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A B S T R A C T   

Introduction: Brain atrophy in Parkinson’s disease occurs to varying degrees in different brain regions, even at the 
early stage of the disease. While cortical morphological features are often considered independently in structural 
brain imaging studies, research on the co-progression of different cortical morphological measurements could 
provide new insights regarding the progression of PD. This study’s aim was to examine the interplay between 
cortical curvature and thickness as a function of PD diagnosis, motor symptoms, and cognitive performance. 
Methods: A total of 359 de novo PD patients and 159 healthy controls (HC) from the Parkinson’s Progression 
Markers Initiative (PPMI) database were included in this study. Additionally, an independent cohort from four 
databases (182 PD, 132 HC) with longer disease durations was included to assess the effects of PD diagnosis in 
more advanced cases. Pearson correlation was used to determine subject-specific associations between cortical 
curvature and thickness estimated from T1-weighted MRI images. General linear modeling (GLM) was then used 
to assess the effect of PD diagnosis, motor symptoms, and cognitive performance on the curvature-thickness 
association. Next, longitudinal changes in the curvature-thickness correlation as well as the predictive effect 
of the cortical curvature-thickness association on changes in motor symptoms and cognitive performance across 
four years were investigated. Finally, Akaike information criterion (AIC) was used to build a GLM to model PD 
motor symptom severity cross-sectionally. 
Results: A significant interaction effect between PD motor symptoms and age on the curvature-thickness corre-
lation was found (βstandardized = 0.11; t(350) = 2.12; p = 0.03). This interaction effect showed that motor 
symptoms in older patients were related to an attenuated curvature-thickness association. No significant effect of 
PD diagnosis was observed for the PPMI database (β = 0.03; t(510) = 0.35; p = 0.72). However, in patients with a 
longer disease duration, a significant effect of diagnosis on the curvature-thickness association was found 
(βstandardized = 0.31; t(306.7) = 3.49; p = 0.0006). Moreover, rigidity, but not tremor, in PD was significantly 
related to the curvature-thickness correlation (βstandardized = 0.11, t(350) = 2.24, p = 0.03; βstandardized = -0.03, t 
(350) = -0.58, p = 0.56, respectively). The curvature-thickness association was attenuated over time in both PD 
and HC, but the two groups did not show a significantly different effect (βstandardized = 0.03, t(184.7) = 0.78, p =
0.44). No predictive effects of the CC-CT correlation on longitudinal changes in cognitive performance or motor 
symptoms were observed (all p-values > 0.05). The best cross-sectional model for PD motor symptoms included 
the curvature-thickness correlation, cognitive performance, and putamen dopamine transporter (DAT) binding, 
which together explained 14 % of variance. 

* Corresponding author at: 2500 University Drive NW, Calgary, AB T2N 1N4, Canada 
E-mail addresses: Hannes.Almgren@ucalgary.ca (H. Almgren), oury.monchi@umontreal.ca (O. Monchi).  

Contents lists available at ScienceDirect 

NeuroImage: Clinical 

journal homepage: www.elsevier.com/locate/ynicl 

https://doi.org/10.1016/j.nicl.2022.103300 
Received 14 June 2022; Received in revised form 8 December 2022; Accepted 20 December 2022   

mailto:Hannes.Almgren@ucalgary.ca
mailto:oury.monchi@umontreal.ca
www.sciencedirect.com/science/journal/22131582
https://www.elsevier.com/locate/ynicl
https://doi.org/10.1016/j.nicl.2022.103300
https://doi.org/10.1016/j.nicl.2022.103300
https://doi.org/10.1016/j.nicl.2022.103300
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


NeuroImage: Clinical 37 (2023) 103300

2

Conclusion: The association between cortical curvature and thickness is related to PD motor symptoms and age. 
This research shows the potential of modeling the curvature-thickness interplay in PD.   

1. Introduction 

Parkinson’s disease (PD) involves the progressive degeneration of 
the brain’s neurons associated with accumulation of Lewy bodies (Braak 
et al., 2003). Over time, this degeneration can lead to macroscopically 
detectable changes in the brain’s cortical and subcortical morphology 
(Sarasso et al., 2021). Laansma et al. (2021) analyzed anatomical MRI 
images from 2357 PD patients and 1182 healthy controls and found that 
PD patients showed widespread cortical thinning as well as smaller 
volumes of specific subcortical regions including the bilateral putamen. 
The same study also showed that increased Hoehn and Yahr staging was 
related to more widespread cortical thinning, with the frontal cortex 
remaining relatively spared in earlier stages, as well as decreased 
subcortical volumes. Cognitive performance was mainly related to 
cortical thickness in temporal, frontal, and parietal regions, as well as to 
volumes of the amygdala and hippocampus. Other studies found 
reduced cortical gyrification of PD patients in specific brain areas 
compared to healthy controls (Tang et al., 2021; Zhang et al., 2014), 
which has also been found to decrease with PD disease duration (Ster-
ling et al., 2016). Tang et al. (2021) showed that specifically the 
akinetic-rigid subtype of PD is associated with decreased gyrification 
across the cortex. 

The morphology of the cortex is determined by a complex interplay 
between genetic, biochemical, and physical factors (Ronan & Fletcher, 
2015), with cortical morphological characteristics such as thickness and 
curvature showing local variations (Demirci & Holland, 2022). Indi-
vidual brain morphological measures such as cortical thickness or brain 
volumes are likely not able to efficiently capture these systematically 
varying properties. The interplay between different morphological 
measures across the cortex, however, could reflect aspects of these 
systematically varying morphological patterns (Demirci & Holland, 
2022). Therefore, associations between cortical morphological charac-
teristics could provide a unique perspective on neurodegeneration in PD 
that would not be apparent if morphological features are considered 
independently. Such research could give new insights into the progres-
sion of PD and could help identify new biologically meaningful bio-
markers for disease severity and progress. Some previous research in 
healthy subjects indeed suggests that cortical morphological features 
exhibit specific associations with each other (Chaudhary et al., 2021; 
Gautam et al., 2015; Hogstrom et al., 2013). Negative relationships 
between cortical thickness and gyrification, as well as positive associa-
tions between gyrification and surface area, have been observed in 
healthy adults and have been argued to be partly caused by mechanical 
tension and cortical expansion during development (Gautam et al., 
2015; Hogstrom et al., 2013). Chaudhary et al. (2021) observed negative 
correlations between cortical thickness and gyrification across subjects 
in PD patients with and without cognitive impairment in the left frontal 
pole and right entorhinal cortex, respectively. However, little is known 
about whether and how this association is related to PD diagnosis and 
symptom severity. 

