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Abstract

Objective—A 71-year old (MN) with an 11-year history of left onset tremor diagnosed as 

Parkinson’s disease (PD) completed longitudinal brain magnetic resonance imaging (MRI) and 

neuropsychological testing. MRI scans showed an asymmetric caudate nucleus (right< left 

volume). We describe this asymmetry at baseline and the progression over time relative to other 

subcortical gray, frontal white matter, and cortical gray matter regions of interest. Isolated 

structural changes are compared to MN’s cognitive profiles.

Method—MN completed yearly MRIs and neuropsychological assessments. For comparison, left 

onset PD (n=15) and non-PD (n=43) peers completed the same baseline protocol. All MRI scans 

were processed with FreeSurfer and the FMRIB Software Library (FSL) to analyze gray matter 

structures and frontal fractional anisotropy (FA) metrics. Processing speed, working memory, 

language, verbal memory, abstract reasoning, visuospatial, and motor functions were examined 

using reliable change methods.

Results—At baseline MN had striatal volume and frontal lobe thickness asymmetry relative to 

peers with mild prefrontal white matter FA asymmetry. Over time only MN’s right caudate 

nucleus showed accelerated atrophy. Cognitively, MN had slowed psychomotor speed and 

visuospatial-linked deficits with mild visuospatial working memory declines longitudinally.

Conclusions—This is a unique report using normative neuroimaging and neuropsychology to 

describe an individual diagnosed with PD who had striking striatal asymmetry followed 

secondarily by cortical thickness asymmetry and possible frontal white matter asymmetry. His 

decline and variability in visual working memory could be linked to ongoing atrophy of his right 

caudate nucleus.
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Introduction

Parkinson’s disease (PD) motor symptoms typically manifest unilaterally. It has been 

suggested that laterality corresponds to type of cognitive impairment. A comprehensive 

review indicated there is a compelling suggestion that cognitive domain specific deficits are 

related with lateralized motor symptoms (Verreyt, Nys, Santens, & Vingerhoets, 2011; 

Amick, Grace, & Chou, 2006; Schendan, Amick, & Cronin-Golomb, 2009; Cubo et al., 

2010) but results are mixed (see Bentin, Silverberg, & Gordon, 1981; Direnfeld, Albert, & 

Volicer, 1984; Huber, Freidenberg, Shuttleworth, Paulson, & Clapp, 1989). Right side onset 

PD correlates with worse verbal fluency, object naming, and verbal memory. There is also 

evidence of reduced visuospatial orientation and visuospatial memory in left side onset PD. 

These differences are thought to result from lateralized reductions in dopamine (for a review 

see Verreyt et al., 2011).

Neuroanatomically, some have shown brain structural asymmetry depending on motor onset 

side. Motor laterality associates with contralateral neuronal loss in the substantia nigra in 

individuals with PD (Kempster, Gibb, Stern, & Lees, 1989). While one study showed larger 

contralateral ventricle volumes in individuals with PD (Lewis et al., 2009) another study did 

not (Price et al., 2011). There is evidence that individuals with PD have bilateral basal 

ganglia volume loss regardless of side of onset (Geng, Li, & Zee, 2006) with the putamen 

the primarily affected structure (Price et al., 2016; Garg et al., 2015; Nemmi et al., 2015). 

Using shape (morphometric) analyses of subcortical gray matter structures, however, 

provides evidence of greater contralateral than ipsilateral shape changes in PD for both the 

putamen and caudate nucleus (Sterling et al., 2013; Caligiuri et al., 2016; Lee et al., 2014). 

Further, using brain diffusion tensor imaging metrics, it is possible to differentiate between 

right and left onset PD (Feis, Pelzer, Timmermann, Tittgemeyer, 2013). Overall, existing 

research provides strong evidence for atrophy of the putamen (and the caudate to a lesser 

extent) in PD with weaker evidence of lateralized (asymmetric) brain structure differences 

depending on side of PD symptom onset.

We present a case report of an individual with PD (here called ‘MN’) who was observed to 

have striking subcortical asymmetry within the caudate nucleus on baseline magnetic 

resonance imaging (MRI) as part of a longitudinal research investigation. This is a novel 

case report; there are currently no published longitudinal cognitive and neuroanatomical 

profiles for individuals with baseline brain structure asymmetry and concurrent 

parkinsonism symptoms. How subcortical gray matter, white matter, and cortical thickness 

change over time also has not been investigated. We present MN’s a) relevant history, b) 

longitudinal subcortical volumes, white, and cortical thickness changes, and c) longitudinal 

cognitive changes relative to a set of age and disease-matched peers. Given the progressive 

nature of PD, first involving subcortical and then cortical regions (Braak, Ghebremedhin, 

Rüb, Bratzke, & Del Tredici, 2004), we hypothesized that MRI would demonstrate 

continued dominant asymmetry in the subcortical caudate nucleus but also evidence of 

reduced frontal white matter fractional anisotropy (FA) and frontal cortical thickness over 

time. We also hypothesized that cognitive changes would associate with side of asymmetry.
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Case Description

At initial screening, MN was a 65-year old right-handed Caucasian male with a five to ten 

year history of motor symptoms associated with PD. He was found to have a small right 

caudate nucleus on visual inspection of his MRI. He agreed to participate for longitudinal 

assessment in order to track caudate nucleus volume and cognition over time. We saw him 

on four subsequent occasions for repeat neuropsychological assessment and MR imaging as 

part of two National Institute of Neurological Disorders and Stroke (NINDS) funded studies 

investigating the contribution of white and gray matter to the cognitive profile of idiopathic 

PD. We acquired background information during participant interviews and medical record 

reviews.

