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A B S T R A C T   

The pathological hallmark of Parkinson’s disease (PD) is the progressive degeneration of dopaminergic neurons 
in the substantia nigra pars compacta, where the dopaminergic neurons form five clusters called nigrosomes 1–5 
(N1–N5). N1 is the largest and considered to be the most affected by PD, followed by N2, N4, N3, and N5. 
Recently, an MRI study suggested a sequential progression of loss from N1 to N4. As the extent of cortical 
thinning widens as PD progresses, we aimed to define cortical thinning patterns according to the differential 
involvement of N1 and N4 in PD patients. Cortical thickness was analyzed in 83 PD patients (29 with N1 loss on 
at least one side of the brain, but no N4 loss; and 54 with N4 loss on at least one side) and 35 healthy subjects 
with age, sex, disease duration, and intracranial volume as covariates. On patient-wise analysis, for areas with 
more cortical thinning than the controls, PD patients with N4 loss had wider cortical thinning involving more 
dorsolateral prefrontal cortex and temporal areas than PD patients with only N1 loss, but cortical thinning did 
not significantly differ between these two patient groups. However, cortical thinning was more apparent in 
hemisphere-level analysis with statistically significant clusters being found more in hemispheres with N4 loss 
than hemispheres with N1 loss in PD patients compared to normal hemispheres of the controls. Cortical thinning 
occurred in a similar propagation pattern to that seen with PD progression, supporting past hypotheses on the 
sequential progression of nigrosome loss from N1 to N4.   

1. Introduction 

The pathological hallmark of Parkinson’s disease (PD) is the pro
gressive degeneration of dopaminergic neurons in the substantia nigra 
pars compacta (SNc). The dopaminergic neurons within the SNc form 
five clusters called nigrosomes 1–5 (N1–N5). Among these clusters, N1 
is the largest and is considered to be the most affected by PD, followed 
by N2, N4, N3, and N5 (Damier et al., 1999a, 1999b). As cell loss in N1 
has been found even in PD patients with shorter disease duration and 
cell loss in N2, N4, N3, and N5 has been found in patients with longer 
disease duration with loss progressing in the sequential order given 
above, the authors of this past study suggested that there was a ste
reotyped temporospatial progression pattern in dopaminergic cell loss 
within SNc (Damier et al., 1999b). However, with only five brains being 

included as study subjects, the findings of this study could only be 
considered as a hypothesis rather than a conclusive observation. 

Thanks to its large size, N1 is visible as a hyperintense structure in 
the posterior region of SNc on T2* or susceptibility-weighted imaging 
(SWI) not only on ultra-high-field MRI (Blazejewska et al., 2013; 
Cosottini et al., 2014; Kwon et al., 2012) but also on widely available 
3T MRI (Noh et al., 2015; Schwarz et al., 2014; Sung et al., 2016). Also, 
N1 loss is now considered an imaging biomarker for degenerative 
parkinsonism (Mahlknecht et al., 2017). However, imaging findings of 
nigrosome subregions other than N1 have scarcely been reported. In a 
previous ex-vivo study, 9.4T MRI delineated all nigrosome subregions 
(Massey et al., 2017). In an in-vivo study using 3T MRI, only putative 
N4 regions were observed as hyperintense structures located in the 
medial half of posterior SN at the lower one-third level of the red 
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nucleus (Sung et al., 2018). In this study, the authors reported that loss 
of normal hyperintensity in both N1 and N4 occurred more frequently 
in late-stage PD, while N1 loss without accompanying N4 loss was more 
frequently observed in early-stage PD. Moreover, N4 loss always fol
lowed N1 loss, supporting a sequential progression of loss from N1 to 
N4 (Sung et al., 2018). The sequential progression of nigrosome loss 
may be further supported by finding wider abnormalities in other brain 
regions of patients with N4 loss than those with N1 loss. 

