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Summary 

The Choroid plexus (ChP) is a major source of cerebrospinal fluid (CSF) production, 

with a direct and indirect role in protein clearance, and pathogenesis of Alzheimer’s 

disease (AD). Here, we tested the link between the ChP volume and levels of CSF 

proteins in two datasets of (i) healthy controls, mild cognitive impairment (MCI) and AD 

patients from the Alzheimer’s Disease Neuroimaging Initiative (ADNI) (N = 509), and (ii) 

healthy controls and Parkinson’s disease (PD) patients from the Parkinson’s 

Progression Markers Initiative (PPMI) (N=302). All subjects had baseline CSF proteins 

(amyloid-β, total and phosphorylated-tau and α-synuclein (only in PPMI)). ChP was 

automatically segmented on 3T structural T1-weighted MRIs. We found negative 

associations between ChP volume and CSF proteins, which was stronger in healthy 

controls, early-MCI and PD compared with late-MCI and AD. Further grouping of 

subjects into amyloid-positive and negative based on their florbetapir (AV45) PET 

imaging showed that the association between ChP and CSF proteins was lower in 

amyloid-positive group. Our findings support the possible role of ChP in the clearance of 

CSF proteins, provide evidence for ChP dysfunction in AD and suggest the need to 

account for the ChP volume in future studies of CSF-based biomarkers. 

 

Keywords:  

Choroid plexus, CSF proteins, CSF clearance, Alzheimer’s disease, Parkinson’s 

disease 
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Abbreviations: 

MRI: Magnetic Resonance Imaging 

AD: Alzheimer’s disease 

PD: Parkinson’s disease 

ChP: choroid plexus 

CSF: cerebrospinal fluid 

EMCI: early-mild cognitive impairment 

LMCI: late-mild cognitive impairment 

SMC: significant memory concern 
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1. Introduction  

Many neurodegenerative disorders are pathologically characterized by the 

aberrant deposition of protein aggregates within the brain parenchyma. In Alzheimer’s 

disease (AD), amyloid-β (Aβ) plaques and neurofibrillary tangles are the pathognomonic 

pathological features (Perl, 2010). Historically, protein deposition was attributed to the 

increased production of aberrant proteins in the brain; however, recent studies have 

found that dysfunctional brain clearance systems contribute significantly to protein 

deposition. In AD, a lower amount of Aβ clearance has been shown compared to 

healthy controls, while the amount of Aβ production was not different (Mawuenyega et 

al., 2010). This has prompted investigations on the various brain clearance systems, 

with possible therapeutic implications in AD (Tarasoff-Conway et al., 2015). Many of the 

newly found clearance systems such as the glymphatic system require cerebrospinal 

fluid (CSF) for their functionality (Jessen et al., 2015). Thus, derangements in CSF 

production can potentially contribute to protein deposition in neurodegenerative 

disorders.  

The majority of CSF is produced in a delicate epithelial-endothelial structure, 

called choroid plexus (ChP) (Damkier et al., 2013), which extends along the floor of the 

lateral ventricles and the roof of the third and fourth ventricles (Figure 1A ) (Benarroch, 

2016). In addition, ChP can directly clear CSF proteins via rich transporters and 

receptors lining its epithelial surface (Alvira-Botero and Carro, 2010; Crossgrove et al., 

2005; Fujiyoshi et al., 2011). This suggests both an indirect and a direct role of ChP in 

the pathogenesis of neurodegenerative disorders such as AD. Animal studies have 

shown ChP pathological changes in AD, possibly interfering with its function in CSF 
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production and brain clearance (Alvira-Botero and Carro, 2010). Investigating the ChP 

structure and function can provide insight into its possible role in protein clearance and 

pathogenesis of neurodegenerative disorders. 

Assuming larger ChP is associated with higher CSF production as well as larger 

number of CSF-blood protein transporters, we first sought to assess if a negative 

association between the ChP volume and levels of CSF proteins can be found. We 

sought to examine this hypothesis in two large cohorts of (i) healthy controls, mild 

cognitive impairment (MCI), and AD and (ii) healthy controls and PD. CSF proteins have 

been increasingly used as diagnostic and prognostic biomarkers in various neurological 

disorders as they reflect the underlying brain pathology. In AD, the core CSF proteins’ 

profile includes Aβ, total-tau (t-tau), and phosphorylated-tau (p-tau), which reflect key 

aspects of disease pathogenesis, including extracellular Aβ plaque deposition, 

intracellular tangle formation and neuronal degeneration (Blennow et al., 2010). While 

changes in t-tau and p-tau levels occur late in AD, changes in Aβ occur early in the 

course of the disease, therefore, Aβ changes can potentially reflect clearance 

dysfunction in MCI/AD (Jack and Holtzman, 2013). CSF proteins are also actively being 

investigated in Parkinson’s Disease (PD) (Andersen et al., 2017). In addition to the core 

AD CSF proteins, CSF α-synuclein (α-syn) has been studied as a potential diagnostic 

and prognostic biomarker of PD (Hong et al., 2010). We first assessed the association 

between the ChP volume and each CSF protein separately and as the levels of different 