The aims of this study were fourfold. First, we aimed to assess 
whether the association between cortical curvature and thickness is 
related to PD diagnosis, motor symptoms, and cognitive performance 
cross-sectionally. Our second aim was to assess region-specific interac-
tion effects of cortical curvature and thickness on motor and cognitive 
symptoms. Third, we aimed to investigate whether the curvature- 
thickness association changes over time in PD patients and controls, 
and whether it is related to longitudinal changes in motor and cognitive 
symptoms. Our final aim was to assess the utility of the curvature- 
thickness association as part of a set of features to model motor 

symptom severity by comparing different models using Akaike’s infor-
mation criterion (AIC). 

2. Material and methods 

2.1. Dataset and subjects 

Data were obtained from the original cohort of the Parkinson’s 
Progression Markers Initiative database (PPMI; https://www.ppmi-info. 
org/). This cohort includes data of de novo (untreated) PD patients 
without dementia, and healthy controls (HC) without first-degree rela-
tives with PD (Marek et al., 2018). Inclusion criteria for the present 
study were as follows: (1) a T1-weighted MRI scan at baseline, (2) 
availability of demographic data and scores for all tests used in this 
study (for all participants: age, sex, years of education, and scores for 
Montreal Cognitive Assessment; for the PD group specifically: additional 
scores for MDS-UPDRS part III). To assess the effects of PD diagnosis in a 
cohort with a longer disease duration, we combined four different da-
tabases that had both PD patients and healthy controls, which included a 
dataset acquired at the Movement Disorders Clinic of the University of 
Alberta (Acharya et al., 2007), a dataset acquired at the Unité de Neu-
roimagie Fonctionnelle of the Centre de Recherche de l’Institut Uni-
versitaire de Gériatrie de Montréal (Hanganu et al., 2013), a dataset 
acquired at the Seaman Family Imaging Centre at the University of 
Calgary (Ramezani et al., 2021), and the Tao Wu dataset (Badea et al., 
2017; https://fcon_1000.projects.nitrc.org/indi/retro/parkinsons. 
html). Inclusion criteria for this database were as follows: (1) a T1- 
weighted MRI scan, (2) availability of the following variables: disease 
duration (for PD only), age, and sex. 

For all datasets, subjects were excluded if (1) the FreeSurfer pro-
cessing failed, or (2) atlas-based mis-registration occurred for that sub-
ject. Supplementary Fig. 1 shows a detailed flowchart of inclusion and 
exclusion criteria for the PPMI dataset. For the other datasets, a total of 
four subjects (three healthy controls and one PD patient) were excluded 
because of artifacts in the raw data or misregistration of the atlas. 

Each PPMI recruiting center and each acquisition center for the other 
datasets included in this study received ethics approval from their local 
ethics board and received written informed consent from all participants 
in accordance with the declaration of Helsinki. In addition, the present 
study was approved by the Conjoint Health Research Ethics Board at the 
University of Calgary. 

2.2. MRI acquisition and processing 

2.2.1. MRI acquisition 
MRI scanner vendors and scan sequences differed between the 24 

PPMI acquisition sites. T1-weighted magnetic resonance images were 
acquired with Phillips (21 HC; PD: 36), GE (37 HC; PD: 90), and Siemens 
(101 HC; PD: 233) scanners, with a magnetic field strength of 0.7 T (HC: 
0; PD: 2), 1.5 T (HC: 47; PD: 123), or 3.0 T (HC: 112; PD: 234). Most 
images were acquired in the sagittal plane (HC: 95 %; PD: 95 %). Slice 
thickness varied between 1 mm and 2 mm. In-slice spatial resolution 
varied between 0.5 and 1.25 mm isotropic (HC: 10 subjects between 0.4 
and 0.5 mm, 144 subjects between 0.9 and 1 mm, and 5 subjects 
approximately 1.25 mm; PD: 20 subjects between 0.4 and 0.5 mm, 3 
subjects between 0.7 and 0.9 mm, 327 subjects between 0.9 and 1 mm, 
and 9 subjects approximately 1.25 mm). For the four other datasets, T1- 
weighted MRI was acquired with Siemens (103 PD; 90 HC) and GE 
scanners (79 PD; 42 HC), with a magnetic field strength of 1.5 T (45 PD; 
49 HC) or 3.0 T (137 PD; 83 HC). The scan sequence for each site was as 
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follows: A coronal 3D magnetization prepared rapid gradient echo 
(MPRAGE) sequence was used for the dataset acquired at the University 
of Alberta (TR = 1800 ms, TE = 3.82 ms, inversion time (TI) = 1100 ms, 
flip angle = 15 degrees, FOV = 256 mm, resolution = 256 × 256, 128 
slices, 1.5 mm slice thickness), a 3D T1-weighted MPRAGE sequence 
was used for the dataset acquired at l’Institut Universitaire de Gériatrie 
in Montréal (TR = 2300 ms; TE = 2.91 ms; TI = 900 ms; flip angle = 9 
degrees; 160 slices; field of view = 256 × 240 mm; voxel size = 1 × 1 ×
1 mm3), a 3D inversion recovery prepared fast spoiled gradient recalled 
(IR-FSPGR) sequence was used for the dataset acquired at the University 
of Calgary (TR = 7.176 ms, TE = 2.252 ms, flip angle = 10 degrees, 
acquisition matrix = 256 × 256 mm, voxel size = 1 × 1 × 1 mm3, 172 
slices), and a 3D MPRAGE sequence was used for the Tao Wu dataset 
(TR = 2530 ms; TE = 3.39 ms; TI = 1100 ms; voxel size = 1 × 1 × 1 
mm3). 

