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A B S T R A C T   

Introduction: To identify clinically implementable biomarkers of cognitive impairment in Parkinson’s Disease 
(PD) derived from resting state-functional MRI (rs-fMRI) and CSF protein analysis. 
Methods: In this single-center longitudinal cohort study, we analyzed rs-fMRI and CSF biomarkers from 50 PD 
patients (23 cognitively normal, 18 mild cognitive impairment, 9 dementia) and 19 controls, who completed 
comprehensive neuropsychological testing. A subgroup of participants returned for follow-up cognitive assess-
ments three years later. From rs-fMRI, we studied the connectivity within two distinct Default Mode Network 
subsystems: left-to-right hippocampus (LHC-RHC) and medial prefrontal cortex-to-posterior cingulate cortex 
(mPFC-PCC). We used regression analyses to determine whether imaging (LHC-RHC, mPFC-PCC), clinical (CSF 
Aβ-42:40, disease duration), and demographic (age, sex, education) variables were associated with global and 
domain-specific cognitive impairments. 
Results: LHC-RHC (F3,67 = 3.41,p=0.023) and CSF Aβ-42:40 (χ2(3) = 8.77,p = 0.033) were reduced across more 
cognitively impaired PD groups. Notably, LHC-RHC connectivity was significantly associated with all global and 
domain-specific cognitive impairments (attention/executive, episodic memory, visuospatial, and language) at 
the baseline visit. In an exploratory longitudinal analysis, mPFC-PCC was associated with future global and 
episodic memory impairment. 
Conclusion: We used biomarker techniques that are readily available in clinical and research facilities to shed 
light on the pathophysiologic basis of cognitive impairment in PD. Our findings suggest that there is a func-
tionally distinct role of the hippocampal subsystem within the DMN resting state network, and that intrinsic 
connectivity between the hippocampi is critically related to a broad range of cognitive functions in PD.   

1. Introduction 

The heterogeneity of cognitive impairments in Parkinson’s disease 
(PD) impedes therapeutic development, and there is a need for clinically 
implementable biomarkers associated with the varying decline [1,2]. 
Across the literature, resting state-functional MRI (rs-fMRI) and CSF 
Aβ-42 are consistently identified as potential candidates [2–4]. 

Specifically, a recent meta-analysis of rs-fMRI studies in PD showed that 
cognitive impairment is associated with Default Mode Network (DMN) 
connectivity [3,5]. The DMN is commonly considered a single network 
where reduced connectivity is associated with decreased memory, 
slower processing speed, and decreased executive function [3,5,6]. 
However, recent studies suggest that the DMN is organized around a set 
of interacting subsystems with differential implications in cognitive 
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processes [6,7]. Anatomically, the central nodes of the DMN are the 
medial prefrontal cortex (mPFC), posterior cingulate cortex (PCC), and 
left and right hippocampi and inferior parietal lobes. In the midline, the 
mPFC and PCC form the core subsystem at the center of many integrated 
networks [6]. Laterally, within the temporal lobes, the hippocampi form 
a subsystem that is intrinsically connected but distinct from other brain 
networks [6,7]. Together these may function to process past experiences 
that are adaptive for future use [6]. 

In the CSF, the most replicated finding is the association between low 
Aβ-42 and longitudinal PD cognitive decline [2,4]. While abnormal Aβ 
in the CSF is traditionally associated with Alzheimer’s disease-related 
pathology, recent studies demonstrate a third of newly diagnosed PD 
patients have amyloidosis, without elevated tau [8], and that 
over-expression of α-synuclein synergistically induces increased pro-
duction of Aβ [9]. 

This study combined DMN subsystem connectivity and CSF Aβ, along 
with other clinical and demographic factors, to determine which vari-
ables are associated with cross-sectional and longitudinal global cogni-
tive impairment in PD. We then used comprehensive neuropsychological 
assessments to underpin the association with domain-specific cognitive 
impairments. 

2. Methods 

2.1. Participants 

We recruited PD and healthy control (HC) participants from the 
Stanford Movement Disorders Clinic and the surrounding community 
between 2012 and 2014 according to inclusion and exclusion criteria 
detailed in Supplemental Methods. We collected imaging, clinical, and 
demographic data from 52 participants with PD and 21 age- and 
education-matched HC at the baseline visit. Of these, 21 participants 
with PD and 11 HC returned for cognitive assessment at the follow-up 
visit three years later (see Supplemental Figure). 

2.2. Motor and cognitive assessments 

The movement disorders neurologist performed a comprehensive 
research assessment that included medical history, general neurological 
exam, and the MDS-UPDRS-III [10] in the off-medication state according 
to published criteria [11]. 