CSF proteins are correlated, we also used a statistical approach to find an association 

between the ChP volume and the correlated variation among CSF proteins. Next, we 

examined whether the association between the ChP volume and CSF proteins would be 
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lower in AD compared to other diagnostic groups. Moreover, as the accumulation of Aβ 

occur early in the course of AD, heralding a possible clearance dysfunction, we grouped 

participants into amyloid-positive and amyloid-negative based on their florbetapir 

Positron Emission Tomography (PET) imaging to test whether the relation between the 

ChP volume and CSF proteins would be lower in amyloid-positive group. Details on the 

study design, data and methods are provided, with a discussion on the potential 

implications of the present findings and future directions. 
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2. Methods 

2.1 Study design  

   We examined the link between the ChP volume and CSF protein levels in 

two large cohorts. The first cohort included healthy controls, subjects with significant 

memory concern (SMC), early-mild cognitive impairment (EMCI), late-mild cognitive 

impairment (LMCI) and AD patients from the Alzheimer’s Disease Neuroimaging 

Initiative (ADNI) database. The ADNI was launched in 2003 as a public-private 

partnership, led by Principal Investigator Michael W. Weiner, MD. The primary goal of 

ADNI has been to test whether serial MRI, PET, other biological markers, and clinical 

and neuropsychological assessment can be combined to measure the progression of 

MCI and early AD. Our study population consisted of healthy controls, individuals with 

SMC (which were combined with healthy controls throughout the study), EMCI, LMCI, 

and AD from ADNI-2 who had baseline high-resolution 3T structural T1 MRIs and CSF 

measures (t-tau, p-tau, and Aβ). Data used in this study were obtained from 

adni.loni.usc.edu.  

The second cohort included healthy controls and Parkinson’s disease (PD) 

patients from the Parkinson’s Progression Markers Initiative (PPMI) dataset. PPMI is a 

collaborative clinical and biomarker study of patients with PD and healthy controls. Our 

study population consisted of healthy controls and newly diagnosed, treatment-naïve 

PD subjects who had baseline 3T structural T1-weighted MRIs and CSF measures (t-

tau, p-tau, Aβ, and α-syn). For further information on the study, visit www.ppmi-info.org. 
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2.2 Imaging data and analysis  

 2.2.1 Structural T1-weighted MRIs 

3T T1-weighted MRIs were downloaded from ida.loni.usc.edu website for PPMI 

and ADNI-2 cohorts. For a detailed description of MRI protocols see ppmi-info.org and 

adni.loni.usc.edu. Automated segmentation of ChP within the lateral ventricles was 

performed using Freesurfer software package (http://surfer.nmr.mgh.harvard.edu/), 

which has been previously utilized for segmenting ChP from structural MRIs (Baker et 

al., 2017; Zhou et al., 2015). We used the Freesurfer subcortical segmentation output 

aseg.mgz for further analyses. We combined voxels segmented as left and right ChP 

(indexed as 31 and 63 in aseg.mgz) to get a single ChP mask. To ensure that the 

association between ChP volume and CSF proteins is not driven by other confounding 

factors, we also measured ventricular volume (by combining left and right lateral 

ventricles (aseg indices: 4 and 43), left and right inferior lateral ventricles (aseg indices: 

5 and 44), third ventricle (aseg index: 14) and fourth ventricle (aseg index: 15)), as well 

as cortical grey matter volume (aseg indices: 3 and 42).   

2.2.2 PET imaging 

For florbetapir (AV45) PET data, we used average AV45 standard uptake value 

ratio  (SUVR) of frontal, anterior cingulate, precuneus, and parietal cortex relative to the 

cerebellum provided by the ADNI (https://ida.loni.usc.edu/). We grouped participants 

into amyloid-positive and negative using SUVR≥1.11 (Landau et al., 2013; Schreiber et 

al., 2015) (See also Supplementary Figure 3). 
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2.3 CSF proteins  

In the ADNI-2 cohort, CSF was collected from all subjects at baseline and every 

two years. Only CSF proteins measured at baseline were used for the purpose of this 

study. CSF Aβ, t-tau and p-tau (phosphorylated at the threonine 181 position) were 

measured using electrochemiluminescence immunoassays on a fully automated 

Elecsys cobas e 601 instrument at the UPenn/ADNI Biomarker Laboratory. For this 

study, we used data from UPENNBIOMK9_04_19_17.csv available on LONI website. 

In the PPMI cohort, CSF was collected from all subjects at baseline and every six 

months. Only CSF proteins measured at baseline were used for the purpose of this 

study. Three CSF biomarkers including Aβ, t-tau, and p-tau (phosphorylated at the 

threonine 181 position) were measured using the multiplex xMAP Luminex platform and 

Innogenetics immunoassay kits. CSF α-syn was measured using a commercially 

available enzyme-linked immunosorbent assay kit (Covance). Detailed description 

regarding CSF preparation and analysis can be found at ppmi-info.org. 