2.2.2. FreeSurfer processing 
Cortical curvature and thickness were estimated from T1-weighted 

structural MRI images using FreeSurfer (version 7.1.1). Image pre-
processing was performed using standard automated procedures, which 
included intensity non-uniformity correction, brain extraction, tessel-
lation of the grey and white matter boundaries, and cortical parcellation, 
amongst others (for details see, https://surfer.nmr.mgh.harvard. 
edu/fswiki/recon-all) (Dale et al., 1999; Fischl, 2012; Fischl & Dale, 
2000; Fischl et al., 1999). Cortical parcellations were visually checked 
for correct registration of pial and white matter surfaces on an individual 
basis, as well as for correct parcellation of the cortex. Participants with 
mis-registration or mis-parcellation were excluded from further ana-
lyses, which included ten healthy controls and 17 subjects with Par-
kinson’s disease in the PPMI dataset (for details see Supplementary 
Fig. 1), and three healthy controls and one PD patient for the other 

datasets. Cortical thickness was computed as the average of (1) the 
distance from each white surface vertex to their corresponding closest 
point on the pial surface, and (2) the distance from the corresponding 
pial vertex to the closest point on the white surface (Fischl & Dale, 
2000). Cortical (extrinsic) curvature was calculated as the mean of the 
principal curvatures of the cortical surface. Both curvature and thickness 
were estimated for each of the 62 cortical regions (31 per hemisphere) 
that are part of the Desikan–Killiany–Tourville (DKT) brain region atlas 
(Klein & Tourville, 2012). 

2.3. Assessments 

2.3.1. Motor assessment 
Motor symptoms were assessed in the PPMI dataset using part III of 

the MDS-UPDRS (Movement Disorder Society-Sponsored Revision of the 
Unified Parkinson’s Disease Rating Scale; Goetz et al., 2007), which 
includes 33 scores on 18 items rated from 0 to 4 (total scores range from 
0 to 132), with higher scores indicating greater motor impairment 
(Goetz et al., 2007; Goetz et al., 2008). Total part III scores off medi-
cation were used for the present study. 

Additionally, subscores for tremor and rigidity were calculated based 
on part III of the MDS-UPDRS in the PPMI dataset. Tremor scores were 
calculated as the sum of all ten individual tremor items, including 
postural tremor for both hands, kinetic tremor for both hands, rest 
tremor for left and right upper extremities, rest tremor for left and right 
lower extremities, rest tremor of the lips or jaw, and constancy of rest 
tremor. Scores for rigidity were calculated as the sum of all five indi-
vidual rigidity items, including rigidity of left and right upper extrem-
ities, left and right lower extremities, and the neck. 

Motor assessment with MDS-UPDRS was repeated approximately 
every year in the PPMI dataset. For our longitudinal analyses concerning 

Fig. 1. Upper panel: Scatter plots and corresponding correlations between cortical (extrinsic) curvature and thickness across all regions in the DKT atlas for selected 
subjects. Blue dots depict individual brain regions and black lines depict regression lines. Lower panel: violin plots and boxplots of the CC-CT correlation for both 
controls (red, left) and PD (cyan, right) in the PPMI dataset. The difference in median CC-CT correlation between both groups was not statistically significant (see, 
Table 2). Abbreviations: r = Pearson correlation coefficient, HC = healthy controls, PD = Parkinson’s disease, CC-CT correlation = correlation between cortical 
curvature and thickness. 
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the prediction of cognitive and motor changes (see section 2.4.6), we 
selected the follow-up score after four years (more specifically between 
3.5 and 4.5 years) because that interval had most data available and was 
sufficiently long to reasonably expect a measurable decline in 
symptoms. 

2.3.2. Cognitive assessment 
Cognitive performance was assessed in the PPMI dataset using 

Montreal Cognitive Assessment (MoCA), which ranges in score between 
0 and 30 with higher scores indicating better cognitive function (Nas-
reddine et al., 2005). This test measures multiple cognitive domains, 
including visuospatial processing, executive functions, verbal memory, 
language, attention, and others. Cognitive assessment with MoCA was 
repeated approximately every year. For our longitudinal analyses (see 
section 2.4.6), we selected the follow-up score after four years (more 
specifically between 3.5 and 4.5 years) for reasons outlined in paragraph 
2.3.1. 

Additionally, we examined several cognitive subdomains in the PPMI 
dataset. This included visuospatial perception, subdomains of verbal 
memory (namely immediate, delayed recall, and recognition discrimi-
nation), working memory capacity, and attention. Visuospatial percep-
tion was calculated as the sum of all correct items in the Benton 
Judgement of Line Orientation test (BJLOT). Results were z-scores based 
on population data with similar age and education. Immediate recall 
was calculated as the sum of the first three parts of the Hopkins Verbal 
Learning Test Revised (HVLT-R). Delayed recall was calculated as the 
score on the delayed memory part of the HVLT-R. Recognition 
discrimination was computed as the number of true positives minus the 
number of false positives on the HVLT-R. Working memory capacity was 
calculated as the maximum number of correct responses on the letter- 
number sequencing (LNS) test. Finally, attention was calculated as the 
total number of correctly completed items on the symbol digit modal-
ities (SDM) test. 

2.4. Statistical analyses 

2.4.1. Participant characteristics 
To compare demographic characteristics, clinical data (i.e., cognitive 

performance and motor symptoms), and brain morphological measures 
between HC and PD, we used conventional two-sided two-sample t-tests 
for normally distributed continuous data, permutation-based two-sided 
tests for non-normally distributed continuous data (using 10,000 per-
mutations), and chi-square tests for categorical data. For the conven-
tional t-test, a two-sample F-test for equality of variances was used to 
decide on the assumption of (un)equal variances. 

2.4.2. The interplay between cortical curvature and thickness 
To compute a subject-specific brain-wide measure for the interplay 

between cortical curvature and thickness, Pearson correlation was 
calculated between cortical curvature and cortical thickness across all 
regions of the DKT atlas (across hemispheres) for each subject. This 
correlation is henceforth referred to as the CC-CT correlation. This brain- 
wide CC-CT correlation was used in the models described in sections 
2.4.3, 2.4.5, 2.4.6, and 2.4.7, and was Fisher z-transformed to achieve 
normality of the residuals in all models in which it was used as outcome. 

2.4.3. The effect of PD diagnosis, motor symptoms, and cognitive 
performance on the CC-CT correlation 

We first tested the effect of PD diagnosis on the CC-CT correlation in 
the PPMI dataset using a general linear model (GLM). Co-variates in this 
model included age, sex, years of education, MoCA score, brain volume, 
and average cortical thickness. Given that the PPMI dataset includes 
mainly de novo PD patients, we also tested the effects of diagnosis in a 
sample with a longer disease duration. Therefore, we additionally 
analyzed data from four datasets that included PD patients with longer 
disease durations (and healthy controls). The median disease duration 

across these datasets was 5.25 years. Years of education and MoCA 
scores were not included as independent variables because those values 
were not available for all subjects. A linear mixed effect model with 
random intercepts for each dataset was estimated. Degrees of freedom 
were approximated using Satterthwaite’s method. 