Symptom characterization and progression—MN’s initial parkinsonism symptom 

occurred between the ages of 55 and 60. He reported a slowly progressive left-side shuffling 

gait and a left hand resting tremor, which led to an initial diagnosis of PD about six months 

after the symptoms started. He did not start levodopa medication at the time. After 5–10 

years of slowly worsening symptoms and in the months before referral for the present study, 

a board certified neurologist evaluated MN and confirmed his idiopathic PD diagnosis. His 

Unified Parkinson’s Disease Rating Scale motor score (UPDRS III; Hughes, Ben-Shlomo, 

Daniel, & Lees, 1992) was 23 at the time (off medication). He did not start any PD-related 

medication at that time because he did not believe his symptoms interfered significantly with 

his life. After a 6 month follow-up visit he started taking 1 mg rasagiline at the 

encouragement of his neurologist. His symptoms have been primarily left-side dominant 

over the course of the disease with the exception of a mild action tremor and slowing in his 

right hand. At baseline, cognitive complaints included attention and remembering names, 

but with these difficulties reportedly present for 20 years.

Neurological examination—MN’s on-medication UPDRS III (motor) scores acquired 

during our study were: 23 (baseline), 22 (year 1), 33 (year 2), and 22 (year 4). The UPDRS 

was not given at year 3. Off-medication UPDRS III scores were not acquired during this 

study. Across all visits his Hoehn and Yahr score (H&Y; Hoehn & Yahr, 1967) remained 

stage 2. At baseline, he had a mild left hand resting tremor, with slowing and reduction in 

amplitude in his left hand as well as his left leg. He walked with a shuffling gait and slight 

left foot drag, but did not require assistance. He had mild difficulty with rapid alternating 

movements bilaterally. At years 2, 3, and 4, MN reported that his left hand tremor continued 

to be bothersome and had progressed mildly in severity. Parkinsonism was evident 

bilaterally (left worse than right) with little self-reported progression in motor symptoms. At 

year 4, MN stated he no longer found his medications particularly helpful; his neurologist 

attributed this to under-medication rather than lack of medication efficacy.

Medications—Medications at our baseline evaluation included Requip XL (ropinirole) 8 

mg daily, Azilect (rasagiline) 1 mg, Plavix 75 mg, Vytorin, 40 mg, aspirin 81 mg, and five 

over the counter vitamins and supplements (coenzyme Q10, multivitamin, vitamin C, 

vitamin D, and omega-3). At year 1 his Requip XL dose had been increased to 16 mg daily. 

At year 2 he was taking 20 mg of Requip XL and 1 mg of Azliect daily. Requip XL was 

phased out during year 3 and replaced with carbidopa/levodopa 25/100 (1 tablet, three times 
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per day). By year 4 MN took 2 tablets, four times per day of carbidopa/levodopa 25/100. 

There were modest changes to MN’s other medications or over the counter supplements; he 

started finasteride for benign prostatic hyperplasia, replaced omega-3 with krill oil 

supplement, and started taking curcumin extract.

Medical history—MN had two mild head injuries without loss of consciousness as an 

adult. He also had a heart attack and surgical cardiac stent placement at age 64. MN’s 

hyperlipidemia and hypotension were well controlled pharmaceutically during the entire 

course of the study. MN remained slightly overweight over the study (BMI range: 25.59 – 

26.96). He was diagnosed with atrial fibrillation at year 4 but symptoms are well controlled. 

Contrasted MRIs acquired prior to the study were read as unremarkable other than a cerebral 

capillary telangiectasia near the right caudate nucleus that was reported by the 

neuroradiologist as small, benign, and stable in size. A recent (2015) clinical single-photon 

emission computed tomography (SPECT) with ioflupane iodine-123 (DaTscan) showed 

significant reduction in right basal ganglia uptake and reduced left putamen uptake. The scan 

was interpreted as supporting a diagnosis of severe PD.

Methods

All imaging studies and neuropsychological tests were administered at the University of 

Florida Clinical Research Center as part of a federally funded investigation that required 

Institutional Review Board approval, individual consent, and followed Declaration of 

Helsinki guidelines. In order to assess for potential abnormalities relative to peers, MN’s 

neuropsychological profile and structural imaging was compared to left-side onset, non-

demented peers (L-PD; n=15) as well as non-PD peers (non-PD; n=43) who were enrolled in 

a federally funded investigation study Parkinson’s disease and cognition. Two L-PD and 

three non-PD participants were unable to complete baseline imaging.

Inclusion and exclusion Criteria

Initial inclusion criteria for all participants required right handedness (Briggs & Nebes, 

1975), no evidence of severe cognitive impairment (Modified Telephone Interview for 

Cognitive Status score had to be >34; Cook, Marsiske, & McCoy, 2009), a Dementia Rating 

Scale-Revised raw score >130 (DRS-2; Matteau et al., 2011), and fluent English. 

Participants who passed the screening criteria completed full neuropsychological assessment 

and neuroimaging. For the participants with Parkinson’s disease, a diagnosis with PD was 

made by board certified movement disorder neurologists using United Kingdom Parkinson’s 

Disease Society Brain Bank Clinical Diagnostic Criteria (Hughes et al., 1992). PD 

participants were also required to have H&Y scores ranging from 1–3. The following were 

medical exclusions for participants with and without PD: diseases likely to confound 

cognition (e.g., cerebrovascular accident in the last six months, congestive heart failure, 

etc.), deep brain stimulation, a diagnosis of secondary/atypical parkinsonism, or major 

psychiatric disorder. We did not exclude for depression or anxiety because many PD patients 

report such symptoms.
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Magnetic Resonance Imaging

MN, left side onset PD peers (L-PD; n=13), and non-PD peers (n=40) received structural 

neuroimaging (3T Siemens Verio; 8 channel head coil). L-PD and non-PD peers received 

imaging only at baseline but MN underwent longitudinal MRI for a total of four scans 

(baseline, year 1, year 3, and year 4) to examine for cognitive and brain-related changes that 

might be explained by his baseline caudate asymmetry.