PD participants underwent comprehensive neuropsychological 
testing [12] in the on-medication state to assess cognitive function 
without interference by motor deficits [13]. We classified PD partici-
pants as cognitively normal (PD-CN) or with mild cognitive impairment 
(PD-MCI) according to criteria proposed by the Movement Disorder 
Society commissioned task force [13], or dementia (PDD) as determined 
by the movement disorders neurologist’s evaluation and the Clinical 
Dementia Rating scale [14]. HC was defined as cognitive performance 
within 1.5 standard deviations of age- and education-matched norma-
tive values. 

This study’s primary goal of this study was to determine imaging, 
clinical, and demographic variables associated with global cognitive 
function in PD. For this purpose, we used the Montreal Cognitive 
Assessment (MoCA), which assesses multiple cognitive domains that 
may be impaired in PD. The secondary goal was to determine the rela-
tionship between these variables and domain-specific cognitive im-
pairments. Therefore, we calculated a standardized composite z-score 
from neuropsychological test outcomes that best represented attention/ 
executive, episodic memory, visuospatial, and language domains (see 
Supplemental Methods and Supplemental Table 2). 

2.3. CSF protein measurements 

The movement disorders neurologist performed lumbar punctures to 
collect CSF samples on all PD and HC participants at baseline according 

to standardized procedures (see Supplemental Methods). 

2.4. Structural MRI acquisition 

We acquired structural MRI and rs-fMRI scans on a GE Discovery MR 
750 3.0 T scanner (General Electric Healthcare, Milwaukee, WI) using a 
custom-built head coil at Stanford University. For each participant, we 
acquired a high-resolution T1-weighted spoiled grass gradient recalled 
inversion recovery 3D MRI sequence to facilitate anatomical localization 
of functional data [11]. 

2.5. rs-fMRI acquisition 

As previously published [11], we acquired a 10-min rs-fMRI scan in 
the off-medication state using a T2*-weighted gradient-echo spiral 
in-out pulse sequence (TR = 2s, TE = 30 ms, and flip angle = 80◦). The 
field of view was 20 cm, and the matrix size was 64x64, which provided 
an in-plane spatial resolution of 3.125 mm. Measures taken to optimize 
rs-fMRI acquisition are detailed in Supplemental Methods. 

2.6. rs-fMRI preprocessing 

According to standard protocols, we pre-processed rs-fMRI images 
using SPM-12 (Wellcome Trust Centre for Neuroimaging, University 
College London). To allow for T1 equilibration, we discarded the first 
five volumes. During reconstruction, we applied a linear shim correction 
to each slice [15]. We realigned the images to the first scan to correct for 
motion and slice acquisition timing and used ArtRepair software 
(Toolbox for SPM-12, Stanford University) to correct for deviant vol-
umes resulting from head motion and transient artifacts. We excluded 
two HC, one PD-CN, and one PD-MCI with more than 5% of volumes 
corrected and more than 2 mm maximum scan-to-scan movement (see 
Table 1 for details), leaving a final cohort of 50 PD and 19 HC. After the 
artifacts repair, we co-registered scans to the corresponding partici-
pant’s high-resolution T1 structural image. We then spatially normal-
ized images to standard Montreal Neurological Institute space for 
group-level analyses. Images were resampled to 2 mm isotropic voxels 
and smoothed with a 4 mm full-width at half-maximum Gaussian Kernel 
to decrease spatial noise prior to statistical analysis. 

2.7. Seed ROI selection 

We used previously published atlases [16,17] to select 
regions-of-interest (ROI) within the DMN: left hippocampus (LHC), right 
hippocampus (RHC), mPFC, and PCC. We used Automated Anatomical 
Labelling Atlas [16] to select the LHC and RHC as structural ROIs based 
on the macroanatomy (Fig. 1A). Unlike the hippocampi, the mPFC does 
not have a clear anatomical demarcation; therefore, we defined the 
mPFC and PCC using a previously published functional atlas based on 
whole-brain connectivity patterns (Fig. 1A) [17]. 

To address potential atrophy, we calculated LHC, RHC, gray matter, 
and intracranial volumes using Freesurfer software (http://surfer.nmr. 
mgh.harvard.edu). We conducted whole-brain segmentation based on 
neuroanatomical labels assigned to each voxel in the MR images and 
manually inspected the labels for accuracy. 