Cortical thinning is found in the orbitofrontal gyrus, anterior cin
gulate gyrus, postcentral gyrus, and some temporal, parietal, and oc
cipital areas even in early-stage PD (Uribe et al., 2018) and the extent of 
the involved region widens to the medial and lateral prefrontal, tem
poral, and parietal cortices as PD progresses (Yau et al., 2018; Zarei 
et al., 2013). If a wider cortical thinning area is observed with N4 loss 
compared to N1 loss in a pattern similar to previously reported pro
pagation patterns for cortical thinning, it would support the sequential 
involvement of nigrosomes from N1 to N4. Knowledge on additional 
cortical thinning areas relevant to N4 loss might help us build up a 
comprehensive clinical picture of N4 loss. We therefore aimed to define 
whether differential involvement of N1 and N4 may affect the degree of 
cortical thinning in patients with PD. 

2. Materials and methods 

2.1. Subjects 

This retrospective study was approved by the Institutional Review 
Board and a waiver of informed consent was obtained for the review of 
patient images and medical records. 

Patients were recruited from the database of a movement disorder 
clinic in a single tertiary hospital. From November 2014 to March 2017, 
91 consecutive patients with PD who underwent MRI including a ni
grosome imaging protocol were selected. PD was diagnosed with the 
clinical diagnostic criteria of the United Kingdom Parkinson’s Disease 
Society Brain Bank (Hughes et al., 1992). Motor symptoms were as
sessed with the Hoehn and Yahr (H&Y) scales (Hoehn and Yahr, 1967) 
and Unified Parkinson’s Disease Rating Scale, Part III (UPDRS III). 
General cognitive function was assessed with the Korean version of the 
Mini-Mental State Examination (Folstein et al., 1975). We only included 
patients with decreased dopamine transporter uptake in either side of 
the posterior putamen on N-3-fluoro- propyl-2-b-carbomethoxy-3-b-(4- 
iodophenyl) nortropane PET (FP-CIT PET) observed with a PET/CT 
scanner (Biograph-6; Siemens) to ensure clinical diagnostic accuracy. 
To reduce the effect of other conditions besides PD on cortical thick
ness, patients with tumors, hemorrhage, infarcts, and severe white 
matter hyperintensities on MRI and those with other neurodegenerative 
diseases and medical comorbidities that might account for cognitive 
dysfunction were excluded. 

Thirty-seven age- and sex-matched healthy controls (HC) without 
history of neurologic or psychiatric disease, family history of movement 
disorders, and symptoms or signs indicative of prodromal PD were also 
recruited. 

2.2. Image acquisition 

All participants underwent 3T MRI with a 32-channel head coil 
(MAGNETOM Skyra; Siemens Healthineers, Forchheim, Germany). 

To assess N1 and N4, oblique coronal 3D multi-echo combination 
imaging (MEDIC), which was used to generate susceptibility map- 
weighted imaging (SMWI) images (Nam et al., 2017), was obtained 
parallel to the plane from the posterior commissure to the top of the 
pons with the following parameters: TR = 88 ms; minimum 
TE = 11.1 ms; maximum TE = 66.9 ms; six echoes; echo spa
cing = 11.1 ms; flip angle = 108; echo train length = 6; thick
ness = 1 mm; number of sections = 28; matrix = 384 × 384; 
FOV = 192 × 192; voxel size = 0.5 × 0.5 × 1.0 mm3; acceleration 

factor = 2; and acquisition time = 7 min 19 s. 
For cortical thickness analysis, whole-brain sagittal 3D magnetiza

tion-prepared rapid acquisition gradient echo (MPRAGE) imaging was 
obtained with the following parameters: TR = 1800 ms; TE = 3 ms; 
TI = 920 ms; matrix = 256 × 256; FOV = 250 × 250; voxel 
size = 1.0 × 1.0 × 1.0 mm3; acceleration factor = 2; and acquisition 
time = 3 min 36 s. 