MRI sequences—Both T1-weighted and diffusion-weighted images were acquired. T1-

weighted (TR: 2500ms; TE: 3.77ms; 176 sagittal 1mm3 slices) images were post-processed 

using an automated longitudinal pipeline (FreeSurfer 5.3; Fischl, 2012; Fischl et al., 2002). 

No significant errors in FreeSurfer processing were found on quality check. Diffusion-

weighted imaging (DWI) included two separate single-shot echo planar imaging, with 

gradients applied along 6 directions (b = 100s/ mm2) and 64 directions (b = 1000s/ mm2), 73 

contiguous axial slices, 2mm3 voxels, and TR/TE = 17300/81ms. Both diffusion sequences 

per participant were merged together to create an acquisition with 70 non-overlapping 

directions (6 b = 100 and 64 b = 1000) and two b = 0 images. Diffusion images were 

processed using eddy_correct from the FMRIB Software Library version 5.0 (FSL; Smith et 

al., 2004) to correct for eddy currents and movement and the FreeSurfer script dt_recon to 

calculate fractional anisotropy (FA).

Regions of interest (ROIs)—Structures affected by dopaminergic denervation and/or PD 

pathology and neuron atrophy (caudate nucleus, putamen, globus pallidus, thalamus, 

hippocampus, and lateral ventricles) were selected a priori for volumetric analyses. All 

volumes were extracted from FreeSurfer and divided by total intracranial volume (TICV) to 

adjust for head size. TICV was calculated by manually creating masks filling the entire 

cranium within the inner boundary of the skull above a straight line between the occipital 

bone and the clivus (intra- and inter-rater reliabilities for this method were excellent: Dice 

similarity coefficients = 0.99; Intra-class correlation = 0.96).

Cortical ROIs for thickness measurements were selected based on connectivity to the 

caudate nucleus and other subcortical structures (Alexander, DeLong, & Strick, 1986). 

Specifically, we hypothesized that MN’s frontal cortex would demonstrate thickness 

asymmetry; parietal cortex, as a dissociation, would have symmetric thickness. Lobe ROIs 

were created by merging cortical parcellations from the Desikan-Killiany Atlas by lobe and 

then calculating average thickness values for the merged regions.

A prefrontal white matter ROI was chosen based on differences observed in our previous 

research in PD (Price et al., 2016) and because many white matter connections to and from 

the caudate nucleus pass through prefrontal regions (e.g., Alexander, DeLong, & Strick, 

1986). To acquire white matter within the frontal lobe, white matter was extracted from the 

aseg.mgz files created by FreeSurfer. For each individual, T1 images were aligned with the 

MNI152 T1 template using an affine registration (12 degrees of freedom; FLIRT; Jenkinson 

et al., 2002). The matrix from this transformation was then applied to the white matter 

masks extracted from aseg. Using ITK-SNAP (www.itksnap.org; Yushkevich et al., 2006), 

all white matter posterior to the rostrum of the corpus callosum was removed. This 
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‘prefrontal’ white matter mask was inversely transformed into native (FreeSurfer) space and 

then rigid body alignments from the dt_recon script were applied to transform the prefrontal 

mask to native DWI space for each time point. Mean FA values within the left and right 

prefrontal ROIs were then calculated using fslstats.

Normative comparisons—To determine if MN’s subcortical gray and white matter and 

cortical thickness metrics (volume adjusted for were atypical compared to non-PD and left 

onset PD peers, standardized z scores were created from the two matched peer groups. Only 

baseline z scores were calculated because L-PD and non-PD peers did not have longitudinal 

MRI data. We also created ratio values (right / left) for all raw MRI metrics as a measure of 

asymmetry. A right / left ROI z score difference that was both greater than 2.00 and more 

than 1.5 times the interquartile range for right/left structure ratio (see Figure 1) was 

considered significantly asymmetric.

Neuropsychology

MN, L-PD, and non-PD peers completed comprehensive neuropsychological assessment as 

part of a research protocol acquiring baseline and one-year cognitive data. Due to his 

baseline brain abnormalities and questions about changes over time, MN was followed for 

an additional three years. For this study, representative measures from all primary cognitive 

domains were selected to track cognition over time.

The domains and measures included: Processing Speed: Stroop Word Reading (Stroop Color 

Word Test, total correct in 45 seconds; Golden & Freshwater, 2002), Digit Symbol subtest 

from the Wechsler Adult Intelligence Scale, 3rd edition (raw score in 120 seconds; WAIS-III; 

Wechsler, 1997a); Working Memory: Digit Span Backward Span from Wechsler Adult 

Intelligence Scale, 3rd edition (longest backward span), Spatial Span Backward from the 

Wechsler Memory Scale, 3rd edition (longest span; WMS-III; Wechsler, 1997b); Language 

and Language Related Skills: Boston Naming Test (BNT; total raw correct out of 60; 

Kaplan, Goodglass, & Weintrab, 1983), Controlled Oral Word Association Test (COWAT: 

FAS; total correct exemplars; Strauss, Sherman, & Spreen, 2006); Memory: Logical 

Memory II and Visual Reproductions II subtests from the WMS-III (total score); Abstract 

Reasoning: WAIS-III Matrix Reasoning subtest (total score; Wechsler, 1997a), D-KEFS 

Tower Test (total achievement score; Delis, Kaplan, & Kramer, 2001); Wisconsin Card 

Sorting Test (WCST; total errors; Heaton, 1981); Visuospatial: Benton Judgment of Line 

Orientation (total correct; Benton, Sivan, Hamsher, Varney, & Spreen, 1994), Benton Facial 

Recognition Test (total correct); Motor: Finger Tapping Test (total; Reitan, 1979). Z scores 

for cognitive performances were created based on published normative data including 

adjustment for age and/or education. The z scores were averaged by domain to create 

composite scores.