Levels of CSF proteins are correlated with each other. To test whether ChP 

volume contributes to the shared variance between CSF proteins, we applied principal 

component analysis (PCA) to capture the correlated variation in CSF proteins. PCA is a 

statistical technique that decomposes the data into uncorrelated components. Each 

component is a weighted sum (loadings) of initial features (here, CSF proteins). The first 

principal component (PC1) captures the highest amount of variance, while the second 

component is orthogonal (uncorrelated) to the first component and accounts for the 

second-largest amount of variance, and so on. We tested the association between ChP 

volume and PC1 scores as it accounted for a large portion of variance in CSF proteins.  
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2.4 Statistical analysis 

Histograms of CSF protein levels were visually inspected. Due to the highly 

skewed distribution of CSF proteins, all CSF protein levels were log-transformed for 

both the ADNI and PPMI cohorts. We tested the association between CSF proteins 

(dependent variables) and age, sex, APOEε4 status, diagnostic group, cortical volume, 

ventricular volume, and the ChP volume in univariate linear regression analyses and 

multivariate linear regression analyses. We also performed two additional multiple 

regression analyses to control for total brain volume (TBV). The first analysis included 

TBV as a covariate and the second analysis normalized brain volumes by TBV. The 

results for these two models can be found in  Supplementary Table 2 and 3. To check 

for the assumptions of linear regression and potentially rectify them, we visually 

inspected the four main plots of (i) Residuals vs. Fitted (to check for linear assumption) 

(ii) Normal Q-Q plot ( to check for normality) (iii) Scale-Location plot (to check for 

homoscedasticity) and (iv) Residuals vs Leverage plot ( to check for influential outliers 

using Cook’s distance). We also used the Shapiro test to check for normality of 

residuals. We didn’t find any violation of linear regression assumptions and none of the 

models were influenced by an influential outlier (measured by Cook’s distance). For 

multiple regression models, we used the Variance Inflation Factor (VIF) to check for 

possible collinearity (VIF > 4 was considered as possible collinearity). PCA was applied 

to the CSF proteins in each dataset and the scores were computed by projecting data 

onto the corresponding component. Partial correlation between ChP volume and PC1 

was used while we controlled for the confounding covariates. The amount of variance in 

CSF proteins explained by ChP volume was measured in each diagnostic group 
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separately by comparing the R2 of the model that included age, sex, APOEε4, and 

cortical volume (ChP- model) with the model that included age, sex, APOEε4, cortical 

volume and ChP volume (ChP+ model). F-test was used to compare the two models 

(p<0.01 was deemed statistically significant). 1000 bootstrap samples were generated 

(with replacement) and the change in R2 (∆R2) was measured between ChP+ and ChP- 

models across all the samples to find the confidence interval for ∆R2. To test whether 

being amyloid-positive would change the association between ChP volume and t-tau/p-

tau, we fitted a linear regression model including age, sex, APOEε4, cortical volume, 

ventricular volume, ChP volume, amyloid-positive, and the interaction terms between 

amyloid-positive and brain volumes (cortical volume, ChP volume, ventricular volume). 

We tested whether the amyloid-positive and ChP volume interaction was significant. For 

the purpose of visual presentation, we used partial correlation to show the correlation 

between ChP volume and t-tau/p-tau for amyloid-positive and amyloid-negative groups 

separately, while we controlled for age, sex, APOEε4, cortical volume, and ventricular 

volume. To compare the predictive value of the ChP volume, cortical volume, and 

ventricular volume, we separately added each to a model that included age, sex, group 

and APOEε4 (basic model) and measured adjusted R2. One-way ANOVA followed by 

the Tukey test to control for multiple comparisons was used to check for differences in 

the ChP volume between diagnostic groups. Python and R were used for the statistical 

analyses.  
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3. Results  

3.1 Demographic information, CSF biomarkers, and im aging 

Table 1 shows the demographic information (including age, gender, and APOEε4 

status), levels of CSF biomarkers, brain volumes (including TBV, cortical volume, 

ventricular volume, and the ChP volume) for both the ADNI and PPMI datasets, and 

florbetapir (AV45) PET imaging SUVR values for the ADNI dataset.  

 

3.2 ChP segmentation 

Figure 1B shows the segmented ChP for three example subjects. There was a 

statistically significant difference between groups as determined by a one-way ANOVA 

test (F(6,776) = 7.98, p-value = 2.27x10-8). A Tukey post hoc test revealed that AD 

patients had larger ChP volume compared with other diagnostic groups (p<0.05).  

 

3.3 Association between ChP volume and CSF proteins  

Supplementary Table 1 provides results for univariate regression analyses to 

predict CSF proteins using age, sex, APOE ε4, diagnostic group, cortical volume, 

ventricular volume, and ChP volume as independent variables. ChP volume was 

negatively correlated with CSF proteins across both datasets (p < 0.01). In multivariate 

analyses, ChP volume showed significant association with t-tau (β = - 0.33, p < 0.001) 

and p-tau (β = -0.34 , p < 0.001) in ADNI-2, as well as t-tau (β = -0.24, p < 0.001), α-syn 

(β = - 0.24, p < 0.001) and Aβ (β = -0.1 , p < 0.001) in PPMI (Table 2). The associations 

between ChP volume and p-tau in PPMI and Aβ in ADNI-2 were not statistically 
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significant (p =0.09, p=0.03 respectively). VIF was less than two for all the tested 

models (no collinearity).  