2.3. Analysis of nigrosomes 

N1 and N4 were evaluated on oblique coronal SMWI images re
formatted perpendicular to the midbrain axis with an increment of 
0.2 mm. As described in a previous study (Sung et al., 2018), N1 was 
defined as the central hyperintense region between two hypointense 
layers in the posterior substantia nigra at the level below the red nu
cleus. N4 was defined as the hyperintense region located in the medial 
half of the substantia nigra at the lower one-third level of the red nu
cleus. A neuroradiologist and a neurologist evaluated the integrity of 
hyperintensity for both N1 and N4 in each hemisphere. If 

Fig. 1. Representative reformatted images of normal and abnormal N1 and N4. 
A. A 62-year-old healthy female showed normal nigrosome 1 and 4 on both 
sides. B. A 57-year-old female with early-stage PD (H&Y 1) showed loss of ni
grosome 1 on the right side (arrow). C. A 78-year-old male with late-stage PD 
(H&Y 4) showed loss of nigrosome 1 and 4 on both sides. 
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hyperintensity was replaced by hypointensity, the corresponding ni
grosome was thought to be lost (Fig. 1). 

For patient-level analysis, we divided the subjects into three groups: 
the HC group, the PD N1 group for PD patients with N1 loss found on 
either side of the brain, but with intact N4 on both sides of the brain, 
and the PD N4 group for PD patients with N4 loss found on either side 
of the brain. 

For hemisphere-level analysis, we divided the cerebral hemispheres 
into four types: normal hemispheres for the controls, PD normal 
hemispheres for the hemispheres of PD patients with intact N1 and N4, 
PD N1 hemispheres for the hemispheres of PD patients with N1 loss but 
intact N4, and PD N4 hemispheres for the hemispheres of PD patients 
with both N1 and N4 loss. 

2.4. Cortical thickness analysis 

For patient-level analysis, we used the CIVET pipeline (http://mcin. 
ca/civet/) to measure cortical thickness, as was described in detail 
elsewhere (Shin et al., 2017, 2016). Each subject’s native T1-weighted 
images were corrected for intensity inhomogeneity and spatially nor
malized to the MNI-152 symmetric template (Collins et al., 1994; Sled 
et al., 1998). After that, tissue classification was performed (Zijdenbos 
et al., 2002) and hemispheric inner and outer cortical surfaces were 
automatically extracted using the constrained Laplacian-based auto
mated segmentation with the proximities algorithm (Kim et al., 2005; 
McDonald et al., 2006). Cortical thickness was measured by calculating 
the Euclidean distance between corresponding vertices on the grey 
matter/cerebrospinal fluid intersection surface and the white matter/ 
gray matter boundary surface (Kabani et al., 2001; Lerch and Evans, 
2005; McDonald et al., 2006). Diffusion smoothing with a 20-mm full 
width at half maximum kernel (FWHM) was used to increase the signal- 
to-noise ratio. 

For hemisphere-level analysis, all T1-weighted images were pro
cessed with the same pipeline used in the patient-level analysis. The 
cortical thickness of 40,962 vertices on the right hemisphere was 
mapped to the corresponding vertices on the left hemisphere. Thus, the 
number of hemispheres included in the hemisphere-level analysis was 
twice that of the patients included in the patient-level analysis. 

For both patient-level and hemisphere-level analyses, cortical 
thickness was compared between each group pair at each vertex using 
ANCOVA with age, sex, disease duration, and intracranial volume en
tered as covariates. Disease duration was defined as time interval in 
months from the development of motor symptoms due to PD to the time 
of MRI examination, and was considered to be zero for control subjects. 

We used SurfStat (http://www.math.mcgill.ca/keith/surfstat/) for the 
vertex-wise analysis with the random field theory and a false discovery 
rate threshold of P  <  0.05 to control for multiple comparisons. 

