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A B S T R A C T

Introduction: To investigate the effect of diabetes mellitus (DM) on the clinicoradiological features in patients
with Parkinson's disease (PD).
Methods: 671 patients with de novo PD were classified into two groups according to the presence of DM (106
with DM and 565 without). We performed inter-group comparative analyses of the striatal dopamine transporter
(DAT) availability in all patients and level of cognitive performances in 312 patients (58 with DM and 254
without). Neuroimaging analyses of cortical thickness were performed in 42 patients with DM and 42 matched
patients without DM. We assessed the longitudinal changes in the levodopa-equivalent dose (LED) across time in
549 patients who were treated for at least two years (86 with DM and 463 without) using a linear mixed model.
Results: The PD patients with DM were older at the onset of parkinsonism and had more severely decreased
baseline DAT availability in the caudate and ventral striatum than those without DM. The PD group with DM
showed poorer performances in attention/working memory and frontal/executive function than the group
without DM. Cortical thinning in the right inferomedial temporal lobe was observed in PD with DM group
relative to PD without DM group. During follow-up, the PD patients with DM showed a more rapid longitudinal
increase in LED than those without DM.
Conclusion: Our results suggest that coexistent DM may have a detrimental effect on disease progression as well
as baseline striatal dopamine loss, brain structural alterations, and cognitive performances in patients with PD.

1. Introduction

Type 2 diabetes mellitus (DM) is a prevalent metabolic disorder
characterized by obesity and chronic insulin resistance. Ample evidence
has suggested that DM is a protein misfolding disease [1]: insulin re-
sistance and progressive loss of beta cell function in DM could result
from the toxic aggregates of the islet amyloid polypeptide or amylin via
an increased membrane permeabilization, mitochondrial damage, en-
doplasmic reticulum (ER) stress, and inflammation [2,3]. This mis-
folded protein formation is closely linked to defects in several protein-
removing pathways, including the ubiquitin proteasome system and
autophagy [4].

Similarly, the accumulation of protein aggregates via the dysregu-
lation of cellular clearing system is a key pathogenesis of

neurodegenerative disorders such as Alzheimer's disease (AD) and
Parkinson's disease (PD) [2]. Given that DM and neurodegenerative
disorders might share common mechanisms leading to protein mis-
folding [3], it is not surprising that patients with DM have a 65% in-
creased risk of developing AD [5] and 35% increased risk of developing
PD [6]. In particular, several studies have demonstrated that DM has a
deteriorating impact on the neurodegenerative pathologies [7] as well
as the clinical course [8] of AD. In patients with PD, few studies have
reported a detrimental effect of DM on motor and cognitive perfor-
mance [9–11]; however, the lacking of longitudinal information on the
clinical course and comprehensive neuroimaging data with a large
sample size may limit its clinical significance. In the present study, we
hypothesized that coexistent DM would have a detrimental effect on the
current state and disease course of PD. We, therefore, assessed the
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dopamine transporter (DAT) availability of the striatum, cognitive
performance, cortical thickness, and longitudinal disease progression in
a large number of PD patients with and without DM.

2. Methods

2.1. Subjects

We retrospectively reviewed the database of the Yonsei Parkinson
Center (671 consecutive patients with drug-naïve PD who visited the
Movement Disorders outpatient clinic at Severance Hospital from April
2009 to September 2015) (Fig. S1). PD was diagnosed according to the
clinical diagnostic criteria of the UK PD Society Brain Bank. 18F-FP-CIT
PET scans revealed decreased DAT availability in the posterior putamen
on all subjects. The exclusion criteria included drug-induced parkin-
sonism; evidence of atypical parkinsonism; and focal brain lesions,
diffuse white matter hyperintensities, or multiple lacunes in the basal
ganglia on MRI. Parkinsonian motor symptoms were assessed using the
Unified PD Rating Scale Part III (UPDRS- III), and olfactory function
was measured using the cross-cultural smell identification test (CCSIT).
Depression was evaluated using the Beck Depression Inventory (BDI),
and the Korean version of the Mini-Mental State Examination (K-
MMSE) [12] was used to assess general cognition. Patients with PD
were classified into two groups according to the prior diagnosis of type
2 DM [13]: the PD group with DM (PD-DM+, n = 106) and the PD
group without DM (PD-DM-, n = 565. This study was approved by the
Yonsei University Severance Hospital institutional review board, and
the need for informed consent was waived because of the retrospective
nature of the study.

2.2. Quantitative analysis of 18F-FP-CIT PET images

We used the same methodology to acquire and analyze the 18F-FP-
CIT PET images to obtain DAT availability as previously described
(supplementary methods) [14].