2.8. ROI-to-ROI connectivity 

We conducted ROI-to-ROI connectivity analysis on the rs-fMRI scans 
and determined the connectivity within the lateral (LHC-RHC) and 
midline (mPFC-PCC) DMN regions using CONN Toolbox (www.nitrc.or 
g/projects/conn). First, we linear detrended and bandpass filtered time 
series to 0.009–0.08 Hz. Next, we regressed CSF and white matter sig-
nals as confounders. To further address the potential effects of head 
motion, we added 12-element motion parameters as first-level cova-
riates in the connectivity analysis. To determine the ROI-to-ROI 
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connectivity, we extracted average BOLD time series for all voxels in 
each ROI and computed the Pearson correlations of each time course 
from one ROI to another. Finally, we normalized the findings using the 
Fisher R-Z transformation. 

Previous studies have demonstrated that increasing age, male sex, 
and fewer years of education are associated with and predictive of 
cognitive impairment in PD [18]. While it remains unclear, some studies 
suggest that there is hippocampal atrophy in PD and that this is asso-
ciated with cognitive impairment [19]. To account for these possible 
confounders, we compared ROI-to-ROI connectivity across groups (HC, 
PD-CN, PD-MCI, and PDD) and added age, sex, education, and hippo-
campal volume as second-level covariates. In the regression models, we 
used hippocampal volume as a single second-level covariate in the 
ROI-to-ROI analyses. 

2.9. Statistical analyses 

To determine between-group differences in imaging (LHC-RHC and 
mPFC-PCC), clinical (Aβ-42:40, disease duration), or demographic (age, 
sex, education) variables, we conducted a one-way analysis of variance 
(ANOVA). A post-hoc Tukey and Games-Howell adjustment was used for 
between-group pair-wise comparisons as appropriate. To determine the 
relationship between hippocampal volume and LHC-RHC, and between 
Aβ-42:40 and DMN subsystem connectivity, we estimated Pearson’s and 
Spearman’s correlation coefficients as appropriate. 

To determine which imaging (LHC-RHC, mPFC-PCC), clinical (Aβ- 
42:40 and disease duration), or demographic variables (age, sex, edu-
cation) are associated with global cognitive function in PD we conducted 
a series of univariable linear regression analyses. We used this to select 
the independent variables for the multivariable linear regression with 
global cognitive function (MoCA score) as the dependent variable for the 
baseline visit. For the domain-specific cognitive function analysis, we 

repeated the univariable and multivariable linear regression with the 
standardized composite z-score for each of the cognitive domains 
(attention/executive, episodic memory, visuospatial, and language 
scores) as the dependent variables. 

To study the association with global and domain-specific cognitive 
functions at the follow-up visit, we first used the lasso regression to 
select the independent variables (sex, imaging, and Aβ-42:40 at the 
baseline visit, and age and disease duration at the follow-up visit) and 
then conducted the regular multivariable regression analysis with 
selected variables as covariates. The penalty parameter in the lasso 
regression was selected via 10-fold cross-validation. In these analyses, 
we used cognitive function from the follow-up visit as the dependent 
variable. We used the variable selection via lasso before fitting the 
multivariable regression model because of the small sample size for the 
cognitive functions at the follow-up visit. Finally, we repeated the 
multivariable linear regression models for the follow-up visit while 
adjusting for the cognitive scores at the baseline visit to account for the 
change in cognition rather than merely cognitive performance at follow- 
up. We conducted all statistical analyses using SPSS 23.0, R and 
GraphPad Prism 6.00. 

All participants provided written informed consent to participate in 
the study following protocols approved by the Stanford Institutional 
Review Board. 

3. Results 

3.1. Participant characteristics 

Demographic and clinical characteristics from the baseline and 
follow-up visits are in Table 1. There were no between-group de-
mographic differences. At the follow-up visit, 5 PD-CN at baseline pro-
gressed to PD-MCI, and 1 PD-MCI progressed to PDD. No PD-MCI 

Table 1 
Demographic and clinical characteristics at the baseline and follow-up visits.   

Baseline Visit  Follow-up Visit   

HC PD-CN PD-MCI PDD p-value HC PD-CN PD-MCI/PDD p- 
value 

N 19 23 18 9  11 9 12  
Baseline cognitive 

classification 
– – – –  11 HC 9 PD-CN 5 PD-CN; 6 PD- 

MCI; 1 PDD  
Time between 

baseline and follow- 
up visit, y 

– – – –  3.3 ± 0.4 3.2 ± 0.3 3.3 ± 0.3  

Age, y 65.1 ± 7.2 
(56–79) 

65.3 ± 7.7 
(50–79) 

70.0 ± 7.0 
(59–85) 

72.1 ± 7.6 
(50–85) 

0.025a 67.6 ± 7.9 
(59.5–81) 

67.8 ± 7.5 
(54–76.5) 