Cognitive comparison—MN’s cognitive composites were compared to 15 L-PD and 43 

age and education matched participants without PD (non-PD; see Supplemental Table 1). 

One L-PD participant and three non-PD participants did not complete the one year 

neuropsychological assessment. MN’s cognitive changes from baseline to year 1 were 

calculated using a robust linear bivariate regression Reliable Change Index (RCI) method 
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that accounts for L-PD or non-PD group mean change score, practice effects, and regression 

to the mean (McSweeny, Naugle, Chelune, & Lüders, 1993; Martin et al., 2002). Baseline to 

one year individual reliable change scores (SRC) for each cognitive and composite score 

were calculated using the following equation SRC = (YO − YP) / SEest, where YO is the 

observed one year score, YP is the predicted one-year score, and SEest is the bivariate linear 

regression standard error of the estimate. The predicted one-year score (YP) equals βX + C, 

where β is the regression coefficient, X is the baseline score, and C is the regression constant 

(intercept). Significant cognitive change was determined as a SRC score ≤-1.645 or≥ +1.645 

(p < 0.05 in each distribution tail; Jacobson & Truax, 1991).

Results

Within-Subject and Group Comparisons at Baseline MN’s right versus left 
subcortical structures.—Relative to the left side, the right caudate nucleus volume was 

41% smaller, the right putamen was 36% smaller, the right globus pallidus (both internal and 

external) was 17% smaller, and the right thalamus was 11% smaller. MN’s right 

hippocampus volume was 9.6% larger than the left with his right lateral ventricle 4.6% 

larger in volume than left.

Right versus left subcortical gray matter structure asymmetry for all participants: MN 

had more right / left caudate nucleus and putamen asymmetry than any L-PD or non-PD 

peer (Figure 1). There were no between-group (L-PD versus non-PD, excluding MN) 

differences in ROI metrics (all p values > 0.084). L-PD had a trend toward smaller bilateral 

putamen volumes than non-PD (Left p = 0.084, Right p = 0.098). Asymmetry also did not 

differ between groups for any ROI (all p values > 0.188).

Relative to L-PD: MN’s right caudate nucleus was more than four standard deviations 

smaller than L-PD peers (Figure 2; Right: z= −4.00; Left: z= −0.53). Also asymmetric was 

the right putamen (Right: z= −1.75; Left: z= 1.57) with the right globus pallidus marginally 

asymmetric (Right z= −2.14; Left: z= −0.12). MN’s thalamus (Right: z= −0.04; Left: z= 

0.26), hippocampus (Right z= −0.81, Left z= − 1.27), and lateral ventricle (Right z= −0.22, 

Left z= −0.33) volumes did not demonstrate asymmetry relative to peers.

Relative to non-PD: MN’s right caudate nucleus volume was markedly smaller and 

asymmetric (Figure 2; Right: z= −4.02; Left: z= −0.94). Also smaller relative to peers was 

MN’s right putamen (Right: z= −3.31; Left: z= 0.56). His right globus pallidus was 

marginally asymmetric (Right z= −2.29; Left: z= 0.00). MN’s thalamic hemispheres were 

not asymmetric or smaller than peers’ (Right: z= −0.20; Left: z= 0.33). Hippocampus (right 

z= −0.97, left z= −1.20) and lateral ventricle (right z= 0.07, left z= −0.07) volumes were also 

similar across hemispheres, relative to peers.

MN’s right versus left cortical thickness—The right frontal cortex (2.24 mm) was 

6.67% thinner than left frontal cortex (2.40 mm). No L-PD or non-PD peer had frontal lobe 

thickness as asymmetric (Figure 1). In comparison, parietal thickness was similar across 

hemispheres (right: 2.19 mm; left: 2.21 mm).
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Relative to L-PD: MN’s right frontal lobe cortex was thinner than the left (Figure 2; MN 

Right z= −1.67; Left z= −0.14) but parietal lobes were relatively symmetric (Right: z= 

−0.48; Left: z= −0.09).

Relative to non-PD: MN’s right frontal lobe cortex was thinner than the left (Figure 2; MN 

Right z= −1.60; Left z= −0.05) with parietal lobes less asymmetric (Right: z= −0.51; Left: 

z= −0.18).

MN’s baseline frontal white matter—MN had right < left prefrontal FA values but both 

values were within normal limits (e.g., within 2 standard deviations). 15% of his L-PD peers 

and 10% of his non-PD peers had similar or greater right/left prefrontal FA asymmetry 

(Figure 1).

Relative to L-PD: L-PD participants had a mean left prefrontal FA value = 0.34±0.02 and a 

mean right prefrontal FA value = 0.34±0.02. Relatively, MN’s right frontal white matter FA 

was within 0.5 standard deviations of his left (Figure 2; Right: FA z score = 0.03; Left: FA z 

score = 0.44).

Relative to non-PD: Non-PD participants had a mean left prefrontal FA value = 0.33±0.02 

and a mean right prefrontal FA value = 0.34±0.02. Relatively, MN’s right frontal white 

matter FA was within one standard deviation of his left (Figure 2; Right: FA z score = −0.14, 

Left: FA z score = 0.71).