2.3. Neuropsychological assessment

A total of 312 patients (58 with DM and 254 without) underwent a
baseline comprehensive neuropsychological assessment (Seoul
Neuropsychological Screening Battery [SNSB]) in the Korean language,
which covers five cognitive domains (attention and working memory,
frontal/executive, language, verbal and visual memory, and visuospa-
tial functions; supplementary methods). We compared the levels of
cognitive performances between the PD groups using the composite
scores calculated by dividing the sum of the z-scores by the number of
tests in each cognitive domain. A z-score was defined as where the score
was positioned in the distribution of scores for age- and education-
matched normal subjects (i.e., higher z-scores indicate better cognitive
function). Additionally, 43 patients in the PD-DM+ and 173 patients in
the PD-DM- underwent a serial K-MMSE twice to eight times with an
interval of one year.

2.4. Cortical thickness analyses

A total of 233 patients (42 with DM and 191 without) underwent a
baseline brain MRI scan which was available for the neuroimaging
analyses. PD patients with DM (n=42) were matched to those without
DM (n=42; supplementary methods). We used the CIVET pipeline
(http://mcin.ca/civet/) to measure cortical thickness as previously
described (supplementary methods) [15]. Then, we compared cortical
thickness between the PD groups with the SurfStat toolbox [16]. The
multiple comparisons were corrected using random field theory. We
mapped t-scores, effect size (Cohen's d), uncorrected p, and corrected
cluster-p on the standard template. In addition, we performed the
correlation analysis between DM duration and cortical thickness within

the PD-DM + group controlling for age, sex, years of education, PD
duration, and intracranial volume (see details in supplementary
methods).

2.5. Longitudinal assessment of the changes in LED over time

Of a total of 671 patients with PD, 557 were treated with PD
medications for at least two years (range: 28–93 months). Among them,
eight patients who were diagnosed with DM during the follow-up
period were excluded because the effect of DM might not be active
throughout their clinical course, but only in part. Therefore, 549 pa-
tients (86 PD-DM+ and 463 PD-DM-) were included in the assessment
of the longitudinal changes in LED. The patients visited the outpatient
clinic with three-to-six-month intervals between visits, and their PD
medications were adjusted for effective symptom control by L.P.H and
S.Y.H. according to the patients' response. The medication doses were
calculated as levodopa-equivalent doses (LEDs) [17]. Additionally, we
compared the longitudinal changes in LED between the 86 PD patients
with DM and matched 86 without.

2.6. Statistical analyses

To compare the baseline demographic characteristics between the
PD groups, Student's t-tests and Pearson's χ2 tests were used for con-
tinuous and categorical variables, respectively. In order to compare the
DAT availability of each striatal sub-region and cognitive performances
between the PD groups, Student's t-tests with the false discovery rate
(FDR) controlling method for multiple comparisons correction were
used. A linear mixed model was used to compare the longitudinal
changes in K-MMSE between the PD groups, including age, sex, and
education as fixed effects. Estimated propensity scores were used to
match the PD patients with DM to those without DM using age at onset,
sex, PD duration, and baseline DAT availability in the posterior pu-
tamen as predictors in a logistic regression with DM status as the out-
come. To compare the changes in LED over time between the PD
groups, a linear mixed model was used including age at PD onset and
mean DAT availability in the posterior putamen as fixed effects (sup-
plementary methods). We also assessed the effect of duration of DM on
the longitudinal changes in LED in the PD-DM + group using the DM
duration × time interaction term in a linear mixed model. The statis-
tical analyses were performed with SPSS (version 23.0; IBM
Corporation, Armonk, NY, USA), and results with a two-tailed
P < 0.05 were considered statistically significant.

3. Results

3.1. Baseline clinical characteristics of PD patients with and without DM

Duration of DM at the time when the patients in the PD-
DM + group were diagnosed with PD was 10.93 ± 7.65 years. The
average age and age at parkinsonian symptom onset were both higher
in the PD-DM + group than in the PD-DM- group. The sex, PD duration,
UPDRS-III, and CCSIT scores did not differ between the groups. There
were also no significant differences in the BDI and K-MMSE scores. The
PD-DM + group had a higher prevalence of hypertension and cardiac
disease than the PD-DM- group (Table 1).

Compared to the PD-DM- group, the PD-DM + group showed more
severely decreased DAT availability in the caudate (PD-DM+, 1.74; PD-
DM-, 1.94; p = 0.006) and ventral striatum (PD-DM+, 1.94; PD-DM-,
2.13; p = 0.006) with comparable DAT availability in the anterior
putamen (p = 0.536) and posterior putamen (p = 0.779; Table 1).