69.7 ± 6.49 
(62–83) 

0.726 

Education, y 16.8 ± 2.0 16.2 ± 2.5 16.6 ± 2.8 16.2 ± 2.5 0.866 16.8 ± 2.2 16.4 ± 2.5 16.5 ± 2.8 0.350 
Female 13 (68.4%) 12 (52.2%) 6 (33.3%) 3 (33.3%) 0.137 8 (72.7%) 5 (55.6%) 4 (33.3%) 0.177 
MoCA 27.8 ± 1.9 

(23–30) 
27.6 ± 2.1 
(24–30) 

22.8 ± 3.0 
(17–28) 

15.2 ± 4.8 
(8–23) 

< 
0.0001b 

27.5 ± 1.b 

(26–30) 
27.0 ± 1.9 
(25–30) 

23.6 ± 4.1 
(13–27) 
(n = 11) 

0.001c 

MDS-UPDRS Part III 
off-medication 

– 36.0 ± 10.7 
(20–55) 

35.6 ± 10.0 
(20–53) 

43.1 ± 12.8 
(18–59) 

0.199 – 39.6 ± 14.8 
(19–71) 

41.5 ± 17.1 
(23–71) 
(n = 10) 

0.796 

Disease Duration, y – 4.9 ± 3.6 
(0.5–15) 

6.11 ± 5.0 
(1–21) 

7.7 ± 5.2 (1–16) 0.302 – 7.1 ± 2.3 
(3.5–9.5) 

8.3 ± 4.1 (4–11) 0.372 

Levodopa equivalent 
daily dose 

– 638.8 ± 400.5 
(100–1580) 

783.4 ± 357.0 
(260–1450) 

660.8 ± 384.6 
(300–1547) 

0.358 – 426.6 ± 247.7 
(95.5–720) 

476.8 ± 222.7 
(112.5–860) 

0.710 

Maximum scan-to- 
scan displacement 

0.44 ±
0.65 

0.60 ± 0.45 0.69 ± 0.39 0.72 ± 0.41 0.100 – – – – 

% Volumes repaired 0.48 ±
0.38 

0.61 ± 0.58 0.90 ± 0.87 1.01 ± 1.16 0.004d – – – - 

The table presents mean ± Standard Deviation (range) or n (%) with bolded values indicating p < 0.05. 
Abbreviations: CN, Cognitively Normal; HC, Healthy Controls; MCI, Mild Cognitive Impairment; MDS-UPDRS, Movement Disorders Society-Unified Parkinson’s 
Disease Rating Scale; MoCA, Montreal Cognitive Assessment; PD, Parkinson’s Disease; PDD; PD Dementia. 

a post-hoc comparisons revealed no significant difference in age between groups. 
b Post-hoc comparisons revealed significant differences in MoCA between HC and PD-MCI, HC and PDD, PD-CN and PD-MCI, PD-CN and PDD, PD-MCI and PDD. 
c Post-hoc comparisons revealed a significant difference in MoCA between HC and PD-CN, and between PD-CN and PD-MCI/PDD. 
d Post-hoc comparisons revealed no significant difference in the % of volumes repaired between groups. 
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participants reverted to PD-CN at follow-up. 

3.2. Hippocampal connectivity and volume 

At the baseline visit, we found a significant difference in LHC-RHC 
between HC, PD-CN, PD-MCI, and PDD groups (F3,67 = 3.41, 
p=0.023). There were no differences in LHC-RHC between HC and PD- 
CN, and there was a declining trend in connectivity across more 
cognitively impaired PD groups (Fig. 1B). Specifically, PDD (mean ± SD, 
0.69 ± 0.13) had reduced connectivity compared to HC and PD-CN 
(0.98 ± 0.27; p = 0.018 and 0.92 ± 0.24; p = 0.069, respectively). 
There were no between-group differences in left hippocampal (F3,67 =

0.84, p = 0.475), right hippocampal (F3,67 = 1.64, p = 0.188), mean 
hippocampal (F2,49 = 1.26, p = 0.296), total gray matter (χ2(3) = 5.72, 
p = 0.126), or intracranial (F3,67 = 1.155, p = 0.344) volumes across 
groups (Fig. 1D and E). Similarly, there were no between-group differ-
ences in the ratios between mean hippocampal volumes and either total 
gray matter or intracranial volumes (F3,65 = 0.440, p = 0.719; F3,65 =

1.80, p = 0.156). There was no correlation between LHC-RHC and 
hippocampal volume in PD (r = − 0.06, p=0.694). There was a trend 
difference in mPFC-PCC between groups (F3,67 = 2.48, p = 0.069, 
Fig. 1C). 