MN’s Longitudinal MRI Changes

Based on the findings above, we assessed only subcortical structures and frontal thickness 

for comparison of change over time. MN’s left caudate nucleus volume decreased an 

average of 0.17% per year. The right caudate nucleus volume decreased an average of 1.61% 

per year. Other subcortical structures decreased in volume at a rate of less than 0.59% per 

year (Figure 3). MN’s lateral ventricles increased in volume (left: 0.58% per year; right: 

1.22% per year). His right hippocampus volume decreased 0.40% per year and left 

hippocampus increased an average of 0.41% per year. Right frontal thickness decreased 

0.24% per year and left frontal thickness decreased 0.19% per year. Right prefrontal FA 

decreased 0.76% per year and left prefrontal FA decreased 1.60% per year.

MN’s Baseline Cognitive Performance in Comparison to L-PD and Non-PD Peers

At baseline, verbal processing speed (Stroop Word Reading) and motor functioning (Finger 

Tapping) were low average, visual working memory (Spatial Span Backward), verbal 

memory (Logical Memory II) and abstract reasoning (Matrix Reasoning, Tower 

achievement, WCST errors) were high average, and visual memory (Visual Reproductions 

II) was superior. His other neurocognitive functioning scored average and comparable to his 

PD and non-PD peers.

MN’s Reliable Change from Baseline to Year 1

After controlling for practice effects and regression to the mean with peer groups, MN’s 

one-year visual memory and abstract reasoning reliably improved relative to his L-PD peers. 
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Only his visuospatial and language composites scored more than one standard deviation 

lower relative to L-PD peers but this was not significant, however, with a reliable change 

cut-point of 1.645. His cognition remained stable in all other domains.

MN’s Neuropsychological Profile Across 5 Years

MN’s visuospatial working memory (Spatial Span backwards) was high average at baseline, 

improved to superior performance at the second and third year visits, and then declined to 

low average at year 4. Other domains were stable over time.

Discussion

At baseline, MN was a cognitively intact individual diagnosed with left onset idiopathic PD 

who was observed to have asymmetric subcortical volumes. Specifically, MN’s right 

striatum (caudate more than putamen) were reduced relative to his left. That this is highly 

abnormal was particularly evident when using normative neuroimaging based on L-PD and 

non-PD peers. Similarly extensive striatal asymmetry was not found in matched peer groups. 

MN’s prefrontal white matter FA was within normal limits but his right prefrontal FA was 

almost one standard deviation lower than that of his left. A left and right difference that large 

existed in 15% of L-PD and 10% of non-PD peers, which suggests that MN’s frontal white 

matter FA asymmetry is not unique. Cortically, MN had moderate and unique frontal lobe 

asymmetry despite having cortical thickness similar to peers. Ventricle and hippocampal 

regions were symmetric.

Overall, baseline neuroimaging shows a noteworthy combination of dominant striatal 

asymmetry, mild frontal white matter asymmetry, and moderate frontal cortex asymmetry. 

Over four years of measurement, the gray matter atrophy of MN’s right caudate nucleus 

(1.62% in volume per year) was prominent relative to his other gray matter atrophy. His 

right lateral ventricular volume paralleled this change. By contrast, his left caudate nucleus 

and ventricle were remarkably stable in volume (left caudate nucleus showed 0.17% 

decrease in volume per year). Although there was atrophy in other subcortical and cortical 

regions only the caudate nucleus had asymmetric atrophy. Additionally, prefrontal FA in 

both hemispheres decreased over time but with the left hemisphere decreasing faster than 

right (i.e., decreasing asymmetry of values). The cause of decreased left prefrontal FA 

longitudinally is unknown and might be independent from PD-related degeneration. Further, 

a change in FA only indicates aspects of orientation of diffusion within tissue are different 

over time. Decreased FA does not necessarily imply reduced white matter integrity or loss of 

axons (Jones, Knösche, & Turner, 2013) and increases in FA have been shown in the brains 

of individuals with neurodegenerative disease (e.g., Douaud et al., 2011), which might 

explain the accelerated decrease in left prefrontal FA relative to right prefrontal FA. Left side 

white matter changes, however, might also result from right hemisphere gray matter atrophy, 

given the extensive bilateral connectivity of caudate nuclei (Robinson et al., 2012). For all of 

these reasons, the cause and implications of decreased frontal FA in MN are not clear. Thus, 

the right caudate nucleus is likely the focal point of MN’s atrophy in the context of broader 

bilateral gray and white matter changes that could be independent from MN’s accelerated 

right caudate atrophy.
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Cognitively, there was evidence of lateralized strengths/weaknesses. He displayed superior 

verbal and visual memory across all visits with at least average verbal working memory and 

stable language functions. His abstract reasoning abilities were also high average to superior 

and relatively stable over time. Relative to L-PD peers, MN appeared to have improved 

abstract reasoning at year one but this is largely because his abilities remained relatively 

stable instead of declining slightly. By contrast, MN showed yearly variability in 

visuospatial and visual working memory coupled with consistent reduction in psychomotor 

and finger tapping motor speed. Visuospatial abilities and visuospatial working memory 

fluctuated between high average, superior, and finally low average performance in the fourth 

year. Processing speed and motor speed routinely scored low average to average. Left side 

motor speed was consistently reduced relative to right side. MN’s overall weakness in 

psychomotor and finger tapping speed is consistent with PD. It is possible that his relative 

stability of motor speed over time is due a combination of increased dopaminergic 

medications over the course of the study and relative stability in volumes of subcortical 

structures more involved in motor abilities than the caudate nucleus is (e.g., putamen, 

thalamus). His visuospatial variability and possible fourth year relative deficit can also be 

consistent with PD. It is likely that MN’s shrinking right caudate nucleus played a role in 

those cognitive changes.