3.2. Neuropsychological assessment

The 312 patients with PD who underwent a detailed neuropsycho-
logical test had similar demographic characteristics and striatal DAT
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availability as the whole 671 patient sample (Table S1): the PD-
DM + group (n = 58) was older in age and had a higher frequency of
hypertension than the PD-DM- group (n = 254). The PD-DM + group
tended to exhibit more severely decreased DAT availability in the
caudate and ventral striatum. The PD-DM + group showed a poorer
cognitive performance in the attention/working memory and frontal
executive function domain compared to the PD-DM- group. The PD-
DM+ group also had a tendency for poor performances in the language
and memory function domain (p = 0.069). The two groups showed
comparable levels of performances in the visuospatial function domains
(Table 1). In addition, the PD-DM + group tended to have a more rapid
decline in the K-MMSE scores relative to the PD-DM- group (estimated
changes in K-MMSE score per year: PD-DM+, −0.61 [standard error
(SE) 0.17]; PD-DM-, −0.29 [0.09]; group difference, 0.33 [1.96],
p= 0.091).

3.3. Cortical thickness analyses

There were no significant differences in the demographic char-
acteristics and the striatal DAT availability between 42 patients with
DM and 42 matched patients without DM (Table S2). Fig. 1 shows
cortical thickness difference between the PD groups. In the t-map, blue

and red indicate greater and lesser cortical thickness, respectively, in
the PD-DM + group compared with the PD-DM- group (Fig. 1A). The
PD-DM + group exhibited significant cortical thinning in the right in-
ferior temporal cortex compared with the PD-DM- group (Fig. 1B–D and
Table 3). No areas were found in which the PD-DM- group exhibited
statistically significant cortical thinning compared to the PD-
DM + group. In addition, the correlation analysis showed that the
duration of DM was not significantly associated with the cortical thin-
ning in the PD-DM + group (mean duration of DM, 10.97 ± 8.61
years; Fig. S2).

3.4. Longitudinal assessment of the changes in LED over time

The 549 patients with PD who were treated with PD medications for
at least two years had similar demographic characteristics and striatal
DAT availability as those of the whole 671-patient population: the PD-
DM + group (n = 86) had older age and age at PD onset and decreased
DAT availability in the ventral striatum compared to the PD-DM- group
(n = 463). Propensity score sub-sample (86 with DM and 86 without
DM) showed that there were no significant differences in the demo-
graphic characteristics and striatal DAT availability between the groups
(Table S3).

The estimated monthly LED changes were 9.54 in the PD-
DM + group (n = 86) and 7.09 in the PD-DM- group (n = 463; dif-
ference in LED changes between the PD groups = 2.45, p < 0.001;
Table 2). We also obtained a consistent result when comparing the
matched PD groups (9.44 in 86 PD-DM+; 7.90 in 86 PD-DM-;
p = 0.016; Table 2). In addition, long duration of DM was not asso-
ciated with the more rapid increase in LED over time in 86 patients in
the PD-DM + group (mean duration of DM, 11.26 ± 7.62 years; DM
duration × time, β (SE) = −0.1588 (0.0975), p= 0.105; Table S4).

4. Discussion

The present study investigated the effect of DM on the DAT avail-
ability of the striatum, cognitive performance, brain structural changes,
and longitudinal disease progression in patients with de novo PD. The
major findings were as follows: (1) The PD group with DM had more
severely decreased DAT availability in the caudate and ventral striatum
compared to that in the group without DM, while the DAT availability
in the putamen was comparable between the groups. (2) PD patients
with DM showed a poorer performance on attention/working memory
and frontal executive function than those without DM. (3) Cortical
thinning in the right inferomedial temporal lobe was observed in the PD
patients with DM relative to those without DM. (4) The patients with
DM at the time of PD diagnosis showed more rapid longitudinal changes
in LED than those without DM. These findings suggest that the presence
of DM has a detrimental effect on the clinical course as well as the
baseline striatal dopamine depletion, structural integrity, and cognitive
function in patients with PD.