CSF proteins showed a positive correlation with each other in both the ADNI and 

PPMI datasets (Supplementary Figures 1 and 2). To capture the shared variance 

between CSF proteins, PCA was applied (Figure 2A and 2D). The first principal 

component (PC1) explained around 60 percent of the variance in CSF proteins in both 

the ADNI and PPMI datasets (Figure 2B and 2E).  In PPMI, all CSF proteins had 

positive loadings in PC1 (i.e. all CSF proteins were positively correlated with each 

other). In ADNI, t-tau and p-tau showed the highest loadings in PC1, while Aβ had 

loading near zero. Figure 2C and Figure 2F show partial correlation of ChP volume and 

PC1 after controlling for age, sex, APOEε4 status, diagnostic group, and cortical volume 

(r partial = -0.43 (p < 0.001) in PPMI and r partial = -0.40 (p < 0.001) in ADNI-2).  

 

3.4 Association between ChP volume and CSF proteins  is lower in AD  

We examined the amount of variance explained by ChP volume in each 

diagnostic group separately. In ADNI, the amount of variance in CSF proteins explained 

by ChP volume was higher in healthy controls and EMCI compared to LMCI and AD 

(Figure 3A ), while the ChP volume explained a similar amount of variance in CSF 

proteins in healthy controls and PD patients (Figure 3B ). 
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3.5 Florbetapir amyloid-positive subjects have lowe r association 

between the ChP volume and t-tau/p-tau 

In ADNI, participants were grouped into amyloid-positive and amyloid-negative 

based on their florbetapir (AV45) PET imaging SUVR (AV45>= 1.11) (Table 1). The 

multiple linear regression models showed a trend that amyloid-positive reduced the 

association between ChP volume and CSF proteins (for t-tau: βChP = -0.32, p-value  < 

0.001 and βinteraction = 0.09, p-value = 0.07; for p-tau: βChP = -0.25, p-value < 0.001 and 

βAβ + x ChP = 0.12, p-value = 0.04). Importantly, the interaction term (βAβ+ x ChP) was 

positive, which indicates that the negative association between ChP volume and CSF 

proteins (βChP) is less in amyloid-positive patients. Figure 5 shows the partial correlation 

between ChP volume and t-tau/p-tau in amyloid-positive and amyloid-negative groups, 

controlled for the confounding variables.  

 

3.6 Cortical volume, ventricular volume and CSF pro teins 

Cortical volume did not show any significant association with CSF proteins in 

univariate analyses of PPMI data, whereas it was negatively associated with t-tau/p-tau 

and positively associated with Aβ in ADNI-2 cohort (Supplementary Table 1 ). 

Multivariate analyses only showed a significant association between cortical volume and 

Aβ in PPMI (Table 2 ). In univariate regression analysis, ventricular volume showed 

negative associations with t-tau, α-syn, p-tau, and Aβ in PPMI and only with Aβ in ADNI-

2 (Supplementary Table 1). In multivariate regression analyses, the associations 

between CSF proteins and ventricular volume were not statistically significant except for 

p-tau in PPMI and Aβ in ADNI-2 (Table 2 ). 
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Cortical volume showed a weak correlation with ChP volume in PPMI (r =0.12, p 

< 0.05) and ADNI-2 (r=0.16, p < 0.001), while ventricular volume was positively 

correlated with the ChP volume across the two cohorts (r ~ 0.63, p < 10-3) (Figure 4B ). 

To compare the predictive value of cortical, ventricular and ChP volume, we separately 

added each predictor to a model including age, sex, APOEε4 status, and diagnostic 

group to predict CSF proteins (basic model) (Figure 4C ). The model that included ChP 

volume showed higher adjusted R2 compared to the models that included cortical 

volume or ventricular volume for Aβ, p-tau, and t-tau in the ADNI and Aβ, t-tau and α-

syn in PPMI.  

 

4. Discussion 

 We examined the association between the ChP volume and CSF proteins in a 

large cohort of healthy controls, SMC, EMCI, LMCI and AD patients (ADNI cohort), and 

healthy controls and PD patients (PPMI cohort). We found a negative association 

between the ChP volume and levels of each tested CSF protein in both univariate and 

multivariate regression analyses. To account for the positive correlation between CSF 

proteins, we applied PCA to capture the shared variance in CSF proteins and found that 

the ChP volume had a negative association with the first principal component (PC1). 

We then showed that the association between the ChP volume and levels of CSF 

proteins was highest in healthy controls and EMCI patients, with a lower association in 

LMCI and AD groups in the ADNI cohort. On the other hand, ChP volume showed 

similar association with levels of CSF proteins in healthy controls and PD patients in the 

PPMI cohort. Using florbetapir PET imaging data, we grouped participants into amyloid-
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positive and amyloid-negative and found that the association between ChP volume and 

t-tau/p-tau was lower in amyloid-positive group. We finally demonstrated that ChP 

volume had a stronger association with CSF proteins compared to ventricular volume 

and cortical volume. Our results are in line with prior animal and in vitro studies and 

suggest a possible role of ChP in the clearance of CSF proteins, support possible ChP 

dysfunction in AD and highlight ChP volume as a contributing factor to inter-individual 

variance in levels of CSF proteins. 