Next, we studied the effect of motor and cognitive symptoms in PD 
on the CC-CT correlation in the PPMI dataset. We estimated a model 
with MDS-UPDRS part III and MoCA scores as variables of interest and 
the CC-CT correlation as outcome. Covariates included age, sex, years of 
education, brain volume, and average cortical thickness. In the next 
step, we tested the interaction effect between MDS-UPDRS part III and 
age on the CC-CT correlation by adding it as an interaction term to the 
existing model. Finally, to test whether the interaction between age and 
UPDRS part III is still significant after taking into account disease 
duration, we estimated the same model with PD disease duration as 
additional variable. 

We also tested the effect of motor subscores, namely tremor and ri-
gidity scores, on the CC-CT correlation in the PPMI dataset. Therefore, 
we built a model with rigidity and tremor scores as independent vari-
ables of interest, using the same covariates as in the previous models. 
Finally, we tested for the effects of the cognitive subdomain scores 
(outlined in section 2.3.2) on the CC-CT correlation. Because of 
considerable collinearity between cognitive subscores, we tested each 
cognitive subdomain in a separate model using the same covariates used 
in our previous models. Because of missing cognitive test scores for one 
subject, the total number of subjects was 358 for this analysis. 

2.4.4. Region-specific interaction effects of cortical thickness and curvature 
on motor and cognitive symptoms 

Next, we investigated region-specific interaction effects between 
cortical thickness and curvature on PD motor and cognitive symptoms in 
the PPMI dataset. For these analyses, we used cortical thickness and 
curvature estimates for each region in the DKT atlas as variables in 
separate models with motor and cognitive symptoms as outcomes. No 
confounders were included in these exploratory analyses. To normalize 
residuals, a Box-Cox transformation was performed on both the MDS- 
UPDRS part III and MoCA scores (lambda = 0.46 and lambda = 5.24, 
respectively, based on maximum likelihood estimation). All together, we 
estimated 31 models for each hemisphere for both motor and cognitive 
outcomes (124 models in total). Bonferroni’s correction for family-wise 
error rate (FWER) was applied across tests within each hemisphere and 
for each outcome separately using a significance threshold of 0.05. 

2.4.5. Longitudinal changes in the CC-CT correlation 
We assessed the longitudinal changes in the CC-CT correlation in 

both PD and HC groups, as well as the interaction effect between lon-
gitudinal changes and PD diagnosis on the CC-CT correlation. Therefore, 
we calculated the CC-CT correlation for each follow-up session in the 
PPMI dataset with a T1-weighted image. For sessions in which multiple 
T1-weighted scans were acquired at the same day, we only kept the 
earliest scan. Subjects with only a baseline scan were discarded from 
these analyses. Two additional scans were excluded because of insuffi-
cient registration of the atlas to the T1-weighted image. Our final sample 
for these analyses included 153 PD patients with a total of 537 scan 
sessions and 68 HC with a total of 160 scan sessions. The median number 
of sessions per subject for PD and HC was four and two, respectively, 
with an average maximum span of 3.40 and 1.90 years, respectively. 

Linear mixed models were used to determine the effect of time on the 
CC-CT correlation for the PD and HC group separately, and an over-
arching linear mixed model was computed to estimate the differential 
longitudinal change in CC-CT correlation between the PD and HC group. 
In all models the dependent variable was the CC-CT correlation. Time 
since baseline was used as independent variable. Each subject was 
allowed to have a different intercept (i.e., we included random in-
tercepts), and the effect of time was also allowed to differ between 
subjects (i.e., we included random slopes for the effect of time). In the 
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model that included both PD and HC, we added the interaction between 
diagnosis and time, as well as the main effect of diagnosis (which was 
included as a fixed effect). The degrees of freedom of these linear mixed 
models were approximated using Satterthwaite’s method. 

2.4.6. The effect of the CC-CT correlation on longitudinal changes in motor 
and cognitive scores 

Next, we assessed the effect of CC-CT correlation on longitudinal 
changes in motor and cognitive scores in PD in the PPMI dataset. Our 
variable of interested was the CC-CT correlation, and covariates 
included age, sex, years of education, and brain volume. The outcomes 
were changes in MDS-UPDRS part III scores and change in MoCA scores, 
both across a period of four years (more specifically between 3.5 and 4.5 
years). To normalize residuals, longitudinal changes in MoCA scores 
were transformed using a Yeo-Johnson transformation (lambda = 1.19 
based on maximum likelihood estimation). For the same reason, two 
outliers were discarded from the change in MDS-UPDRS part III scores. 
Because of missing test scores at follow-up, 286 subjects were included 
for the model with change in MoCA scores as outcome (73 subjects were 
excluded) and 224 subjects were included for the model with change in 
MDS-UPDRS part III scores as outcome (133 subjects were excluded). 

2.4.7. Modeling PD motor symptom severity 
To model PD motor severity, we considered the CC-CT correlation, 

age, sex, years of education, MoCA, brain volume, average cortical 
curvature, and average cortical thickness as potential features. Addi-
tionally, we considered cerebrospinal fluid (CSF) alpha-synuclein and 
amyloid-beta1-42 levels, as well as SPECT-based dopamine transporter 
(DAT) binding measured in the caudate nucleus and putamen, as po-
tential features (all available in the PPMI dataset). These features have 
been shown to be related to motor symptom progression in PD (Kägi 
et al., 2010; Kang et al., 2013). The outcome of the GLM was MDS- 
UPDRS part III score, which reflects PD motor symptom severity. A 
Box-Cox transformation was performed on MDS-UPDRS part III scores to 
achieve normality of the residuals (lambda = 0.46, based on maximum 
likelihood estimation). All combinations of regressors were compared 
using Akaike’s information criterion (AIC). Thirteen additional subjects 
were excluded for this analysis because of missing data for at least one 
CSF or SPECT-based feature. The final sample for these analyses 
included 346 subjects. 