The present study demonstrated that PD patients with DM exhibit a
severe dopaminergic depletion, especially in the caudate and ventral
striatum, compared to those without DM. Several studies showed that
insulin resistance in DM leads to altered iron metabolism, accumulation
of α-synuclein, or enhanced ER stress and inflammatory response in the
midbrain, thus impairing nigrostriatal dopamine function [18–20]. In
addition, vascular insufficiency, increased oxidative stress, and altered
axonal transport underpinning diabetic neuropathy [21] would impair
the axonal integrity of nigrostriatal fibers. However, it remains un-
known whether the dopaminergic neurons in the medial part of the
substantia nigra (SN) projecting to the caudate and ventral striatum are
more susceptible to the DM-related process than those in the ven-
trolateral SN projecting to the posterior putamen. Regarding the se-
lective vulnerability of striatal subregions, it has been reported that
patients with DM had impaired integrity of the fronto-striatao-thalamic
circuit arising from the caudate nucleus, but not from the putamen

Table 1
Demographic characteristics, DAT availability, and neuropsychological data of
patients with PD who underwent a baseline neuropsychological test.

PD-DM+
(n = 106)

PD-DM- (n= 565) p-value

Demographic characteristics
Age (years) 69.94 ± 8.14 (39,

85)
65.18 ± 10.34 (35,
88)

< 0.001a

Female, No. (%) 53 (50%) 292 (52%) 0.751b

Age at PD onset
(years)

68.36 ± 8.18 (36,
84)

63.64 ± 10.45 (33,
85)

< 0.001a

PD duration
(months)

18.09 ± 17.65 (1,
67)

18.27 ± 17.91 (1,
69)

0.927a

UPDRS-III 23.99 ± 10.72 22.51 ± 10.01 0.200a

CCSIT 6.43 ± 2.73 6.73 ± 2.39 0.266a

BDI 12.87 ± 9.25 12.66 ± 8.50 0.821a

K-MMSE 26.17 ± 2.87 26.61 ± 3.07 0.173a

Vascular risk factors
Hypertension 64 (60%) 217 (38%) < 0.001b,c

Dyslipidemia 17 (16%) 62 (11%) 0.138b,c

Cardiac disease 18 (17%) 51 (9%) 0.027b,c

Body mass index 23.94 ± 2.95 23.41 ± 2.95 0.121a,c

DAT availability
Caudate 1.74 ± 0.59 1.94 ± 0.66 0.006a,c

Anterior putamen 2.23 ± 0.59 2.29 ± 0.67 0.536a,c

Posterior putamen 1.44 ± 0.54 1.43 ± 0.50 0.779a,c

Ventral striatum 1.94 ± 0.52 2.13 ± 0.61 0.006a,c

Neuropsychological data d

Attention/working
memory

−0.37 ± 0.80 −0.04 ± 0.82 0.016a,c

Frontal executive −0.60 ± 0.86 −0.20 ± 0.86 0.009a,c

Language −0.65 ± 1.16 −0.33 ± 1.12 0.069a,c

Memory −0.50 ± 0.72 −0.16 ± 1.28 0.069a,c

Visuospatial −0.37 ± 1.45 −0.07 ± 1.27 0.115a.c

The values are expressed as mean ± standard deviation, range (minimum,
maximum), or number (percentage). To compare the level of cognitive per-
formance between the groups, we used the composite z-scores for each cogni-
tive domain. Abbreviations: DAT, dopamine transporter; PD, Parkinson's dis-
ease; PD-DM+, PD with diabetes mellitus; PD-DM-, PD without diabetes
mellitus; UPDRS-III, Unified PD Rating Scale Part III; BDI, Beck Depression
Inventory; K-MMSE, the Korean version of the Mini-Mental State Examination.

a Student's t-tests.
b Pearson'sχ2 tests.
c False discovery rate (FDR) controlling method for multiple comparisons

correction.
d 312 patients with PD (58 with DM and 254 without DM) underwent a

baseline neuropsychological test.
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[22], and atrophy in the bilateral caudate head [23] compared to those
without DM. Thus, it is possible that the lesional effect of the suscep-
tible caudate may result in dopamine depletion in this structure.
However, further study is required to determine whether DM-related
neurodegenerative process in PD would induce the selective vulner-
ability in the medial portion of SN neurons or on the caudate-related
structures.

In terms of the cognitive aspects, the PD-DM + group showed poor
cognitive performances in attention/working memory and frontal ex-
ecutive function domain. The general cognition measured by the K-
MMSE also tended to decline more rapidly in the PD-DM + group
compared to the PD-DM- group. To the best of our knowledge, only a
limited number of studies have reported the effects of DM on cognition
in PD: PD patients with comorbid DM had lower cognitive scores with
the greatest impairments in attention and executive functions [11,24],
and a more rapid decline in MMSE scores at a three-year follow-up than
those without DM [25]. Our neuropsychological findings are in ac-
cordance with the pattern of striatal dopamine depletion and structural
changes shown in the PD-DM + group in this study. Several studies
have reported a significant association between striatal dopamine de-
pletion, especially in the caudate, and frontal lobe-based cognitive
dysfunction in PD [26]. In addition, several cortical structures such as