3.3. CSF aβ 

At the baseline visit, we found a significant difference in Aβ-42:40 
between groups (χ2(3) = 8.77, p = 0.033), with lower Aβ-42:40 in more 

cognitively impaired PD (Fig. 1F). Aβ-42:40 was associated with per-
formance in global cognitive, executive, and language domains in PD, 
but not in HC (Table 2). There were no associations between Aβ-42:40 
and DMN functional connectivity in PD or HC (See Supplemental 
Results). 

3.4. Predicting global cognitive function in PD 

The univariable linear regression analyses at the baseline visit 
showed that LHC-RHC and age were significantly associated with global 
cognitive function, while mPFC-PCC, Aβ-42:40, and disease duration 
showed a trend towards significance (Table 2). In the multivariable 
regression analysis, we found imaging, clinical, and demographic vari-
ables explained 19% of the MoCA variance (p = 0.024), and LHC-RHC 
was the only significant variable in the model (Table 3). The uni-
variable linear regression analyses at the follow-up visit showed that 
mPFC-PCC and Aβ-42:40 were significantly associated with global 
cognitive function, while education showed a trend towards signifi-
cance. In contrast to baseline cross-sectional results, where LHC-RHC 
was associated with global cognitive function, results from the multi-
variable regression analysis showed that mPFC-PCC and education 
significantly predicted follow-up cognitive function (Table 4). 

3.5. Domain-specific cognitive impairment in PD 

Results from the univariable linear regression analyses at the base-
line visit are depicted in Table 2. LHC-RHC, Aβ-42:40, disease duration, 

Fig. 1. Title: The Default Mode Network and CSF Aβ-42:40 in PD across worsening cognitive impairments. Legend:A) Displayed Regions of Interest used for resting 
state function MRI connectivity analysis. Left and right hippocampal regions (LHC, RHC) in blue, medial prefrontal cortex (mPFC) region in orange, and the posterior 
cingulate cortex (PCC) region in yellow. B) The box and whisker plots depict between hippocampal connectivity and C) mPFC-PCC connectivity. The mean is 
represented with a black circle ( ) with median, interquartile range and range (minimum to maximum) with the box. There were no differences in between-group D) 
hippocampal volumes or E) total grey matter and intracranial volumes; however CSF AB-42:40 concentrations were lowest in the Parkinson’s disease with Dementia 
(PDD). The bar graphs depict mean with Standard Error. Abbreviations: CN, Cognitively Normal; HC, Healthy Control; MCI, Mild Cognitive Impairment; PD, Par-
kinson’s Disease. 
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and age significantly correlated with attention/executive performance; 
LHC-RHC and sex significantly correlated with episodic memory per-
formance; LHC-RHC significantly correlated with visuospatial perfor-
mance; and LHC-RHC, Aβ-42:40, and age significantly correlated with 
language performance. 

Results from the multivariable linear regression analyses are in 
Table 3. We found that reduced LHC-RHC was significantly associated 
with cognitive impairments in attention/executive, visuospatial, and 
language, and trended toward significantly associating with episodic 
memory. In addition, we found that longer disease duration and higher 
age were associated with attention/executive impairment, and low Aβ- 
42:40 was associated with language impairment. 

Results from the univariable linear regression analyses at the follow- 
up visit are depicted in Table 2 mPFC-PCC significantly correlated with 
episodic memory performance, and sex significantly correlated with 
attention/executive performance. 

Results from the multivariable linear regression analyses of the 
follow-up visit, after variable selection via lasso regression, are depicted 
in Table 4. In contrast to the baseline results, reduced mPFC-PCC 
significantly predicted episodic memory, and male sex predicted atten-
tion/executive impairment. Accounting for cognitive function at the 
baseline visit, we found that only education remained significantly 
associated with future global cognitive function. 

4. Discussion 

We studied rs-fMRI of the DMN and CSF Aβ-42:40 to determine 
which imaging, clinical and demographic biomarkers are associated 
with cognitive impairments in PD. Within the DMN, we studied two 
functionally connected and distinct subsystems. Notably, we discovered 
that intrinsic connectivity between the hippocampi was associated with 
all global and domain-specific cognitive impairments. Extending these 
findings to exploratory follow-up data, we found that intrinsic connec-
tivity between the mPFC and PCC was associated with future global 
cognitive function and episodic memory. 