2.4.8. Assumptions of linear models 
Assumptions of all reported linear models were assessed using 

normal quantile–quantile plots and residual scatter plots (both raw and 
squared values). In case of violations, the appropriate transformation (e. 
g., Box-Cox) was performed and is reported in the methods or results 
section. Datapoints were excluded from the outcome if they deviated 
more than three standard deviations from the mean. In case a trans-
formation was performed, outliers were only assessed and excluded after 
the transformation. Multicollinearity was checked using correlation 
matrices and variance inflation factors. 

3. Results 

3.1. Participants characteristics 

After applying the study exclusion and inclusion criteria for the PPMI 
dataset, our final sample included 359 PD patients and 159 healthy 
controls from a total of 24 sites (see Supplementary Fig. 1 for details on 
subject exclusion). Table 1 shows the subject characteristics for each 
group. Participants with PD were found to score significantly lower on 
MoCA (difference in median = -1.00; p < 0.0001), and significantly 
higher on MDS-UPDRS part III (difference in median = 20; p < 0.0001), 
compared to healthy controls (based on permutation tests with 10,000 
permutations). 

Sample characteristics of our combination of four datasets can be 

found in Supplementary Table 1. After exclusion of four subjects (three 
healthy controls and one PD patients) because of misregistration of the 
atlas, our final sample included 182 PD patients and 132 healthy con-
trols. This included 45PD/49HC from the dataset acquired at the Uni-
versity of Alberta, 41PD/21HC from the dataset acquired at l’Institut 
Universitaire de Geriatrie in Montréal, 79PD/42HC from the dataset 
acquired at the University of Calgary, and 17PD/20HC from the Tao Wu 
dataset. 

3.2. Cortical curvature, thickness, and the CC-CT correlation 

The median cortical thickness was 2.38 mm for the PD group and 
2.37 mm for the healthy controls in the PPMI dataset, while the median 
extrinsic cortical curvature was 0.13 mm− 1 for both groups. No cortical 
morphological measure differed significantly between both groups (see 

Table 1 
Demographic and clinical data for the PD and HC group in the PPMI database. 
Abbreviations: Δ = difference; std = standard deviation; IQR = interquartile 
range. NA = not applicable/available. 1Based on a permutation test for differ-
ences in medians with 10,000 permutations.  

Variable PD group HC group Statistical 
comparison 

Number of subjects 359 159  
Age (Years) 

Mean (std; 
min–max)  

61.7 (9.75; 
33.7–84.9)  

60.2 (11.6; 
30.6–82.7)  

Δ(mean) = 1.50; t 
(216) = 1.42; p = 0.16 

Sex 
Total Female 
Total Male  

132 (36.8 %) 
227 (63.2 %)  

57 (35.8 %) 
102 (64.2 %)  

Δ(proportion) = 0.01; 
χ(1) = 0.04; p = 0.84 

Years of education 
Median (IQR; 
min–max)  

16 (4; 5–26)  16 (4; 8–24)  Δ(median) = 0; p1 =

1.00 
MoCA score 

Median (IQR; 
min–max)  

27 (3; 17–30)  28 (2; 26–30)  Δ(median) = -1; p1 <

0.0001 
MDS-UPDRS Part 

III score off 
medication 
Median (IQR; 
min–max)   

20 (11; 4–51)   0 (1; 0–10)   Δ(median) = 20; p1 <

0.0001 

Duration of disease 
(months) 
Median (IQR; 
min–max)   

4.2 (5.8; 
0.4–35.8) 
(months)   

NA  

Hoehn and Yahr 
staging 
Total Stage 1 
Total Stage 2 
Total stage 3  

155 (43.2 %) 
202 (56.3 %) 
2 (0.5 %)  

NA     

Table 2 
Brain morphological features for each group. Abbreviations: Δ = difference; 
IQR = interquartile range. NA = not applicable. 1Based on permutation tests 
with 10,000 permutations.  

Feature PD group HC group Statistical 
comparison 

Average cortical 
thickness (mm) 
Median (IQR; 
min–max)  

2.38 (0.13; 
1.52–2.66)  

2.37 (0.13; 
1.51–2.62)  

Δ(median) =
0.01; p1 = 0.68 

Average extrinsic 
curvature 
(mm− 1) 
Median (IQR; 
min–max)  

0.13 (0.01; 
0.11–0.16)  

0.13 (0.01; 
0.11–0.16)  

Δ(median) =
0.00; p1 = 0.95 

CC-CT correlation 
Median (IQR; 
min–max)  

¡0.24 (0.26; 
− 0.73–0.41) 
p1 < 0.0001  

¡0.27 (0.23; 
− 0.63–0.45) 
p1 < 0.0001  

Δ(median) =
0.03; p1 = 0.20  
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Table 2). Fig. 1 shows scatter plots and correlations between cortical 
curvature and thickness for some exemplar subjects (upper panel) and 
the distribution of the CC-CT correlation for healthy controls and PD 
(lower panel). The median CC-CT correlation was − 0.27 for controls and 
− 0.24 for PD patients, which was not significantly different between 
both groups (see Table 2). 

3.3. The effect of PD diagnosis, motor symptoms, and cognitive 
performance on the CC-CT correlation 

We did not observe a statistically significant effect of diagnosis on the 
CC-CT correlation in our model for the PPMI dataset (β = 0.03; t(510) =
0.35; p = 0.72). However, we found a statistically significant effect of 
age (βstand = 0.25; t(510) = 5.88; p < 0.00001), sex (β = -0.40; t(510) =
-4.19; p < 0.0001), brain volume (βstand = -0.12; t(510) = -2.5; p = 0.01), 
and average cortical thickness (βstand = -0.32; t(510) = -7.49; p <
0.00001). Specifically, older age was associated with a less negative CC- 
CT correlation, while females and subjects with a thicker cortex and 
larger brain showed a more negative CC-CT correlation. Fig. 2 shows the 
influence of age and sex on the CC-CT correlation. The total model 
explained about 23 % of variance in the CC-CT correlation (adjusted R2 

= 22 %). Details of the estimated model are shown in Table 3. No 
multicollinearity among regressors was observed (see Supplementary 
Fig. 2). The effect of diagnosis across the four datasets with a longer 
disease duration was statistically significant (βstand = 0.31; t(306.7) =
3.49; p = 0.0006). In these datasets, PD patients showed a (raw) CC-CT 
correlation that was on average 0.08 higher (i.e., closer to zero) 
compared to the CC-CT correlation of the HC group (average r = -0.10 
and average r = -0.18 for PD and HC, respectively). 