Briefly, functions involving processing speed and working memory are most commonly 

associated with the frontal cortex (Stuss & Alexander, 2000), subcortical nuclei (e.g., 

caudate, thalamus), and associated frontal-subcortical and cortical-cortical white matter 

connections (Alexander, DeLong, & Strick, 1986). General disruption within the 

frontostriatal circuits is a primary contributor to the cognitive profile of PD and specifically 

processing speed and working memory deficits of PD (Zgaljardic et al., 2006). Elegant 

animal and human lesion research implicates the prefrontal cortex, specifically the 

dorsolateral prefrontal cortex (DLPFC), as the primary site of working memory (Foster, 

Eskes, & Stuss, 1994; Goldman-Rakic, 1987; Petrides, 1994), which is known to be 

impaired in PD. Research demonstrating normal prefrontal function as evaluated by probing 

for working memory deficits are also highly dependent on the aminergic neurotransmitters 

known to be deregulated in PD, specifically dopamine (Williams & Goldman-Rakic, 1995; 

Zahrt, Taylor, Mathew, & Arnsten, 1997).

MN’s working memory disruption is largely visuospatial as measured by the spatial span 

test. He had possible secondary visual deficits in the fourth year for the Benton Facial 

Recognition Test, although his scores varied up and down over time (e.g., Year 1 z = −1.0, 

Year 3 z = 0.59); the relatively weaker and more variable performance might be related to 

caudate atrophy and underlying lateralized Parkinson’s disease. It is also possible that some 

of the observed variability reflects test-retest reliability, potential medication status, and 

regression to the mean. Performing a spatial span task typically results in activation of 

bilateral dorsolateral prefrontal cortex (D'Esposito, Postle, & Rypma, 2000) but with the 

right hemisphere thought to be more involved (Bor, Duncan, Lee, Parr, & Owen, 2006). 

Although facial recognition involves mid-fusiform gyrus (Gauthier, Tarr, Anderson, 

Skudlarski, & Gore, 1999) and inferior occipital regions (Hadjikhani & de Gelder, 2002), 

striatal dopamine is involved in visuospatial attention tasks (Tomasi et al., 2009), with 

deficits impacting frontostriatal and frontoparietal networks. Taken together, MN’s relative 
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weaknesses on visuospatial working memory could be explained primarily by dopaminergic 

deficits, right-predominant striatal atrophy, and striatofrontal network deficits; such deficits 

are common in idiopathic PD and are not necessarily unique to MN.

We speculate the right dorsal caudate nucleus head may be most implicated in MN’s 

weaknesses. Dorsal anterior caudate nucleus regions connect prefrontally with ventral 

caudate nucleus connecting to orbitofrontal regions (Lehericy et al., 2004). The head of the 

caudate nucleus connects primarily with frontal regions, while the body and tail connect 

mainly but not exclusively to posterior and temporal brain regions (e.g., the tail of the 

caudate nucleus connects to ventrolateral prefrontal cortex; Kehagia, Barker, & Robbins, 

2013; Robinson et al., 2012). Dopamine loss in particular appears to affect rostral and dorsal 

portions of the caudate nucleus initially with ventral and caudal loss occurring as PD 

progresses (Kish, Shannak, & Hornykiewicz, 1988). The structural neuroimaging results 

from this case report (striatum volume loss greater than cortical thinning) tentatively support 

the concept of subcortical to cortical progression of changes associated with PD (Bohnen et 

al., 2015). At baseline MN had considerable basal ganglia volume asymmetry. However, 

while MN’s right caudate nucleus atrophied at a rapid rate his left caudate nucleus remained 

stable in volume, which we speculate is partially compensatory for his declining right 

caudate nucleus volume. We also speculate that if MN has contralateral volumetric 

compensation it might explain his relatively stable cognition over time. It is also possible 

that the accelerated atrophy is not clinically meaningful because of his slower atrophy of 

other brain regions.

Although controversial, side of disease onset in PD has been associated with different motor, 

cognitive, and behavioral deficits (Foster, Yung, Drago, Crucian, & Heilman, 2013; Katzen, 

Levin, & Weiner, 2006; Tomer, Levin, & Weiner, 1993). Laterality of motor symptoms 

during early stages of the disease have related to asymmetric dopamine depletion in the 

substantia nigra (Kempster et al., 1989), asymmetric dysfunction of cortico-striatal circuitry 

(Middleton & Strick, 2000a), and might be associated with specific cognitive deficits 

(Middleton & Strick, 2000b). Patients with right-sided symptoms (left brain) perform poorly 

on verbal tasks while patients with left-sided symptoms (right brain) show reduced 

performance on visuospatial tasks (Bentin et al., 1981; Blonder, Gur, Gur, Saykin, & Hurtig, 

1989; Cooper et al., 2009; Spicer, Roberts, & LeWitt, 1988).

By contrast, other studies have found either no association with lateralization of motor 

deficits and cognition (Riklan, Stellar, & Reynolds, 1990) or that individuals with right-

sided symptoms show sparing of performances across cognitive tasks (Direnfeld et al., 1984) 

and those with left sided symptoms show more widespread cognitive deficits (Tomer et al., 

1993). Discrepancies across studies might relate to methodological differences, sample size, 

and disease severity of participants. Additionally, motor lateralization might not consistently 

affect cognition due to the heterogeneity of the disease in clinical presentation and 

variability of cognitive decline across individuals (Cubo et al., 2010). The relationship 

between lateralization of motor symptoms and cognition is complex and can be influenced 

by the type of dominant motor symptom. For example, Katzen and colleagues found that 

individuals who have initial bradykinesia or rigidity show cognitive deficits regardless of 

laterality of symptoms, individuals with left side tremor onset show verbal learning and 
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memory deficits, and individuals with right-sided tremor onset remain cognitively intact 

(Katzen et al., 2006).