We hypothesized that larger ChP volume would be associated with lower levels 

of CSF proteins for two reasons: (i) indirectly through higher production of CSF proteins 

and (ii) directly by providing larger number of CSF-blood protein transporters on the 

ChP epithelial tissue. Although no study has been performed to show the relationship 

between ChP volume and the amount of CSF secretion, there are lines of evidence in 

favor of this hypothesis. For instance, choroid plexus papillomas (CPP) are benign 

congenital intracranial tumors that are mostly found in the lateral ventricles and one of 

its major complications is hydrocephalus. One major mechanism behind CPP’s 

hydrocephalus is overproductions of CSF from the choroid plexus tissue(RR, 2003; 

Sachan, 2017). Thus, it can indirectly be inferred that larger ChP volume can lead to 

increased CSF production through increased number of functional units. Increased CSF 

production can enhance the activity of CSF-dependent brain clearance systems.  For 

instance, the newly described glymphatic pathway starts with CSF entry into the brain 

via periarterial spaces with entrance into interstitium via aquaporin-4 water channels 

expressed on astrocytes (Jessen et al., 2015). This creates a convective current that 

drives interstitial fluid into perivenous spaces and clear brain of waste products such as 
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Aβ (Iliff et al., 2012). Once inside the CSF, waste products are absorbed into the 

circulatory or lymphatic systems.  

Furthermore, recent molecular studies have attributed new functionalities to ChP, 

highlighting its direct role in clearing CSF proteins. To that end, two conditions should 

be met: (i) proteins produced in the brain should be able to enter ventricles adjacent to 

choroid plexus and (ii) choroid plexus should be able to capture these proteins. As for 

the former, studies using horseradish peroxidase and fluorescent tracers injected into 

brain parenchyma have shown entrance of tracers into lateral ventricles mainly via 

interstitial fluid (ISF) bulk flow after passing through ependymal layer (Bedussi et al., 

2015; Cserr et al., 1977), supporting the idea that brain-derived proteins can enter lateral 

ventricles adjacent to ChP. Moreover, molecular studies of ChP epithelial cells have 

revealed many transporters on the apical side of the epithelium responsible for 

transporting proteins. For instance, many of the Aβ transporters (such as LRP1, LRP2, 

RAGE, ABCB1) that are normally expressed at the Blood-Brain Barrier (BBB) have 

been also localized on ChP epithelium on the CSF side (Crossgrove et al., 2005). One 

study showed that radiolabeled Aβ ([125I]hAβ(1-40)) injected into rat’s lateral ventricles 

are taken up by ChP and removed from CSF five times faster if it was only removed via 

CSF bulk flow, further emphasizing the direct role of ChP in clearing CSF proteins 

(Fujiyoshi et al., 2011).  

Previous animal studies have shown pathological changes of ChP in AD, 

possibly leading to ChP dysfunction (Balusu et al., 2016; Krzyzanowska and Carro, 

2012). This has led some groups to test the therapeutic role of ChP epithelial stem cells 

in AD treatment with promising results (Aliaghaei et al., 2015; Bolos et al., 2014). In line 
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with animal studies, we found dissociation between the amount of CSF proteins 

explained by ChP volume across AD spectrum disorders, with a stronger association in 

healthy controls and EMCI groups compared to LMCI and AD patients. CSF proteins in 

healthy controls and PD patients showed more or less similar association with ChP 

volume, possibly suggesting a disease-specific role of ChP in AD. As Aβ accumulates 

early in the disease (before any apparent cognitive changes or changes in t-tau and p-

tau levels)(Jack and Holtzman, 2013), we furthered our analyses by grouping the ADNI 

subjects into amyloid-positive and negative based on their florbetapir PET imaging data. 

We found that amyloid-positive subjects had lower association between ChP volume 

and t-tau and p-tau compared with amyloid-negative subjects. However, future studies 

with larger sample sizes and robust imaging techniques for measuring CSF production 

and clearance dysfunction are needed to causally evaluate if Aβ accumulation precedes 

ChP dysfunction. 

Prior studies have suggested a possible association between brain volumetric 

measurements and CSF proteins; however, these studies have mainly focused on 

ventricular volume while largely ignoring ChP volume as a possible factor explaining the 

inter-individual difference of CSF proteins. In a study of healthy controls and AD 

patients, Ott et al. (Ott et al., 2010) reported a negative association between ventricular 

volume and CSF t-tau in AD subjects. More recently, in a study of 730 healthy controls, 

MCI and AD subjects, a negative association was found between ventricular volume 

and Aβ, while the association for t-tau and p-tau was not significant (van Waalwijk van 

Doorn et al., 2017). In another recent study, ventricular volume showed a negative 

association with Aβ-38 and Aβ-40 with no significant association with t-tau, p-tau and 
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Aβ-42 (Edsbagge et al., 2017). Two main hypotheses can explain the possible 

association between ventricular volume and CSF proteins. The first hypothesis argues 

that disease severity can explain the negative association between Aβ and ventricular 

volume as CSF Aβ declines while ventricular volume increases with disease severity. 