2.5. Statistical analysis 

Clinical characteristics were compared between the three groups. 
According to the test results for normal distribution, continuous vari
ables were presented as mean  ±  standard deviation (SD) or median 
(interquartile range) and compared with ANOVA or the Kruskal-Wallis 
test, respectively. Categorical variables were compared with the Chi- 
square or Fisher’s exact test as appropriate. To examine pair-wise dif
ferences between the groups, post-hoc analyses were also performed 
with the Bonferroni-corrected Student’s t-test, Wilcoxon rank-sum test, 
Chi-square test, or Fisher’s exact test as appropriate. To compare PD 
stage, H&Y scale, disease duration, UPDRS III and MMSE score between 
the PD N1 and PD N4 groups, the Chi-square test, Fisher’s exact test, 
and the Wilcoxon rank-sum test were performed, respectively. A P value 
of < 0.05 was considered statistically significant. Statistical analyses 
were conducted using R Statistical Software (version 3.5.1; R 
Foundation for Statistical Computing, Vienna, Austria). 

3. Results 

3.1. Clinical characteristics 

Among 91 PD patients, five had old infarcts, one had normal pres
sure hydrocephalus, and two had errors occur during surface re
construction of their structural MRI. Two of the 37 control subjects also 
had surface reconstruction errors. After excluding these patients, 83 PD 
patients and 35 controls were finally included in this study. Twenty- 
nine patients showed N1 loss (both sides [n = 24]; only left side 
[n = 4]; and only right side [n = 1]) without N4 loss. Fifty-four pa
tients showed N4 loss (both sides [n = 30]; only left side [n = 13]; and 
only right side [n = 11]). All patients with N4 loss had bilateral N1 loss 
with the exception of one patient who had ipsilateral N1 loss. 
Therefore, there were 70 normal hemispheres, 6 PD normal hemi
spheres, 76 PD N1 hemispheres, and 84 PD N4 hemispheres (Fig. 2). 

There was no significant difference in age and sex between the three 
groups. The PD N4 group had more late-stage PD patients with higher H 
&Y scales and UPDRS III scores, but no significant difference in disease 
duration compared to the PD N1 group. Twelve (42.9%) of the 29 pa
tients in the PD N1 group and 29 (54.7%) of 54 patients in the PD N4 
group had scores below 25—the suggested diagnostic cut-off point for 

Fig. 2. Flowchart of the study subjects.  
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detecting dementia in PD patients (Folstein et al., 1975)—on MMSE. No 
significant differences in MMSE scores and the number of patients with 
MMSE scores below 25 were found between the groups. Although 
MMSE cannot diagnose dementia alone (Kim et al., 2016; Mitchell, 
2009), some patients in both groups of our cohort are likely to have 
dementia (Table 1). 

3.2. Patient-level cortical thickness analysis 

Compared to the controls, the PD N1 group showed thinning in the 
bilateral orbitofrontal cortex, bilateral dorsolateral prefrontal cortex, 
bilateral medial prefrontal cortex, and some areas of the temporal 
cortex. Cortical thinning worsened and widened to the bilateral frontal, 
parietal, and temporal areas in the PD N4 group relative to the controls 
(Fig. 3). However, there were no statistically significant differences in 
cortical thickness between groups after multiple comparison correction. 

3.3. Hemisphere-level cortical thickness analysis 

Compared to the normal hemispheres of the controls, the normal 
hemispheres of PD patients had significantly increased cortical thick
ness in the medial and lateral occipital gyri. Compared to the normal 
hemispheres of the controls, the PD N1 hemispheres showed significant 
cortical thinning in the primary sensory/motor cortex, orbitofrontal 
cortex, medial and lateral prefrontal cortex, precuneus/posterior cin
gulate gyrus, and superior temporal gyrus. The PD N4 hemispheres 
showed similar patterns of cortical thinning with the PD N1 

hemispheres, but additional cortical thinning areas were found in the 
superior and middle frontal gyri, superior, middle, and inferior tem
poral areas, and supramarginal and angular gyri (Fig. 4). Compared 
with the normal hemispheres of PD patients, the PD N1 hemispheres 
showed significant cortical thinning in the medial and lateral occipital 
gyri, while no significant difference was found in the PD N4 hemi
spheres. Also, no significant clusters differed between the PD N1 and PD 
N4 hemispheres (Table 2). 