Fig. 1. Analysis of cortical thickness comparison between the PD-DM + and PD-DM- groups. (A) The t-map shows differences in cortical thickness between the
groups. The blue and red color indicate greater and lesser cortical thickness in the PD-DM + group compared to the PD-DM- group, respectively. (B) The effect size
(Cohen's d) map shows a large magnitude of difference between the groups. (C) The reddish spots of the p-map indicates the regions of significant cortical thinning in
the PD-DM + group compared to the PD-DM- group (thresholding at uncorrected p < 0.001). (D) Significant cluster was found in the right inferior temporal cortex
after multiple comparisons correction using the random field theory (corrected p < 0.05). No areas were found in which the PD-DM- group exhibited statistically
significant cortical thinning compared to the PD-DM + group. (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)

Table 2
Longitudinal changes in LED across time in PD patients with follow-up dura-
tion> 2 years.

Estimated slope (standard error)

PD-DM+ p-value PD-DM- p-value Difference p-value

Overall series (86 vs. 463)
Δ LED 9.5403

(0.4229)
< 0.001 7.0906

(0.1816)
<0.001 2.4497

(0.4584)
< 0.001

Propensity score-matched pairs (86 vs. 86)
Δ LED 9.4431

(0.4070)
< 0.001 7.8992

(0.4949)
<0.001 1.5439

(0.6384)
0.016

The estimate (β) is the change in LED per month (Δ LED), i.e., positive value
indicates the dose-up of PD medications. The propensity score for the predicted
probability of the presence of DM in each patient was estimated with the use of
a logistic regression model with the following variables: age at onset, sex, PD
duration, and DAT binding in the posterior putamen. The effect of the PD
subgroup on the change in LED across time was tested using the time × PD
subgroup interaction term, and the PD-DM + group exhibited a faster rate of
dose-up of PD medications than the PD-DM- group. Abbreviations: LED, levo-
dopa-equivalent dose; PD, Parkinson's disease; PD-DM+, PD with diabetes
mellitus; PD-DM-, PD without diabetes mellitus.
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the dorsolateral frontal and mesial temporal cortices are related to
cognitive function as well as the prognosis of cognitive decline in pa-
tients with PD [27]. In this regard, cortical thinning in the frontal and
temporal regions of the PD patients with DM might additionally influ-
ence the level of cognitive performance.

Interestingly, the PD-DM + group showed a more rapid long-
itudinal increase in LED compared to the PD-DM- group. The con-
tribution of DM to PD progression has been rarely reported: A single
case-control study demonstrated that patients with a diagnosis of DM
prior to PD onset required higher treatment doses of levodopa than
those without DM [9]. One possible explanation for this finding is that
DM shares similar dysregulated pathways with PD, including protein
aggregation [1], mitochondrial dysfunction, and inflammatory re-
sponse [3]. Multiple misfolded proteins may interact with each other in
the process of seeding-nucleation (i.e., cross-seeding) [28]; thus, coex-
istent DM may accelerate disease progression in patients with PD. Given
that the initial UPDRS-III scores and DAT availability in the posterior
putamen were comparable between the PD groups in this study, the
synergistic effects seem to appear after PD has progressed to a more
advanced stage. Indeed, a large prospective study demonstrated that
the risk elevation of PD was limited to diabetic patients with a disease
duration of more than 10 years [6], which may also explain why the PD
patients with a prior diagnosis of DM had relatively older ages of PD
onset compared to those without DM in our cohort and why there was
no significant correlation between the disease duration of DM and
clinical progression or brain structural alterations in the PD-
DM + group.

Our study has some limitations. First, the subgroups for the cogni-
tive assessment, neuroimaging analyses, and longitudinal assessment of
PD progression were not identical due to the retrospective nature of this
study; however, demographic characteristics and baseline striatal DAT
availability were similar between these subgroups. Second, a long-
itudinal change in LED might not accurately reflect the PD progression,
even though a consensus for assessing this clinical endpoint has not
been established. Third, a serial neuropsychological assessment was not
performed often enough to assess the longitudinal changes in cognitive
performances. Although the PD patients with DM tended to show a
rapid decline in K-MMSE scores relative to those without PD, a detailed
evaluation of each cognitive domain, especially the frontal executive
function, would provide evidence for a firm conclusion regarding the
cognitive prognosis. Fourth, other vascular risk factors within the
spectrum of metabolic syndrome and the degree of glycemic control
during follow-up might act as confounding factors. Furthermore, anti-
diabetic drugs may have positively impacted on the disease progression
of PD. In particular, glucagon-like peptide-1 (GLP-1) receptor agonists
appear to have neuroprotective properties [29] and clinical studies of
GLP-1 receptor agonists have shown the possible disease modifying
effects in PD [30]. Finally, we cannot completely exclude the possibility
that older ages in the PD-DM + group might suggest a protective effect
of DM on the development of PD, even though other clinical and neu-
roimaging findings have supported the detrimental effect of DM.