Next, we assessed the effect of motor symptoms and cognitive per-
formance on the CC-CT correlation in the PPMI dataset. We found that 
the interaction between age and MDS-UPDRS part III was significant and 
positive (βstand = 0.11; t(350) = 2.12; p = 0.03), indicating that older age 
enhances the effect of motor symptoms on the CC-CT correlation (see, 
Fig. 3). For younger adults, the effect of motor symptoms on the CC-CT 
correlation was negligible. This interaction remained statistically sig-
nificant, even after taking into account disease duration in our model 
(βstand = 0.11; t(349) = 2.12; p = 0.03). In contrast, MoCA score was not 
associated with the CC-CT correlation (βstand = 0.00; t(351) = 0.09; p =
0.92). The complete model explained 23 % of variance (adjusted R2 =

21 %). We did not observe any issues with multicollinearity among re-
gressors (see Supplementary Fig. 3). Bivariate associations between in-
dependent variables and outcomes without accounting for confounders 
are shown in Supplementary Table 2. These results showed that MDS- 
UPDRSIII scores and age were positively related to the CC-CT correla-
tion (r = 0.19, p = 0.0042; r = 0.36, p < 0.0001, respectively), reflecting 

an attenuated (i.e., less negative) CC-CT correlation with increasing 
motor symptom severity and age. MoCA scores and average cortical 
thickness were negatively related to the CC-CT correlation (r = -0.12, p 
= 0.037; r = -0.29, p = 0.007), reflecting a more negative correlation 

Fig. 2. The effect of age and sex on the correlation between cortical curvature and thickness. Left panel: The effect of age on the CC-CT correlation. Blue circles depict 
the observed datapoints, the black line depicts the regression line, and the grey area depicts the 95% confidence interval. Light blue graphs show densities for both 
variables. Right panel: The effect of sex on the CC-CT correlation. Blue circles depict the observed datapoints, black circles depict the expected value for each 
category, and horizontal black lines show the corresponding 95% confidence interval. In both panels, CC-CT correlations were Fisher z-transformed. Plots were made 
using R libraries jtools, ggplot2, and ggExtra. 

Table 3 
Details of the model in the total group. All continuous variables were stan-
dardized, and the CC-CT correlation was Fisher z-transformed. 1Coding: 0 =
controls; 1 = PD. 2Coding: 0 = male; 1 = female. *p < 0.05.  

Variable Coefficient estimates 
(standard error) 

t- 
statistic 

p-value 

Diagnosis1 0.03 (0.09)  0.4  0.72 
Age 0.25 (0.04)  5.9  < 0.00001* 
Sex2 − 0.40 (0.10)  − 4.2  < 0.0001* 
Years of Education − 0.04 (0.04)  − 0.9  0.35 
MoCA score 0.01 (0.04)  − 0.2  0.88 
Brain volume − 0.12 (0.05)  − 2.5  0.01* 
Average cortical 

thickness 
− 0.32 (0.04)  − 7.5  < 0.00001*  

Fig. 3. The interaction effect between age and MDS-UPDRS part III scores on 
the correlation between cortical curvature and thickness in the PD group. Cir-
cles depict the observed datapoints, blue lines depict the regression lines for 
different ages (+/- 1SD), and the light blue areas depict the 95% confidence 
interval. Grey graphs show densities for both variables. CC-CT correlations were 
Fisher z-transformed. This plot was made using R libraries ‘interactions’, 
and ggExtra. 
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with increased cognitive performance and cortical thickness. 
In the next step, we assessed the effects of motor and cognitive 

subdomains on the CC-CT correlation. We found that rigidity, but not 
tremor, was significantly related to the CC-CT correlation in the PD 
group (βstand = 0.11, t(350) = 2.24, p = 0.03; βstand = -0.03, t(350) =
-0.58, p = 0.56, respectively). No multicollinearity among regressors 
was present (see Supplementary Fig. 4). We did not observe an effect of 
any of the cognitive subdomains on the CC-CT correlation in any of our 
models (all p-values > 0.05). No multicollinearity among regressors was 
found in these models (see Supplementary Fig. 5). Exploratory analyses 
showed that MoCA scores and the recognition discrimination index were 
significantly related to the CC-CT correlation when they were consid-
ered in models without other covariates (βstand = -0.12, t(357) = -2.32, p 
= 0.02; βstand = -0.12, t(356) = -2.38, p = 0.02). 

3.4. Region-specific interaction effects of cortical thickness and curvature 
on motor and cognitive symptoms 

There was a statistically significant interaction effect of cortical 
thickness and curvature on motor scores in the isthmus of the left 
cingulate cortex of PD patients (βstand = -0.10; t(356) = -3.31; p (Bon-
ferroni-corrected) = 0.03). The interaction effect showed a larger (i.e., 
more beneficial) effect of increased cortical thickness on PD motor 
symptoms with higher levels of cortical curvature (see Supplementary 
Fig. 6). No significant interaction effects on cognitive scores surviving 
Bonferroni correction were found. 

3.5. Longitudinal changes in the CC-CT correlation 

To assess the longitudinal changes in the CC-CT correlation, we 
estimated mixed effects models for PD and HC separately. In both the PD 
and HC group, we found a statistically significant effect of follow-up 
time on the CC-CT correlation (βstand = 0.04, t(122.3) = 2.56, p =
0.01; βstand = 0.08, t(63.6) = 2.18, p = 0.03, respectively), indicating 
that over time the CC-CT correlation is attenuated (i.e., becomes less 
negative). In the model including both PD and HC, we did not observe a 
statistically significant interaction effect between diagnosis and time 
(βstand = 0.03, t(184.7) = 0.78, p = 0.44). 

3.6. The effect of the CC-CT correlation on longitudinal changes in motor 
and cognitive scores 

To assess the effect of the CC-CT interplay on longitudinal changes in 
motor and cognitive scores in the PPMI dataset, we estimated models 
with age, sex, years of education, brain volume, and the CC-CT corre-
lation as predictors. Changes in MDS-UPDRS part III and MoCA scores 
across four years (i.e., follow-up scores minus baseline scores) were used 
as outcomes. We did not observe significant effects (all p-values > 0.05) 
of the CC-CT correlation in either model (βstand = -0.08; t(218) = -1.04; 
p = 0.30 in the model for longitudinal change in motor scores; βstand =

-0.47; t(280) = -0.50; p = 0.62 in the model for longitudinal cognitive 
change). Age and brain volume were marginally related to a change in 
MoCA scores in this model (βstand = -0.37, t(280) = -1.96, p = 0.05; 
βstand = 0.35, t(280) = 1.66, p = 0.10, respectively). No multicollinearity 
among regressors was observed in any of the models (see Supplementary 
Fig. 7). 