4. Discussion 

In this study, we found a distinct pattern of cortical thinning ac
cording to the differential involvement of N1 and N4. On patient-wise 
analysis, for areas in which patients showed more cortical thinning 
compared to the controls, PD patients with N4 loss had wider cortical 
thinning that involved more dorsolateral prefrontal cortex and tem
poral areas than patients with only N1 loss. This change was more 
apparent in the hemisphere-level analysis with statistically significant 
clusters being found more in the PD N4 hemispheres than the PD N1 
hemispheres compared to the normal hemispheres of the controls. This 
cortical thinning pattern was similar to the cortical thinning propaga
tion previously seen with PD progression (Yau et al., 2018; Zarei et al., 
2013), supporting the hypothesis of sequential progression of loss from 
N1 to N4. 

The topographical organization of nigrostriatal fibers and striato
cortical fibers has been well described in both animals and humans 
(Beckstead et al., 1979; Draganski et al., 2008; Lehéricy et al., 2004; 

Table 1 
Demographic and clinical characteristics.       

Group HC (n = 35) PD N1 (n = 29) PD N4 (n = 54) P value  

Age 68.00 [65.00–71.00] 71.00 [58.00–76.00] 73.00 [67.00–77.00]  0.062 
Sex     0.061 

Male 11 (31.43%) 11 (37.93%) 30 (55.56%)  
Female 24 (68.57%) 18 (62.07%) 24 (44.44%)  

PD stage     0.002 
Early stage (H&Y ≤ 2) – 25 (86.21%) 26 (48.15%)  
Late stage (H&Y  >  2) – 4 (13.79%) 28 (51.85%)  

H&Y scale     0.015 
(1/1.5/2/2.5/3/4/5) – 9/1/15/1/3/0/0 7/0/19/11/11/5/1  

Disease duration, m  9.00 [4.00–18.00] 16.00 [6.00–34.00]  0.063 
UPDRS III – 15.00 [3.00–20.00] 22.00 [15.00–29.00]  0.027 
MMSE – 25.00 [22.00–28.00] 23.50 [18.75–23.25]  0.388 

Score  <  25  12 (42.9%) 29 (54.7%)  0.434 

Data are medians [interquartile ranges] or numbers (percentages).  

Fig. 3. Patient-level group differences for cortical thickness. Color maps show t-statistics comparing the PD N1 and N4 groups to the healthy control (HC) group at 
each cortical vertex. Warm colors indicate cortical thinning and cool colors indicate cortical thickening in the PD N1 and N4 groups compared to the HC group. 
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Lenglet et al., 2012; Marquand et al., 2017). Posterolateral parts of SNc 
(e.g., N1) project to the posterolateral regions of the striatum, and the 
more anteromedial parts of SNc (e.g., N4) project to the anteromedial 
regions of the striatum (Beckstead et al., 1979; Lenglet et al., 2012). 
Subsequently, the posterolateral putamen connects to the cortical re
gions related to motor function; the dorsal and posterior caudate con
nects to the ventrolateral prefrontal cortex, angular gyrus, and posterior 
temporal area; the more anteromedial striatum connects to the dorso
lateral prefrontal cortex, insula, and anterior temporal area; and the 
most ventromedial and anterior part of striatum connects to the ven
tromedial prefrontal cortex and other limbic areas such as the amygdala 
and hippocampus (Marquand et al., 2017). Given that dopaminergic 
neuronal loss occurs unevenly and possibly starts from the ventrolateral 
part of SNc in PD (Damier et al., 1999b), as reflected in the posterior to 