In conclusion, coexistent DM had a detrimental effect on the clinical
prognosis as well as the baseline striatal DAT availability, brain struc-
tural change, and level of cognitive performances in patients with PD.

Funding sources

This research was supported by Basic Science Research Program
through the National Research Foundation of Korea (NRF) funded by
the Ministry of Education (grant number: NRF-
2018R1D1A1B07048959). Dr. Seun Jeon is the recipient of following
fellowships that contribute to his support: Bourse Fonds de Recherche
Santé Québec (FRQS, dossier 34240 & 259605) and by Jeanne Timmins
Costello Fellowship of the Montreal Neurological Institute (240522).

Declarations of interest

None.

Acknowledgments

We would like to thank Sung-Woo Kim, Sujeong Jang, and Joon-
Kyung Seong (Department of Bio-convergence Engineering, Korea
University, Seoul, South Korea) for helping us prepare this article.

Appendix A. Supplementary data

Supplementary data related to this article can be found at https://
doi.org/10.1016/j.parkreldis.2018.08.023.

References

[1] A. Mukherjee, D. Morales-Scheihing, P.C. Butler, C. Soto, Type 2 diabetes as a
protein misfolding disease, Trends Mol. Med. 21 (7) (2015) 439–449.

[2] C.G. Glabe, Common mechanisms of amyloid oligomer pathogenesis in degen-
erative disease, Neurobiol. Aging 27 (4) (2006) 570–575.

[3] J.A. Santiago, J.A. Potashkin, Shared dysregulated pathways lead to Parkinson's
disease and diabetes, Trends Mol. Med. 19 (3) (2013) 176–186.

[4] S. Costes, T. Gurlo, J.F. Rivera, P.C. Butler, UCHL1 deficiency exacerbates human
islet amyloid polypeptide toxicity in beta-cells: evidence of interplay between the
ubiquitin/proteasome system and autophagy, Autophagy 10 (6) (2014) 1004–1014.

[5] Z. Arvanitakis, R.S. Wilson, J.L. Bienias, D.A. Evans, D.A. Bennett, Diabetes mellitus
and risk of Alzheimer disease and decline in cognitive function, Arch. Neurol. 61 (5)
(2004) 661–666.

[6] Q. Xu, Y. Park, X. Huang, A. Hollenbeck, A. Blair, A. Schatzkin, H. Chen, Diabetes
and risk of Parkinson's disease, Diabetes Care 34 (4) (2011) 910–915.

[7] W. Li, S.L. Risacher, E. Huang, A.J. Saykin, Type 2 diabetes mellitus is associated
with brain atrophy and hypometabolism in the ADNI cohort, Neurology 87 (6)
(2016) 595–600.

[8] H. Ascher-Svanum, Y.F. Chen, A. Hake, K. Kahle-Wrobleski, D. Schuster, D. Kendall,
R.J. Heine, Cognitive and functional decline in patients with mild Alzheimer de-
mentia with or without comorbid diabetes, Clin. Therapeut. 37 (6) (2015)
1195–1205.

[9] E. Cereda, M. Barichella, E. Cassani, R. Caccialanza, G. Pezzoli, Clinical features of
Parkinson disease when onset of diabetes came first: a case-control study,
Neurology 78 (19) (2012) 1507–1511.

[10] V. Kotagal, R.L. Albin, M.L. Muller, R.A. Koeppe, K.A. Frey, N.I. Bohnen, Diabetes is
associated with postural instability and gait difficulty in Parkinson disease, Park.
Relat. Disord. 19 (5) (2013) 522–526.

[11] M. Petrou, C. Davatzikos, M. Hsieh, B.R. Foerster, R.L. Albin, V. Kotagal,
M.L. Muller, R.A. Koeppe, W.H. Herman, K.A. Frey, N.I. Bohnen, Diabetes, gray
matter loss, and cognition in the setting of Parkinson disease, Acad. Radiol. 23 (5)
(2016) 577–581.

