) / Stria terminalis R 0.0124 (0.0052) 0.024

Superior fronto-occipital fasciculus R 0.0140 (0.0059) 0.026

Superior fronto-occipital fasciculus L 0.0158 (0.0056) 0.009

Tapetum R 0.0174 (0.0059) 0.006

Tapetum L 0.0150 (0.0046) 0.003

The subcallosal cingulate cortex (SCC) and its connections have been implicated in the pathophysiology of major depressive disorder (MDD). We 
used diffusion tensor imaging to examine the MDD-related structural abnormalities underlying depressive symptoms in PD (n=31). SCC (green 
box) and medial prefrontal cortex (yellow box) connectivity (group averaged red tract) in the left hemisphere was positively correlated with severity 
of dysphoric mood symptoms, suggesting abnormal SCC connectivity underlies depressive symptoms in both PD and MDD, particularly when 
depression in PD is dominated by dysphoric mood.

J Comp Neurol. Author manuscript; available in PMC 2023 July 01.


	Abstract
	Graphical Abstract
	Introduction
	Methods
	Subjects
	Depression Measure
	Imaging Acquisition and Analysis
	Subject-Specific Regions of Interest
	Probabilistic Tractography
	Diffusion Metrics
	Data Analysis

	Results
	Discussion
	Conclusion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Table 1.
	Table 2.
	Table 3.
	Table 4.