anterior gradient of decreased uptake in the striatum on dopamine 
transporter imaging (Nandhagopal et al., 2009), we may postulate that 
cortical thinning starts from the motor cortex to the ventrolateral pre
frontal cortex, temporoparietal junction, and some temporal areas, and 
then to the dorsolateral prefrontal cortex and limbic areas as PD pro
gresses. In line with this assumption, our results showed cortical thin
ning in the motor cortex, ventrolateral prefrontal cortex, and supra
marginal/angular gyri in the less affected PD N1 hemispheres with 
additional cortical thinning in the dorsolateral prefrontal cortex and 
temporal area in the more affected PD N4 hemispheres. This pattern is 
also concordant with previous cross-sectional (Zarei et al., 2013) and 
longitudinal studies (Yau et al., 2018) which showed the propagation of 
cortical thinning as disease progressed. 

It is noteworthy that the ventromedial prefrontal cortex and 

Fig. 4. Hemisphere-level group differences in cortical thickness. Color maps show t-statistics that compare each group pair in the upper panel. Threshold maps show 
areas of significant difference after multiple comparison corrections (false discovery rate-corrected p  <  0.05) in the lower panel. 

Table 2 
Regions of significant cortical thinning with multiple comparison corrections based on the false discovery rate in hemisphere-level analysis.            

No. of vertex Cluster-wise p Vertex-wise t Vertex-wise p x y z AAL region  

PD normal  >  Normal 833  0.009  4.487  0.005 −7.55 −72.36  24.80 Superior occipital gyrus 
26  0.018  3.698  0.076 −41.05 −67.60  33.25 Middle occipital gyrus 

Normal  >  PD N1 2825  0.027  3.568  0.115 −36.43 43.05  −11.46 Middle frontal gyrus, orbital part 
706  0.033  3.282  0.267 −51.27 −45.03  21.11 Superior temporal gyrus 
188  0.037  3.068  0.479 −50.30 −9.50  46.57 Precentral gyrus 
152  0.037  3.069  0.477 −0.62 −36.98  23.41 Precuneus 
62  0.040  2.828  0.871 −57.54 −1.34  13.62 Postcentral gyrus 

Normal  >  PD N4 4085  0.007  4.162  0.016 −60.88 −34.29  −3.78 Middle occipital gyrus 
3667  0.011  3.900  0.039 −36.69 39.13  12.74 Middle temporal gyrus 
1205  0.021  3.244  0.297 −45.78 3.52  46.94 Precentral gyrus 
448  0.022  3.186  0.349 −58.20 –32.84  34.20 Supramarginal gyrus 
405  0.024  3.043  0.510 −46.24 −59.14  31.14 Angular gyrus 
47  0.031  2.773  0.991 −0.84 −39.09  21.81 Precuneus 

PD normal  >  PD N1 813  0.002  5.022   < 0.001 −9.14 −71.91  24.00 Cuneus 
101  0.018  3.789  0.057 −41.98 −65.04  17.01 Middle occipital gyrus 
87  0.006  4.288  0.010 −41.05 −67.60  33.25 Middle occipital gyrus 
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precuneus/posterior cingulate cortex showed cortical thinning in the 
PD N1 hemisphere, even though these areas are known to be connected 
to the most ventromedial and anterior part of the striatum, which is 
generally the last involved area in PD. As these areas are also associated 
with olfaction (Zhou et al., 2019), early pathologic involvement of the 
olfactory bulb (Braak et al., 2003) along with cortical thinning in as
sociated areas may be responsible for the above findings. These areas 
also overlap with the default mode network where patients with Alz
heimer’s disease showed decreased functional connectivity in resting 
state (Greicius et al., 2004) and cortical atrophy (Du et al., 2006; Lee 
et al., 2018). The relatively frequent presence of Alzheimer-type pa
thology in PD patients (Mastaglia et al., 2003), and subsequent Alz
heimer-pattern cortical atrophy might account for our results. 