[12] C. Han, S.A. Jo, I. Jo, E. Kim, M.H. Park, Y. Kang, An adaptation of the Korean mini-
mental state examination (K-MMSE) in elderly Koreans: demographic influence and
population-based norms (the AGE study), Arch. Gerontol. Geriatr. 47 (3) (2008)
302–310.

[13] Diagnosis and classification of diabetes mellitus, Diabetes Care 29 (Suppl 1) (2006)
S43–S48.

[14] S.J. Chung, H.S. Yoo, H. Moon, J.S. Oh, J.S. Kim, Y.H. Park, J.Y. Hong, B.S. Ye,
Y.H. Sohn, P.H. Lee, Early-onset drug-induced parkinsonism after exposure to

Table 3
Differences in cortical thickness between the PD groups according to the presence of DM.

Region t-score Corrected cluster-p Uncorrected p Cohen's d x y z

Rt Inferior Temporal Cortex 4.10. 0.025 < 0.001 0.78 39.0 −8.0 −43.8
Lt Entorhinal Cortex 3.45 NS <0.001 0.63 −27.0 −5.8 −34.6

Abbreviations: PD, Parkinson's disease; DM, diabetes mellitus; NS, not significant.

S.J. Chung et al. Parkinsonism and Related Disorders 64 (2019) 54–59

58

https://doi.org/10.1016/j.parkreldis.2018.08.023
https://doi.org/10.1016/j.parkreldis.2018.08.023
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref1
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref1
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref2
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref2
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref3
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref3
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref4
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref4
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref4
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref5
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref5
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref5
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref6
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref6
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref7
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref7
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref7
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref8
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref8
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref8
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref8
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref9
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref9
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref9
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref10
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref10
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref10
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref11
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref11
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref11
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref11
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref12
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref12
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref12
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref12
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref13
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref13
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref14
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref14


offenders implies nigrostriatal dopaminergic dysfunction, J. Neurol. Neurosurg.
Psychiatry 89 (2) (2018) 169–174.

[15] B.S. Ye, S. Jeon, S. Yoon, S.W. Kang, K. Baik, Y. Lee, S.J. Chung, J.S. Oh, H. Moon,
J.S. Kim, P.H. Lee, Y.H. Sohn, Effects of dopaminergic depletion and brain atrophy
on neuropsychiatric symptoms in de novo Parkinson's disease, J. Neurol. Neurosurg.
Psychiatry 89 (2) (2018) 197–204.

[16] K.J. Worsley, J.E. Taylor, F. Carbonell, M.K. Chung, E. Duerden, B. Bernhardt,
O. Lyttelton, M. Boucher, A.C. Evans, SurfStat: a Matlab toolbox for the statistical
analysis of univariate and multivariate surface and volumetric data using linear
mixed effects models and random field theory, Neuroimage 47 (Supplement 1)
(2009) S102.

[17] C.L. Tomlinson, R. Stowe, S. Patel, C. Rick, R. Gray, C.E. Clarke, Systematic review
of levodopa dose equivalency reporting in Parkinson's disease, Movement disorders,
Offic. J. Mov. Disord. Soc. 25 (15) (2010) 2649–2653.

[18] T. Kono, M. Takada, Dopamine depletion in nigrostriatal neurons in the genetically
diabetic rat, Brain Research 634 (1) (1994) 155–158.

[19] J.K. Morris, G.L. Bomhoff, B.K. Gorres, V.A. Davis, J. Kim, P.P. Lee, W.M. Brooks,
G.A. Gerhardt, P.C. Geiger, J.A. Stanford, Insulin resistance impairs nigrostriatal
dopamine function, Exp. Neurol. 231 (1) (2011) 171–180.

[20] L. Wang, Y.Q. Zhai, L.L. Xu, C. Qiao, X.L. Sun, J.H. Ding, M. Lu, G. Hu, Metabolic
inflammation exacerbates dopaminergic neuronal degeneration in response to acute
MPTP challenge in type 2 diabetes mice, Exp. Neurol. 251 (2014) 22–29.

[21] E.L. Feldman, M.J. Stevens, D.A. Greene, Pathogenesis of diabetic neuropathy, Clin.
Neurosci. 4 (6) (1997) 365–370.

[22] S. Yang, O. Ajilore, M. Wu, M. Lamar, A. Kumar, Impaired macromolecular protein
pools in fronto-striato-thalamic circuits in type 2 diabetes revealed by magnetiza-
tion transfer imaging, Diabetes 64 (1) (2015) 183–192.