4.1. Hippocampal connectivity and cognitive impairment in PD 

While a recent meta-analysis showed that cognitive impairment in 
PD is associated with disrupted DMN connectivity [3], a more recent 
cohort study did not find reduced DMN connectivity in cognitively 
impaired PD [20]. These discordant findings could be because unique 
DMN subsystems contribute differentially to cognitive processing in PD 
[7]. Only a few prior studies have considered the hippocampal subsys-
tem independently in PD [3,21]. We found similar hippocampal con-
nectivity between healthy older adults and cognitively normal PD, but 
reduced connectivity in PD with cognitive impairment, and specifically 
those with dementia. Further, we found that hippocampal connectivity 
was associated with global cognitive function and episodic memory, as 
we expected, but also with attention/executive, visuospatial, and 

Table 2 
Univariable linear regressions of global and domain-specific cognitive scores at baseline and follow-up visits across all PD participants.   

Global Attention/Executive Episodic Memory Visuospatial Language 

Baseline Visit 
LHC-RHC 0.39 (0.006) 0.37 (0.008) 0.35 (0.014) 0.43 (0.002) 0.33 (0.021) 
mPFC-PCC 0.25 (0.080) 0.13 (0.394) 0.27 (0.059) 0.08 (0.597) 0.02 (0.917) 
Aβ-42:40 0.25 (0.079) 0.48 (<0.0001) 0.17 (0.252) 0.22 (0.107) 0.47 (0.001) 
Disease Duration − 0.24 (0.088) ¡0.38 (0.007) − 0.11 (0.466) − 0.25 (0.086) − 0.01 (0.954) 
Age ¡0.31 (0.028) ¡0.51 (<0.0001) − 0.25 (0.082) − 0.145 (0.316) ¡0.38 (0.006) 
Sex 0.22 (0.120) 0.23 (0.103) 0.33 (0.019) 0.05 (0.756) 0.05 (0.722) 
Education − 0.10 (0.477) 0.06 (0.657) − 0.19 (0.182) − 0.07 (0.625) − 0.22 (0.131) 
Follow-up Visit 
LHC-RHC 0.12 (0.625) − 0.38 (0.099) 0.04 (0.862) 0.08 (0.736) − 0.19 (0.399) 
mPFC-PCC 0.45 (0.045) 0.051 (0.829) 0.51 (0.018) − 0.06 (0.812) 0.15 (0.522) 
Aβ-42:40 0.67 (0.001) 0.31 (0.177) 0.23 (0.321) 0.16 (0.498) − 0.08 (0.723) 
Disease Duration 0.11 (0.640) − 0.23 (0.338) − 0.27 (0.242) 0.14 (0.552) 0.07 (0.757) 
Age − 0.33 (0.155) − 0.19 (0.424) − 0.14 (0.560) 0.03 (0.899) − 0.16 (0.496) 
Sex 0.33 (0.154) 0.51 (0.021) 0.25 (0.276) − 0.02 (0.922) 0.13 (0.582) 
Education 0.39 (0.090) 0.29 (0.222) 0.13 (0.574) 0.16 (0.498) − 0.13 (0.568) 

Values represent β (p-value) with bolded values representing significant correlations (p < 0.05). 
Abbreviations: LHC-RHC, left to right hippocampal connectivity; mPFC-PCC, medial prefrontal cortex-posterior cingulate cortex connectivity. 

Table 3 
Multivariable regression analyses of global and domain-specific cognitive functions at the baseline visit across all PD participants.  

Baseline Outcome Global Attention/Executive Episodic Memory Visuospatial Language 