MN’s overall profile supports a case of either idiopathic left side onset PD, albeit at the end 

of the normative spectrum, or left onset non-PD parkinsonism. A diagnosis with idiopathic 

PD is supported by his response to PD-related medications, increased dosage of PD-related 

medications over time, slowed verbal and motor speed and the results of a recent (2015) 

clinical single-photon emission computed tomography (SPECT) with ioflupane iodine-123 

(DaTscan), which showed significant reduction in right basal ganglia uptake and reduced left 

putamen uptake. The results of this scan match our asymmetry findings (right<left). It 

should be noted, however, that a DaTscan does not allow for differentiation between 

parkinsonism syndromes, implying that diagnoses other than idiopathic PD are possible. 

Support for a diagnosis of left onset non-PD parkinsonism includes minimal apparent 

disease progression and the extreme asymmetry of striatal gray matter volumes, which is not 

typical of left onset idiopathic PD.

While MN had stable UPDRS motor symptoms over time, this can partially be explained by 

an increased dosage of PD-related medication. Further, Goetz and colleagues (2000) 

reported general stability of parkinsonism symptoms in levodopa-treated individuals with 

H&Y stage 2 PD over a four year span. Therefore, MN’s symptom stability over five years 

is not unexpected at his stage of the disease. Additionally, individuals with left-side onset 

PD have slower progression of motor symptoms than individuals with right side onset PD do 

(Baumann et al., 2014). This suggests that MN clinically fits a diagnosis of idiopathic PD 

but with a unique manifestation of subcortical gray matter and cortical thickness asymmetry. 

His specific accelerated right caudate nucleus atrophy is also likely unique. What remains 

unclear is the cause of the striatal volume asymmetry and caudate nucleus atrophy.

Some may consider MN a potential for hemiparkinsonism-hemiatrophy (HPHA) diagnosis. 

This is a rare form of parkinsonism with an early age of onset where the brain and body 

contralateral to affected motor side exhibit considerable restriction in size (or atrophy) 

relative to the other (Dziadkiewicz, Białecka, Janik, & Sławek, 2013; Jankovic, 1988; 

Klawans, 1981). Body asymmetry typically manifests in childhood (hands first then feet and 

face; Tessitore et al., 2010). From our assessment, MN does not have physical asymmetry 

outside the brain suggestive of HPHA and had an age of symptom onset not typical for 

HPHA, making that diagnosis unlikely.

MN was cognitively stable over the four years of our study but his rapidly shrinking right 

caudate nucleus, if it results in frontal cortex atrophy, places him at an increased risk for 

future cognitive decline (Bohnen et al., 2015). Longitudinal neuroimaging coupled with 

cognitive measurement among all individuals with PD could address questions regarding 

how degradation of specific subcortical gray, white, and cortical regions relates to cognitive 

change over time (Kehagia et al., 2013) and at which point atrophy becomes clinically 

meaningful. Thus, our primary study limitation is our inability to longitudinally model brain 

gray and white matter anatomy for all participants. Larger studies addressing side of PD 

symptom onset, brain structure asymmetry over time, and longitudinal cognition are needed.
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A related limitation is unknown rates of caudate nucleus atrophy over time in our L-PD and 

non-PD groups. We can partially mitigate this limitation by comparison to other published 

data. Typical rates of brain atrophy in older adults without PD range from 0.5% volume loss 

per year to >4%, depending on the brain region (Rusinek et al., 2003; Jiang et al., 2014). 

Jiang et al. (2014) reported atrophy of the left and right caudate nuclei of ≤0.13% per year in 

a community-dwelling longitudinal older adult sample (n≥335). The left putamen, in 

contrast, atrophied an average of 3.97% per year and the right putamen at 2.74% per year. 

Compared to those data, MN’s left caudate nucleus atrophied at an expected rate but he had 

accelerated right caudate nucleus atrophy. Specific subcortical structure atrophy rates in PD 

are not well described but Tessa and colleagues (2014) did not find different rates of atrophy 

between newly diagnosed individuals with PD and a control group. There is a need for 

longitudinal in vivo MRI research to present clear rates of atrophy and clinical relevance by 

structure in PD. Compared to previous research demonstrating greater contralateral 

subcortical morphometric changes in PD (Sterling et al., 2013; Caligiuri et al., 2016), MN’s 

baseline brain structure asymmetry and accelerated atrophy of the right caudate nucleus are 

highly unusual.

A second limitation is our lack of more sophisticated white matter diffusion metrics (e.g., 

Tanner et al., 2015). Due to concerns about variability in diffusion fiber tracking results 

between the caudate and frontal lobe (Kuhn et al., 2015), we chose to use fractional 

anisotropy, which is a well-established but simplistic metric (Jones, Knösche, & Turner, 

2013). In spite of the limitations of FA as a metric, particularly within regions with 

numerous crossing fibers, FA is useful for investigating basic white versus gray matter 

structural contributions to cognition in PD (e.g., Price et al., 2016). Interpreting what might 

cause FA changes or what the effects of such changes might be, however, in one individual 

are difficult.

A third limitation is our lack of off-medication UPDRS motor scores. Off drug metrics may 

provide more insight into MN’s progressive motor deficits. Due to study limitations and 

ethical considerations to wanting his best performance during tests (which mimics typical 

testing environments conducted within neuropsychological clinics), we did not assess brain 

structure or cognition during off-drug periods.