[23] J. Chen, J. Zhang, X. Liu, X. Wang, X. Xu, H. Li, B. Cao, Y. Yang, J. Lu, Z. Chen,
Abnormal subcortical nuclei shapes in patients with type 2 diabetes mellitus, Eur.

Radiol. 27 (10) (2017) 4247–4256.
[24] N.I. Bohnen, V. Kotagal, M.L. Muller, R.A. Koeppe, P.J. Scott, R.L. Albin, K.A. Frey,

M. Petrou, Diabetes mellitus is independently associated with more severe cognitive
impairment in Parkinson disease, Park. Relat. Disord. 20 (12) (2014) 1394–1398.

[25] M. Giuntini, F. Baldacci, E. Del Prete, U. Bonuccelli, R. Ceravolo, Diabetes is as-
sociated with postural and cognitive domains in Parkinson's disease. Results from a
single-center study, Park. Relat. Disord. 20 (6) (2014) 671–672.

[26] F.J. Siepel, K.S. Bronnick, J. Booij, B.M. Ravina, A.V. Lebedev, J.B. Pereira,
R. Gruner, D. Aarsland, Cognitive executive impairment and dopaminergic deficits
in de novo Parkinson's disease, Movement disorders, Official Journal of the
Movement Disorder Society 29 (14) (2014) 1802–1808.

[27] J.E. Lee, K.H. Cho, S.K. Song, H.J. Kim, H.S. Lee, Y.H. Sohn, P.H. Lee, Exploratory
analysis of neuropsychological and neuroanatomical correlates of progressive mild
cognitive impairment in Parkinson's disease, J. Neurol. Neurosurg. Psychiatry 85
(1) (2014) 7–16.

[28] R. Morales, I. Moreno-Gonzalez, C. Soto, Cross-seeding of misfolded proteins: im-
plications for etiology and pathogenesis of protein misfolding diseases, PLoS
Pathogens 9 (9) (2013) e1003537.

[29] Y. Li, T. Perry, M.S. Kindy, B.K. Harvey, D. Tweedie, H.W. Holloway, K. Powers,
H. Shen, J.M. Egan, K. Sambamurti, A. Brossi, D.K. Lahiri, M.P. Mattson, B.J. Hoffer,
Y. Wang, N.H. Greig, GLP-1 receptor stimulation preserves primary cortical and
dopaminergic neurons in cellular and rodent models of stroke and Parkinsonism,
Proc. Natl. Acad. Sci. U.S.A. 106 (4) (2009) 1285–1290.

[30] D. Athauda, K. Maclagan, S.S. Skene, M. Bajwa-Joseph, D. Letchford,
K. Chowdhury, S. Hibbert, N. Budnik, L. Zampedri, J. Dickson, Y. Li, I. Aviles-
Olmos, T.T. Warner, P. Limousin, A.J. Lees, N.H. Greig, S. Tebbs, T. Foltynie,
Exenatide once weekly versus placebo in Parkinson's disease: a randomised, double-
blind, placebo-controlled trial, Lancet 390 (10103) (2017) 1664–1675.

S.J. Chung et al. Parkinsonism and Related Disorders 64 (2019) 54–59

59

http://refhub.elsevier.com/S1353-8020(18)30382-1/sref14
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref14
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref15
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref15
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref15
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref15
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref16
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref16
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref16
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref16
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref16
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref17
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref17
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref17
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref18
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref18
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref19
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref19
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref19
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref20
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref20
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref20
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref21
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref21
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref22
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref22
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref22
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref23
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref23
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref23
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref24
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref24
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref24
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref25
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref25
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref25
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref26
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref26
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref26
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref26
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref27
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref27
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref27
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref27
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref28
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref28
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref28
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref29
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref29
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref29
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref29
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref29
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref30
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref30
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref30
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref30
http://refhub.elsevier.com/S1353-8020(18)30382-1/sref30

	Detrimental effect of type 2 diabetes mellitus in a large case series of Parkinson's disease
	Introduction
	Methods
	Subjects
	Quantitative analysis of 18F-FP-CIT PET images
	Neuropsychological assessment
	Cortical thickness analyses
	Longitudinal assessment of the changes in LED over time
	Statistical analyses

	Results
	Baseline clinical characteristics of PD patients with and without DM
	Neuropsychological assessment
	Cortical thickness analyses
	Longitudinal assessment of the changes in LED over time

	Discussion
	Funding sources
	Declarations of interest
	Acknowledgments
	Supplementary data
	References