Based on this hypothesis, one would expect to find a positive correlation between 

ventricular volume and t-tau/p-tau, as CSF concentrations of these proteins increase 

with disease severity as well (Sämgård et al., 2010). However, previous studies have 

either found negative associations between ventricular volume and t-tau and p-tau, or 

no association at all. The second hypothesis argues for the dilutional effect of increased 

ventricular volume, predicting a negative correlation between various CSF proteins and 

ventricular volume. Although the dilutional effect of ventricular volume cannot be 

rejected, our results show a stronger association between CSF proteins/ChP volume 

compared to CSF proteins/ventricular volume. Given that the ChP volume and 

ventricular volume show a significant correlation, previously observed associations 

between ventricular volume and CSF proteins, albeit weak, could be explained –and 

reinterpreted— by ChP volume. 

Lastly, levels of CSF proteins were positively correlated with each other. The 

association between t-tau and Aβ is important to note as previous studies have shown a 

complex and nonlinear dynamic association between the two in AD (de Leon et al., 

2018). This can raise the question how the ChP volume can be negatively correlated 

with both t-tau and Aβ. To answer this concern, we showed that Aβ and t-tau had 

positive association in both healthy controls and PD patients in PPMI, as well as healthy 

controls of the ADNI (Supplementary Figures 1 and 2). The direction of the association 
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changed to negative in the EMCI and the LMCI groups, with no association in the AD 

group. This confirmed the dynamic nature of correlation between Aβ and t-tau in the 

EMCI/LMCI/AD groups. To account for the correlated variation between CSF proteisn, 

we performed PCA. We were able to show that ChP volume is associated with the first 

principal component (PC1), which explained about 60% of the variance in levels of CSF 

proteins. Together, these suggest that ChP volume is a contributing factor to all the CSF 

proteins, which can account for the shared variance between the CSF proteins. The 

ChP contribution is more pronounced in healthy controls, EMCI and PD patients and 

lower in LMCI and AD.  

 

5. Study limitations and future directions 

In the present study, we indirectly measured the volume of ChP from structural 

T1-weighted MRIs. The gold-standard technique to non-invasively visualize ChP is T1-

weighted MRIs enhanced with contrast. The fenestrated endothelium in ChP allows 

contrast to accumulate in the interstitium, while the ChP-CSF barrier precludes contrast 

to leak into the CSF (Shi et al., 2017). However, contrast-enhancing agents are not 

used in research studies routinely and their usage is mainly limited to clinical settings 

where the benefits outweigh their risks. On the other hand, high-resolution T1-w MRIs 

are routinely acquired in research studies, where ChP has intensity similar to grey 

matter voxels. T1-weighted MRIs can be utilized to study ChP within lateral ventricles, 

which have the largest ChP among all brain ventricles. However, they do not have 

enough resolution for segmenting ChP within third and fourth ventricles. New MRI 
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sequences, as well as 7T anatomical MRIs, could provide better resolution to study ChP 

within third and fourth ventricles without the need to use contrast-enhancing agents.  

Although ChP within lateral ventricles can be manually segmented, it precludes 

large-scale neuroimaging studies given its time-consuming nature. This highlights the 

need for accurate automatic ChP segmentation techniques. Freesurfer software has 

been used in the majority of previous studies for automatic ChP segmentation; however, 

future studies are needed to accurately measure its accuracy. Moreover, new 

algorithms that are developed solely to segment ChP could be beneficial in studying the 

structure and function in large-scale neuroimaging studies. It is important to note that 

ChP can undergo calcification that might affect the segmentation accuracy. Although 

generally considered benign, future studies are needed to study if ChP calcification can 

lead to ChP dysfunction and if it can impact ChP volumetric measurements.  

We found that the ChP volume was larger in AD compared to other groups. 

Although the difference in the ChP volume was statistically significant between AD and 

other groups, the effect size is minimal. Several factors could explain the observed 

larger ChP volume in AD. Given that ventricles are enlarged in AD patients, this could 

lead to the overestimation of ChP segmentation due to automatic segmentation 

inaccuracy. Reduced pressure in ventricles as a result of ventricular enlargement can 

also lead to apparent ChP enlargement in AD.  

Aside from measuring ChP volume, new techniques can be used to obtain 

information about the structural and functional properties of ChP. MRI techniques such 

as Arterial Spin Labeling (ASL) might provide important information regarding ChP 

perfusion, given its highly vascular stroma and substantial blood perfusion relative to the 
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brain parenchyma (Dangouloff-Ros et al., 2015). In addition, developing new techniques 

that allow non-invasive measurement of CSF production rate as well as assessing 

glymphatic system efficiency can open new windows into identifying patients at risk of 

developing AD as well as disease prognosis (Harrison et al., 2018). 

 

6. Conclusion 

We found a negative association between the ChP volume and levels of CSF 

proteins. Moreover, we showed that the association between ChP volume and CSF 

proteins is low in LMCI and AD groups compared with healthy controls, EMCI and PD. 

Our results support a potential role of ChP in CSF protein clearance and support prior 

animal studies showing ChP dysfunction in AD. Our results also introduce ChP volume 

as a factor contributing to the variability in levels of CSF proteins and suggest the 

importance of accounting for ChP volume in future studies of CSF-based biomarkers.   
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Figure legends  

Figure 1: ChP segmentation. (A) Brain axial and coronal slices show ChP within 

lateral ventricles (Left and middle panels). (B) ChP is characterized by a monolayer of 

epithelial cells around a stroma with blood vessels (data from Allen Brain Human Atlas; 

http://www.brain-map.org/) (right panel). (C) ChP segmentation (yellow color) from 3T 

Structural T1-weighted MRIs of a representative subject in ADNI and PPMI dataset (D) 

ChP volume for each diagnostic group in the ADNI (green) and PPMI (orange) cohorts. 