3.7. Modeling PD motor symptom severity 

Next, we built a model for PD motor symptom severity. We used AIC 
scoring to identify the most generalizable model by comparing all 
possible combinations of features and selecting the model with the 
lowest AIC value. The model with the lowest AIC score included MoCA, 
mean putamen DAT binding, and the CC-CT correlation as features 
(βstand = -0.11, t(342) = -2.2, p = 0.03; βstand = -0.3, t(342) = -6.1, p <
0.00001; βstand = 0.15, t(342) = 2.9, p = 0.004; respectively). This 

model did not include any other global brain morphological features 
such as brain size and explained about 14% of variance in MDS-UPDRS 
III scores (adjusted R2 = 13 %). The same model without CC-CT corre-
lation had an AIC value of 5 units higher than the model with CC-CT 
correlation, indicating lower generalizability. 

4. Discussion 

In this study, we investigated whether the relationship between 
cortical curvature and cortical thickness (CC-CT correlation) is associ-
ated with PD diagnosis, motor symptoms and cognitive impairment, 
both cross-sectionally as well as longitudinally. We also aimed to build a 
model of PD motor symptom severity cross-sectionally. Across the 
healthy control and PD groups, we found a negative curvature-thickness 
correlation that was attenuated (i.e., less negative) in older subjects and 
males. This relationship was not significantly different between PD and 
healthy controls in the PPMI dataset. However, the effect of diagnosis 
was found to be statistically significant in a combination of datasets that 
included PD patients with a longer disease duration. Additionally, we 
observed an interaction effect between motor symptoms and age on the 
curvature-thickness association in the PD group in the PPMI dataset. 
Specifically, older patients demonstrated a positive relationship be-
tween motor symptoms and the curvature-thickness relationship, 
meaning that greater motor symptoms are related to an attenuated CC- 
CT correlation. Younger PD patients did not show such relationship. We 
also found that rigidity, but not tremor, in PD was related to the 
curvature-thickness relationship. Additionally, we tested for region- 
specific interaction effects across subjects between thickness and cur-
vature on motor symptoms and found a significant interaction in the 
isthmus of the left cingulate cortex. Cognitive symptoms were not 
significantly related to the curvature-thickness relationship when 
considered in a full model. However, global cognitive scores and the 
recognition discrimination index were related to the CC-CT correlation 
when considered alone. The CC-CT correlation significantly increased (i. 
e., became less negative) over time in both the PD and HC group, with no 
significantly different longitudinal effects between both. There were no 
effects of the CC-CT correlation on longitudinal changes in cognitive 
performance and motor symptoms. Finally, we found that the most 
generalizable model for motor symptoms in PD included the curvature- 
thickness relationship as well as cognitive performance and mean pu-
tamen DAT binding, while it did not include total brain size nor average 
cortical thickness. 

Generally, the average correlation between extrinsic curvature and 
cortical thickness was negative. This is in line with previous studies 
using empirical data (Gautam et al., 2015; Hogstrom et al., 2013) as well 
as simulations (Toro & Burnod, 2005). Gautam et al. (2015), for 
instance, found that healthy middle-aged adults show a negative rela-
tionship between cortical thickness and the local gyrification index (LGI) 
in many brain regions in the cortex. Similar results were reported by 
Hogstrom et al. (2013) in healthy adults with ages ranging from 20 to 85 
years. Chaudhary et al. (2021) showed that this negative relationship is 
also present in PD patients with and without cognitive impairment in the 
left frontal pole and right entorhinal cortex respectively. The negative 
correlation can be explained mechanically: more force is needed to bend 
a thicker as opposed to a thinner cortex (Toro & Burnod, 2005), leading 
to less curvature in thicker cortices. Additionally, the negative correla-
tion could also be explained by space constraints: brain regions with 
more constraints caused by the presence of the skull could be more likely 
to show a higher curvature but a thinner cortex (i.e., more tangential but 
less radial expansion; Gautam et al., 2015). This may also partly explain 
our observation that females show a more negative correlation than 
males given their difference in intracranial volume. In post-hoc analyses 
(not reported), we indeed observed that intracranial volume showed 
some association with CC-CT correlation when added to our model. 
However, the effect of sex only decreased slightly, indicating that it is 
not fully explained by smaller intracranial space. 
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We also found that older adults showed, on average, a correlation 
between curvature and thickness that is close to zero. A likely expla-
nation for this finding is that widespread age-related cortical atrophy 
attenuates the association between cortical curvature and thickness. It 
has been shown that the effect of age on cortical thickness differs be-
tween brain regions, but that cortical curvature is relatively spared 
across the brain (Long et al., 2012). In post-hoc analyses (not reported), 
we found that some regions were affected more by cortical thinning but 
less by changes in curvature (e.g., bilateral superior temporal cortex), 
while other regions were affected more by changes in curvature than 
changes in cortical thickness (e.g., right lateral orbitofrontal cortex). 
Such regionally different atrophy effects could explain why older adults 
showed a smaller association between curvature and thickness. In gen-
eral, our observation that age attenuates the negative relationship be-
tween cortical curvature and thickness could mean that a more negative 
curvature-thickness relationship reflects an optimal brain structure. The 
observed effect of sex (i.e., a more negative curvature-thickness associ-
ation in females) suggests different levels of what defines optimal for 
males and females. 

The observed effects of age seem to be in contrast to the findings 
reported by Hogstrom et al. (2013) who found highly similar spatial 
patterns of negative correlations between cortical thickness and local 
gyrification index between age bins. However, there are several differ-
ences between their study and the present study. First, Hogstrom et al. 
(2013) assessed the curvature-thickness relationship across subjects, 
while our study focused on the subject-specific curvature-thickness 
relationship (across brain regions), which could lead to different results. 
Second, our analyses included an explicit statistical test in a model with 
age as a continuous variable, rather than comparison of curvature- 
thickness relationships between age-bins. 