LHC-RHC 
B (95% CI) p-value 

7.184 (0.97, 13.4) 
0.029 

0.311 (0.10, 0.52) 
0.005 

0.296 (− 0.03, 0.625) 
0.084 

0.356 (0.12, 0.59) 
0.004 

0.253 (0.01, 0.49) 
0.046 

mPFC-PCC 
B (95% CI) p-value 

2.010 (− 3.57, 7.59) 
0.484 

− 0.128 (− 0.31, 0.06) 
0.185 

0.093 (− 0.20, 0.39) 
0.538 

0.020 (− 0.19, 0.23) 
0.854 

− 0.044 (− 0.26, 0.17) 
0.691 

Aβ-42:40 
B (95% CI) p-value 

29.82 (− 93.0, 152.7) 
0.637 

2.048 (− 2.05, 6.14) 
0.333 

0.382 (− 6.11, 6.87) 
0.909 

2.212 (− 2.36, 6.78) 
0.349 

6.863 (2.10, 11.63) 
0.007 

Disease Duration 
B (95% CI) p-value 

− 0.297 (− 0.61, 0.02) 
0.072 

¡0.018 (-0.03, -0.01) 
0.002 

− 0.007 (− 0.02, 0.01) 
0.392 

− 0.010 (− 0.02, 0.002) 
0.099 

0.001 (− 0.012, 0.013) 
0.931 

Age 
B (95% CI) p-value 

− 0.139 (− 0.38, 0.11) 
0.270 

¡0.014 (-0.02, -0.01) 
0.002 

− 0.005 (− 0.02, 0.01) 
0.433 

0.0004 (− 0.009, 0.009) 
0.930 

− 0.003 (− 0.01, 0.01) 
0.584 

Sex 
B (95% CI) p-value 

0.650 (− 2.52, 3.82) 
0.690 

0.081 (− 0.02, 0.19) 
0.139 

0.105 (− 0.06, 0.27) 
0.227 

− 0.019 (− 0.137, 0.099) 
0.752 

− 0.022 (− 0.15, 010) 
0.726 

Education 
B (95% CI) p-value 

− 0.125 (− 0.71, 0.46) 
0.675 

0.012 (− 0.008, 0.03) 
0.241 

− 0.013 (− 0.044, 0.018) 
0.419 

− 0.004 (− 0.025, 0.018) 
0.748 

− 0.019 (− 0.04, 0.003) 
0.103 

Abbreviations: B (95% CI), Unstandardized Beta-coefficient (95% Confidence Interval); LHC-RHC, left to right hippocampal connectivity; mPFC-PCC, medial pre-
frontal cortex-posterior cingulate cortex connectivity. Variables significantly contributing to the model (p < 0.05) are bolded. 
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language dysfunctions. While reduced DMN connectivity is commonly 
associated with impaired memory performance [5], past studies have 
found associations with executive dysfunction and slower cognitive 
processing speed in healthy older populations [22]. We extended these 
findings to PD and observed an association between intrinsic hippo-
campal connectivity and multi-domain cognitive dysfunctions. 

Hippocampal atrophy is previously described in PD and can be 
associated with cognitive impairment [19]. In this study, structural MRI 
scans showed no obvious cerebral white matter lesions, and volumetric 
analyses of the potentially vulnerable hippocampi showed no significant 
differences between groups. This suggests that in our cohort, a mecha-
nism other than neuronal loss with subsequent atrophy accounts for the 
association between reduced hippocampal connectivity and PD-related 
cognitive impairment. It is, however, possible that clinically meaning-
ful hippocampal atrophy was undetectable due to our limited sample 
size. 

4.2. mPFC-PCC is associated with future cognitive impairment in PD 

While LHC-RHC was associated with baseline cognitive impairments 
in PD, we found that mPFC-PCC was associated with cognitive impair-
ments at the follow-up visit. This finding is supported by past cross- 
sectional studies that reported a functional disconnection of the mPFC 
[23] and showed decreased PCC connectivity most prominently distin-
guishes PD with versus without mild cognitive impairment [3]. Only one 
longitudinal study investigated and reported associations between DMN 
and frontoparietal control networks with PD-related cognitive decline 
[24]. The follow-up period was, however, limited to one year, and 
within-network connectivity was not reported. While the mPFC remains 
unaffected by Lewy bodies before Braak stage 5, it is suggested that early 
dysfunction of this region arises as a result of alterations in neuro-
transmitter interactions [25]. Interestingly, we did not find an 

association between reduced mPFC-PCC connectivity and cognitive 
impairments in the cross-sectional analysis, where the PDD group 
showed the largest range of mPFC-PCC connectivity values. This sug-
gests that the relationship between the connectivity in these brain re-
gions and the development of dementia is complex and likely non-linear, 
warranting further investigation. 

4.3. Combining biomarkers of PD cognitive impairments 

We combined rs-fMRI with CSF analyses to create predictive models 
of PD-related cognitive impairments. In the past, numerous CSF proteins 
have been proposed as predictive biomarkers of PD-related cognitive 
impairment, with the most studied being Aβ, tau, α-synuclein, and 
neurofilament light chain. Of these, there is agreement across studies 
that low Aβ-42 predicts the future development of cognitive impairment 
in PD [2]. However, Aβ-42:40 may be a more accurate measure of 
abnormal amyloid by accounting for inter-individual variabilities in Aβ 
production, reducing CSF signal-to-noise ratio, and attenuating biases in 
inconsistent sample handling. While correlated in the univariable 
analysis, we did not find Aβ-42:20 associated with future cognitive 
impairment in the multivariable model. We also found that CSF 
Aβ-42:40 is associated with attention/executive and language functions 
in the univariable analysis but was only associated with language in the 
multivariable model. In light of previous studies, the association with 
language may in part be explained by the accompanying executive 
dysfunction. Language impairments may however also be present in the 
absence hereof [26] and even in PD without MCI or dementia [27]. In 
our cohort, the relationship between CSF Aβ-42:40 and language was 
significant only in cognitively impaired PD (r = 0.42; p = 0.028) but not 
in cognitively normal PD (r = 0.23; p = 0.313). Alternatively, the 
relationship between CSF Aβ-42:40 and language could be attributable 
to concomitant Alzheimer’s disease-related pathology in some PD 

Table 4 
Lasso-estimate of the regression coefficient followed by ANCOVA of global and domain-specific cognitive functions at the follow-up visit across all PD participants.  