We performed one-way ANOVA followed by Tukey test to examine difference in ChP 

volume across diagnostic groups across both cohorts. AD showed larger ChP volume 

compared to other groups (p<0.05).  

ChP: choroid plexus; HC: Healthy controls; SMC: individuals with significant memory concern; EMCI: 

early-mild cognitive impairment; LMCI: late-mild cognitive impairment; AD: Alzheimer’s disease; PD: 

Parkinson’s disease; ADNI: Alzheimer’s Disease Neuroimaging Initiative; PPMI: Parkinson’s Progression 

Markers Initiative 

 

Figure 2: Principal component analysis of CSF prote ins. To capture the highest 

amount of variance in CSF proteins, we applied principal component analysis in PPMI 

(A) and ADNI-2 (D). Principal component score is computed by projecting each data 

point coordinate (red dot) onto the new component (red lines) (Left plots; for illustration 

purposes only two CSF proteins are shown). The first principal component explains 

around 60 percent of variance in CSF proteins in PPMI (B) and ADNI-2 (E). The insets 

show the loadings of first principal component. The scatter plots show partial correlation 

between ChP volume and first principal component, after correcting for age, sex, 

APOEε4 status, group, and cortical volume in PPMI (C) and ADNI (F). 

ChP: choroid plexus; PPMI: Parkinson’s Progression Markers Initiative; ADNI: Alzheimer’s 

Disease Neuroimaging Initiative 
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Figure 3: Variance in CSF proteins explained by ChP  volume for each diagnostic 

group in the ADNI and the PPMI datasets . For each CSF protein, we fitted two linear 

regression models. The first model included age, sex, APOE ε4, cortical volume and 

ChP volume as independent variables and the second model included age, sex, APOE 

ε4, and cortical volume as independent variables to predict the level of CSF protein. To 

measure the amount of variance explained by ChP volume, we then subtracted the 

adjusted R2 of the second model from the first model. The error bars indicate the 

standard deviation of change of R2 in 1000 bootstrapped samples. The two models 

were compared using F-test. The asterisk shows if the F-test was statistically significant 

(p<0.01).  

HC: Healthy controls; SMC: individuals with significant memory concern; EMCI: early-mild cognitive 

impairment; LMCI: late-mild cognitive impairment; AD: Alzheimer’s disease; PD: Parkinson’s disease; 

ADNI: Alzheimer’s Disease Neuroimaging Initiative; PPMI: Parkinson’s Progression Markers Initiative 

 

Figure 4: Cortical volume, ventricular volume and t heir associations with CSF 

proteins compared to ChP volume. Cortical volume was measured by summing 

volume of left and right cortices (blue). Ventricular volume was measured by summing 

volumes of lateral ventricles (yellow), inferior lateral ventricle horns, third and fourth 

ventricle (ChP segmentation is in red) (A). ChP volume was correlated with cortical 

volume (r ~ 0.14) and ventricular volume (r ~ 0.63) (B). ChP volume, ventricular volume 

and cortical volume were separately added to the model, which included age, sex, 

diagnostic group and APOEε4 status (C).  ChP: choroid plexus; PPMI: Parkinson’s 

Progression Markers Initiative; ADNI: Alzheimer’s Disease Neuroimaging Initiative. 

 

Figure 5:  Partial correlation between ChP volume and t-tau an d p-tau in the 

Amyloid-positive and Amyloid-negative groups. Participants were divided into 

Amyloid-positive based on the AV45 SUVR at baseline (AV45>=1.11).   
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 ADNI PPMI 

Group  Control  SMC EMCI LMCI AD Control  PD 

Demographic Information  

Number of subjects  115 60 127 119 88 94 208 

Mean age  73.4 ± 6.3 71.5 ± 5.4 71.3 ± 7.0 72.0 ± 7.8 74.6 ± 8.0 
60.2 ± 
11.3 61.4 ± 9.5 

Number of male (%)  57 (49%) 25 (41%) 69 (54%) 60 (50%) 50 (56%) 67 (71%) 129 (69%) 
APOE4 status 
(Homozygous/Heterozy
gous)  6, 24 0, 19 6, 47 21, 38 20, 40 2, 23 5, 51 

CSF biomarkers ( pg/ml)  

t-tau  
241.9 ± 
95.9 

238.4 ± 
91.7 

254.3 ± 
121.0 

297.3 ± 
130.0 

379.3 ± 
140.8 

52.1 ± 
29.9 44.1 ± 18.1 

p-tau  22.2 ± 9.8 21.8 ± 9.8 24.1 ± 13.6 
28.8 + /- 
14.2 37.3 ± 14.9 

18.9 ± 
13.1 16.1 ± 9.5 

Aβ 
1404.2 ± 
689.5 

1358.5 ± 
589.2 

1176.9 ± 
560.9 

946.7 ± 
483.4 

717.2 ± 
423.1 

371.5 ± 
93.1 

375.2 ± 
99.1 

α-syn  - - - - - 
2169.9 ± 
1162.4 

1855.4 ± 
740.3 

Brain Volumes (ml)  