A fourth limitation is related to the questions that arise from the presence of MN’s small 

cerebral capillary telangiectasia (CCT) near the right caudate nucleus. CCTs are 

intracerebral vascular malformations that are generally stable in size over time. They are 

difficult to resolve without contrasted MRI (which were not acquired for this study) so 

precise localization and size measurement were not possible. Little is known about the 

effects of CCTs but >94% of them are asymptomatic (Gross, Puri, Popp, & Du, 2013). Small 

ones (<1cm) have no known clinical symptoms and large ones (>1cm) result in clinical 

symptoms in fewer than 30% of cases (Sayama, Osborn, Chin, & Couldwell, 2010).

Many diffuse CCTs can result in ischemia and atrophy (Tang, Jeng, Liu, & Yip, 2003) but it 

is unknown if MN’s single small CCT contributes to the volume reduction of the caudate 

nucleus through chronic mild hypoperfusion. It is also unclear if MN’s CCT is related with 

his small baseline but relatively stable right putamen and globus pallidus volumes or if both 
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are related with an ‘upstream’ vascular issue (e.g., chronic mild hypoperfusion through the 

right internal carotid artery). As a result of these unanswered questions, we encourage 

careful volumetric analyses of brain regions in individuals with CCTs, particularly when 

they occur in the basal ganglia.

In conclusion, we integrated normative-based neuroimaging and normative-based cognition 

to present a case of an individual diagnosed with idiopathic PD who had conspicuous striatal 

volume asymmetry and moderate frontal cortex thickness asymmetry with suggestions of 

mild frontal white matter FA asymmetry. MN’s peculiar asymmetry suggests an interaction 

between subcortical gray matter volume and cortical thickness, possibly through white 

matter (i.e., transneuronal degeneration driven primarily from subcortical gray matter) or 

vascular involvement. This asymmetry and atrophy occurs in the context of limited 

Parkinson’s disease progression and focal visuospatial working memory decline over time. 

MN’s visuospatial working memory specifically showed a decline at year 4, which decline 

could be linked to ongoing atrophy of his right caudate nucleus. Questions remain regarding 

the cause of MN’s brain atrophy but his case represents a unique manifestation of 

subcortical gray matter and cortical asymmetry in PD.
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Table 1

Baseline standardized z scores for neuropsychological scores for MN, peers with left onset Parkinson’s disease 

(n = 15), and peers without Parkinson’s disease (n = 43)

MN L-PD (N=15) Non-PD (N=43)

Verbal Processing Speed (StroopW) −1.20 −0.51±0.64 −0.11±0.61

−1.60/0.70* −2.10/0.70γ

Visual Processing Speed (DigitSym) 0.00 −0.09±0.75 0.50±0.78

−1.33/1.33 −1.00/2.00ϕ

Verbal Working Memory (DS_B) −0.35 0.23±0.87 0.81±0.93

−1.65/2.20 −0.35/3.10

Visual Working Memory (SS_B) 0.67 0.35±1.04 0.78±1.00

−1.33/2.00 −2.33/2.67

Verbal Memory (LM II) 1.00 0.71±0.92 1.16±0.69

−0.67/2.00 −0.33/3.00

Visual Memory (VR II) 2.00 1.04±0.92 1.22±1.00

−1.00/2.33 −0.67/3.00

Abstract Reasoning Composite 1.57 0.38±0.83 0.78±0.50

−0.81/2.01 −0.36/1.76

Visuospatial Composite 0.39 0.15±0.84 0.53±0.56

−2.50/0.92 −0.64/1.59

Language Composite −0.20 0.30±0.59 0.57±0.68

−1.07/1.17 −0.63/2.30

Motor Composite −1.20 −0.54±1.42 −0.34±0.73

−2.75/3.05 −1.80/1.50

Note: Mean, standard deviation, and minimum/maximum scores are shown.

*
N=14;

γ
N=41;

ϕ
N=42;

StroopW = Stroop Word; DigitSym = Digit Symbol Coding; DS_B= Digit Span Backward Span; SS_B = WMS III Spatial Span Backward; LM II 
= Logical Memory II; VR II = Visual Reproductions II; Abstract Reasoning Composite = Matrix Reasoning, Wisconsin Card Sorting Test total 
errors, D-KEFS Tower total achievement; Visuospatial Composite = Judgment of Line Orientation, Benton Facial Recognition Test; Language 
Composite = Controlled Oral Word Association Test (FAS), Category Fluency (Animals), Boston Naming Test; Motor Composite = Finger Tapping 
(left and right).
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Table 2

MN’s reliable change z scores relative to peers with left side onset Parkinson’s disease (N=14) and peers 

without Parkinson’s disease (N=40): Baseline to year 1

Related to L-PD Peers (N = 15) Related to Non-PD Peers (N = 43)

Verbal Processing Speed (StroopW) 0.25 −0.04

Visual Processing Speed (DigitSym) −0.21 −1.20

Verbal Working Memory (DS_B) 0.86 0.46

Visual Working Memory (SS_B) 0.78 0.50

Verbal Memory (LM II) 0.13 0.75

Visual Memory (VR II) 2.19* 1.45

Abstract Reasoning Composite 2.18* 0.70

Visuospatial Composite −1.01 −1.21

Language Composite −1.45 −0.90

Motor Composite 0.35 −0.69

Note: Scores were calculated based on regression reliable change methods (Martin et al., 2002).

*
Indicates values that are ‘reliably changed’ (only values ≥|1.645|).

StroopW = Stroop Word; DigitSym = Digit Symbol Coding; DS_B= Digit Span Backward Span; SS_B = WMS III Spatial Span Backward; LM II 
= Logical Memory II; VR II = Visual Reproductions II; Visuospatial Composite = Judgment of Line Orientation, Benton Facial Recognition Test; 
Language Composite = Controlled Oral Word Association Test (FAS), Category Fluency (Animals), Boston Naming Test; Motor Composite = 
Finger Tapping (left and right)
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