Unexpectedly, increased cortical thickness in the medial and lateral 
occipital gyri was found in the PD normal hemispheres compared to 
normal and PD N1 hemispheres. The significant occipital cortical 
thickening disappeared in the PD N1 and PD N4 hemispheres. Although 
this result should be interpreted cautiously due to the small number of 
PD normal hemispheres (n = 6) assessed, a previous study also re
ported cortical thickening in the medial occipital gyrus in early un
treated PD patients (Uribe et al., 2018). In this previous study, among 
two patterns of cortical atrophy, one that was mainly affected in the 
anterior brain areas showed cortical thickening in the occipital gyrus 
without detectable cognitive impairment. Meanwhile, the other pattern 
with predominant atrophy in the posterior brain area (Uribe et al., 
2018), including the occipital cortex, showed worse cognitive and 
motor performance. The authors suggested neuroinflammation as a 
possible cause for the occipital cortical thickening. A previous study 
using free-water imaging (Andica et al., 2019) reported that an imaging 
marker of neuroinflammation was predominant in the posterior brain 
areas, while that of neurodegeneration was predominant in the anterior 
brain areas in early-stage PD patients. These findings support the se
quence of neuroinflammation followed by neurodegeneration. Ac
cordingly, occipital cortical thickening might be a transient phenom
enon in the early stages of PD, and as the disease progresses, occipital 
cortical thickness might decrease and become atrophic. Other previous 
studies have also reported preserved occipital cortical thickness in PD 
patients with normal cognition or moderate stage, but occipital cortical 
thickness decreases in those with cognitive impairment or advanced 
stage (Baggio et al., 2015; Pereira et al., 2014). 

As N4 loss was associated with cortical thinning in the dorsolateral 
prefrontal cortex and temporal areas, we expected patients with N4 loss 
to have lower cognitive function than those with N1 loss. However, 
there was no significant difference in MMSE scores between the two 
groups. More detailed neuropsychological assessments might be able to 
capture subtle changes in various cognitive domains. Also, further 
studies that assess non-motor symptoms in more detail might help de
fine the clinical implications of the differential involvement of nigro
somes. 

Our study has several limitations. First, this study is a cross-sec
tional study which is limited to investigating the sequential changes in 
brain atrophy with disease progression. Although a recent study 
(Schwarz et al., 2018) has also reported graded T2*-weighted signal 
alterations in nigrosomes and surrounding iron-rich SN in PD, which 
further supports previous pathologic studies on the sequential in
volvement of nigrosomes, (Damier et al., 1999b), longitudinal studies 
are still necessary to elucidate the sequential involvement of nigro
somes in pre-mortem PD patients at an individual level. Second, as 
aforementioned, we did not perform extensive neuropsychological as
sessments on PD patients, and therefore, their cognitive status could not 
be determined which limits how much we can understand about the 
clinical impact of differential N1 and N4 loss. Lastly, there might be 
other factors which we did not control for that might affect cortical 
thinning. Longitudinal studies with intra-individual comparisons ac
cording to different time points might help overcome this issue. 

5. Conclusion 

Our results showed wider cortical thinning in PD patients with N4 
loss than those with N1 loss compared to the controls. The pattern of 
cortical thinning was similar to the propagation of cortical thinning 
seen with PD progression, supporting the hypothesis of sequential 
progression of nigrosome loss from N1 to N4. However, only long
itudinal studies can draw definitive conclusions. Moreover, cortical 
thickness was not significantly different when the PD N1 group was 
directly compared to the PD N4 group. Further studies using other 
imaging markers (e.g., diffusion tensor imaging) which can detect brain 
alterations in PD patients with more sensitivity might also help unveil 
the effect of differential involvement of nigrosomes. 
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