Total Brain Volume  
1504.8 ± 
174.5 

1516.1 ± 
188.9 

1516.3 ± 
168.0 

1529.3 ± 
183.2 

1557.0 ± 
190.5 

1528.4 ± 
175.0 

1586.1 ± 
180.6 

Cortical volume  
435.4 ± 
40.7 

441.1 ± 
42.5 

436.5 ± 
40.7 

429.4 ± 
39.9 

409.5 ± 
49.3 

463.9 ± 
45.4 

468.8 ± 
49.6 

Ventricular volume  22.3 ± 10.4 20.3 ± 8.6 22.9 ± 11.6 26.6 ± 13.4 31.1 ± 12.7 
28.6 ± 
15.3 32.1 ± 20.2 

ChP volume (Right + 
Left)  2.5 ± 0.6 2.5 ± 0.6 2.5 ± 0.6 2.6 ± 0.7 2.9 ± 0.5 2.4 ± 0.7 2.3 ± 0.7 

Left ChP volume  1.3 ± 0.3 1.4 ± 0.4 1.4 ± 0.3 1.4 ± 0.4 1.6 ± 0.3 1.2 ± 0.3 1.2 ± 0.4 

Right ChP volume  1.2 ± 0.3 1.1 ± 0.3 1.2 ± 0.3 1.2 ± 0.4 1.3 ± 0.2 1.1 ± 0.4 1.1 ± 0.3 

PET imaging  
Florbetapir (AV45) 
(baseline)  1.12 ± 0.19 1.13 ± 0.17 1.17 ± 0.20 1.26 ± 0.24 1.39 ± 0.21 - - 

Amyloid positive 
(SUVR>= 1.11) (%) 39 (33%) 24 (40%) 61 (48%) 77 (64%) 78 (88%) - - 

 

Table 1: Demographic information, levels of CSF pro teins, and imaging data in the ADNI 

and PPMI datasets. 

Note: ADNI: Alzheimer’s Disease Neuroimaging Initiative; ChP: choroid plexus; ChP: choroid plexus; 

APOEε4: apolipoprotein E ε4 allele; AD: Alzheimer’s disease; SMC: significant memory concern; EMCI: 

early-mild cognitive impairment; LMCI: late-mild cognitive impairment; t-tau: total-tau; p-tau: 

phosphorylated-tau; Aβ: amyloid-β 
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t-tau  p-tau  Αβ α-syn  
Coefficient  P Coefficient  P Coefficient  P Coefficient  P 

PPMI 

Age 0.017 < 0.01 0.013 
< 
0.01 0.001 - 0.01 

< 
0.01 

Sex (male) 0.01 - 0.05 - -0.01 - 0.12 - 

APOEε4 0.02 - 0.02 - -0.16 
< 
0.01 -0.01 - 

ChP volume (ml)  -0.24 < 0.01 -0.1 - -0.1 
< 
0.01 -0.24 

< 
0.01 

Cortical volume 
(ml) 0.51 - 1.09 - 0.79 0.01 0.3 - 
Ventricular 
volume (ml) -0.002 - -0.006 

< 
0.01 0.001 - -0.002 - 

Group               
PD -0.16 < 0.01 - - - - -0.14 

< 
0.01 

ADNI 

Age 0.015 < 0.01 0.17 
< 
0.01 0.004 -   

Sex (male) -0.24 - -0.01 - -0.06 -   

APOEε4 0.2 < 0.01 0.24 
< 
0.01 -0.42 

< 
0.01   

ChP volume (ml)  -0.33 < 0.01 -0.34 
< 
0.01 -0.176 -   

Cortical volume 
(ml) 0.0008 - 0.0009 - 0.00124 -   
Ventricular 
volume (ml) -0.004 - -0.004 - -0.007 

< 
0.01   

Group           SMC -0.009 - -0.01 - -0.01 -   

                    EMCI 0.047 - 0.06 - -0.08 -   

                    LMCI 0.197 < 0.01 0.23 
< 
0.01 0.23 

< 
0.01   

                    AD 0.47 < 0.01 0.53 
< 
0.01 -0.31 

< 
0.01   

Table 2: Multivariate analysis of CSF proteins in P PMI and ADNI-2. The coefficients 

(unstandardized) and p-values for each predictor.  

Note: ADNI: Alzheimer’s Disease Neuroimaging Initiative; ChP: choroid plexus; APOEε4: 

apolipoprotein E ε4 allele; AD: Alzheimer’s disease; SMC: significant memory concern; EMCI: 

early-mild cognitive impairment; LMCI: late-mild cognitive impairment; t-tau: total-tau; p-tau: 

phosphorylated-tau; Aβ: amyloid-β 
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Highlights 
 

 
● Negative associations exist between choroid plexus (ChP) volume and CSF-

proteins. 
 

● The negative association was lower in late mild cognitive impairment and AD 
patients. 

 
● Florbetapir Amyloid-positive subjects had lower ChP volume/CSF-protein 

association. 
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