Follow-up Outcome Global Attention/ Executive Episodic Memory Visuospatial Language 

LHC-RHC 
lasso-estimate 

ANCOVA 
95% CI 
p-value 

0 -0.04 
-0.164 
(-0.66, 0.33) 
0.529 

0 0 0 

mPFC-PCC 
lasso-estimate 

ANCOVA 
95% CI 
p-value 

3.122 
4.088 
(0.96,7.22) 
0.023 

0 0.126 
0.205 
(0.03, 0.38) 
0.032 

0 0 

Aβ-42:40 
lasso-estimate 

ANCOVA 
95% CI 
p-value 

0 5.11 
5.431 
(-8.19, 19.1) 
0.448 

0 0 0 

Disease Duration 
lasso-estimate 

ANCOVA 
95% CI 
p-value 

-0.024 
-0.141 
(-0.50,0.22) 
0.460 

0 -0.007 
-0.017 
(-0.04, 0.00) 
0.143 

0 0 

Age 
lasso-estimate 0 0 0 0 0 
Sex 
lasso-estimate 

ANCOVA 
95% CI 
p-value 

0.045 
0.468 
(-1.39, 2.32) 
0.629 

0.148 
0.219 
(0.048, 0.39) 
0.025 

0 0 0 

Education 
lasso-estimate 

ANCOVA 
95% CI 
p-value 

0.306 
0.465 
(0.16, 0.77) 
0.009 

0.012 
0.025 
(-0.012, 0.06) 
0.206 

0 0 0 

Abbreviations: 95% CI, 95% Confidence Interval; LHC-RHC, left to right hippocampal connectivity; mPFC-PCC, medial prefrontal cortex-posterior cingulate cortex 
connectivity. Variables significantly contributing to the ANCOVA model (p < 0.05) are bolded. 
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patients. Finally, similar to two previous studies of DMN connectivity 
[20,28], we found no association between CSF Aβ-42:40 and DMN 
connectivity. This is in contrast to one study showing an association 
between CSF Aβ-42 and PD between-network connectivity [29]. How-
ever, this later study incorporated connectivity data from 6 intrinsic 
brain networks, which could explain their results. Together, our findings 
suggest that the association between DMN connectivity and PD-related 
cognitive impairment is an independent biomarker from CSF Aβ-42:40. 

4.4. Methodologic considerations 

The empirical results from the analyses at the follow-up visit should 
be considered in the light of limitations imposed by the low rate of 
participant return at follow-up. The demographic and clinical charac-
teristics of participants lost to follow-up (see Supplemental Table 1 and 
Results) show this cohort started at baseline with more severe executive 
and visuospatial impairments and were more likely to have a baseline 
diagnosis of dementia. This is unsurprising, considering the rapid 
decline of executive and visuospatial cognitive functions in PD [1]. In 
addition, the confidence interval and p-values from the multivariable 
linear regression post lasso selection may not be valid due to the selec-
tion bias. Thus, we urge cautious interpretation that we only identified 
predictors of follow-up global and memory impairments. Furthermore, 
cognitive function at the follow-up visit was associated with cognitive 
function at the baseline visit. When accounting for baseline cognitive 
function, only education remained significantly associated with 
follow-up global cognitive function. 

5. Conclusion 

Using biomarker techniques that are available in regular clinics and 
research facilities, our findings suggest that reduced intrinsic connec-
tivity between the hippocampi is associated with global and multi- 
domain cognitive impairments in PD. In light of the macroscopic 
integrity of the hippocampi in PD, these findings provide a unique 
insight into the pathophysiologic basis of cognitive impairments in PD. 
Extending these findings to exploratory longitudinal data, our results 
indicate a dissociation of the DMN in PD, where reduced connectivity 
between the mPFC and PCC are associated with future cognitive im-
pairments. 3T MRI is available in many facilities, and automated seg-
mentation software is readily available, making this approach suitable 
for broad, clinically implementable applications. We encourage future 
largescale studies to assess the utility of these findings as biomarkers of 
disease progression and therapeutic intervention. 
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