Our main result showed that the effect of motor symptoms on the 
curvature-thickness association interacted with age. Specifically, the 
effect of motor symptoms on the CC-CT correlation was negligible for 
younger adults with PD, while its effect was positive for older adults. 
This effect is probably related to general cortical degeneration: both age 
and motor symptoms in PD patients have been related to widespread 
cortical degeneration including cortical thinning, reduction of cortical 
volumes, and changes in gyral curvature. Motor symptoms in PD pa-
tients have been shown to be associated with decreased cortical thick-
ness of bilateral fusiform gyrus and temporal pole (Gao et al., 2018), and 
to decreased gyrification in inferior parietal, post and precentral, super 
frontal and supramarginal areas (Sterling et al., 2016). Age in PD pa-
tients has been shown to have a more negative impact on cortical 
thickness than in healthy controls (Pereira et al., 2012). A possible 
explanation for the observed effect in older adults could be that Lewy 
body pathology interacts with age-related accumulation of amyloid-beta 
pathology (Lim et al., 2019). This would imply that Lewy body pathol-
ogy only has a profound effect on the curvature-thickness association in 
de novo PD patients once age-related amyloid-beta accumulation is 
present. We also found a specific association of rigidity with the 
curvature-thickness association, showing that the observed relationship 
between motor symptoms and the curvature-thickness interplay may be 
driven by rigidity rather than tremor symptoms. 

We also observed that the curvature-thickness association attenuates 
(i.e., became less negative) over time in both PD patients and healthy 
controls. However, no significant differences between PD patients and 
healthy controls were observed regarding these longitudinal effects. It is 
therefore possible that the observed increases in the curvature-thickness 
correlation over time could be an effect of aging rather than PD pa-
thology. However, an effect of PD pathology cannot completely be 
excluded since it is confounded with time. 

Regarding region-specific effects, cortical curvature and thickness 
showed an interaction effect on motor symptoms across subjects spe-
cifically in the isthmus of the left cingulate cortex. The isthmus of the 
cingulate cortex has been shown to be degenerated in Parkinson’s dis-
ease compared to healthy controls (Laansma et al., 2021). Moreover, 

atrophy of this region has also been shown to be predictive of clinical 
outcomes after focused ultrasound subthalamotomy in PD (Lin et al., 
2022). We specifically found that a higher curvature in the isthmus of 
the cingulate cortex is related to more beneficial effects of the cortical 
thickness on motor symptoms. Possibly, a thicker cortex in the isthmus 
cingulate helps to compensate for increased gyral curvature, which re-
flects neurodegeneration (Lin et al., 2021). Our results are seemingly in 
contradiction to the results in Chaudhary et al. (2021), who did not find 
a significant correlation between cortical thickness and curvature in the 
isthmus of the cingulate cortex. However, our study focused on the 
interaction effect between curvature and thickness on motor symptoms 
in PD rather than the existence of a region-specific correlation. Addi-
tionally, our sample was much larger allowing us to detect smaller 
effects. 

The lack of an effect of diagnosis in the PPMI dataset could be related 
to the early disease stage for most subjects: almost all subjects were in 
Hoehn and Yahr stages 1 or 2, and the median duration of the disease 
was only 4.2 months. Therefore, it is possible that the effect of diagnosis 
was not yet observable on a T1-weighted MRI scan with the spatial 
resolutions used. This agrees with the observation that the direction of 
the effect of motor symptoms and diagnosis was the same. More pre-
cisely, subjects with PD showed a slightly less negative CC-CT correla-
tion than healthy controls. Moreover, post-hoc analyses (not reported) 
showed that the difference in CC-CT correlation and PD patients with 
above-median motor symptoms approached significance. However, the 
effect did not reach statistical significance, possibly because of a low 
effect size in combination with some estimation error and measurement 
noise. Indeed, we found an effect of diagnosis in a population with a 
longer disease duration for which a larger effect is expected. 

In our full model, there was no significant effect of global cognitive 
performance, as assessed with MoCA, nor any other cognitive sub-
domain on the curvature-thickness association. However, when cogni-
tive scores were considered alone in models without confounding 
variables, the effect of global cognition and the recognition discrimi-
nation index on the curvature-thickness interplay was significant. This 
discrepancy shows that a combination of demographics, general brain 
morphology, and motor symptoms explained the observed bivariate 
relationships between cognitive performance and the curvature- 
thickness interplay. 

The best model for motor symptoms (cross-sectionally) in PD 
included MoCA scores, mean putamen DAT binding, and the correlation 
between cortical curvature and thickness. The association between 
cognitive and motor symptoms in PD patients has been reported in 
previous studies and has been argued to be related to vascular burden 
and widespread brain atrophy (Laansma et al., 2021; Stojkovic et al., 
2018). Reduced striatal DAT binding in PD has been observed in pre-
vious studies and has been shown to be a potential biomarker of disease 
progression (Kägi et al., 2010). Importantly, our model included the 
curvature-thickness association, but no other global brain features such 
as brain size or average cortical thickness. This finding suggests that the 
curvature-thickness association captures a unique property of neuro-
degeneration. We did not find any effects of the curvature-thickness 
interplay on longitudinal changes in motor and cognitive scores, 
showing that the CC-CT correlation did not have a longitudinal predic-
tive effect in our sample. Possibly, the effects of the curvature-thickness 
relationship on longitudinal changes in motor symptoms were too subtle 
to detect. 

The association between cortical curvature and thickness likely re-
flects a systematically and spatially varying pattern of thickness and 
curvature, which both show subtle local variations when considered 
independently (Demirci & Holland, 2022). However, the exact neuro-
biological basis of the cortical curvature-thickness interplay in neuro-
degeneration is currently unknown. It likely involves a complex 
interplay between genetics, neuroinflammation, environmental factors, 
neurovascular damage, and metabolic stress (Wareham et al., 2022). 
Future research could help elucidate the contribution of each of these 
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neurobiological determinants to changes in the interplay between 
cortical metrics. 

5. Conclusion 

Our results show that the relationship between cortical curvature 
and cortical thickness is related to motor symptoms and age in PD pa-
tients, even after accounting for brain size and average cortical thick-
ness. Our best model for motor symptoms in PD included the cortical 
curvature-thickness association. This research shows the potential of 
modeling the curvature-thickness interplay in PD. 
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