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Abstract

Rheumatoid arthritis (RA), an autoimmune disease, has recently been associated
with increased striatal volume and decreased intracranial volume (ICV) in
longstanding patients. As inflammation has been shown to precede the clinical
diagnosis of RA and it is a known moderator of neuro- and gliogenesis, we were
interested in testing whether these brain morphological changes appear before the
clinical onset of disease in healthy young adult volunteers, as a function of relative
genetic risk for RA. Genetic and structural MRI data were available for 516 healthy
non-Hispanic Caucasian university students (275 women, mean age 19.78t1.24
years). Polygenic risk scores were computed for each individual based on a genome-
wide association study of RA, so that higher scores indicated higher risk. Striatal
volume (sum of caudate, putamen, and nucleus accumbens volumes) and ICV were
derived for each individual from high-resolution T1-weighted images. After
controlling for sex, age, genetic components of ethnicity, socioeconomic status, and
depressive symptoms, we found that higher RA polygenic risk scores were associated
with increased striatal volume, but not decreased ICV. Our findings suggest that
increased striatal volume may be linked to processes that precede disease onset,

such as inflammation, while decreased ICV may relate to disease progression.

Keywords: rheumatoid arthritis; striatum; structural MRI; volume; polygenic score;

genes; genetic risk; single nucleotide polymorphism; inflammation.
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Rheumatoid arthritis (RA) is an autoimmune, inflammatory disease, that is
characterized by progressive articular destruction, chronic pain, and a peak age of
onset in the fifth decade of life. In a recent study, Wartolowska et al.* found that in
comparison with healthy volunteers, patients with RA had increased striatal volume
(putamen, caudate, and nucleus accumbens) and decreased intracranial volume.
They further suggested that increased striatal volume may be associated specifically
with the experience of chronic pain in RA patients. However, depression and
inflammation are additional features of RA? and these have been associated with
structural alterations in various brain regions, including the striatum®>. Notably,
inflammation has been demonstrated to precede the onset of clinical RA®. Therefore,
it is possible that increased striatal volume is present before the development of
clinical symptoms of RA, including chronic pain.

Increasingly, genetic tools are being employed to examine disease-related
processes before their clinical onset. In particular, polygenic risk scores, based on the
weighted sum or average effects of individual risk alleles identified in genome-wide
association studies (GWAS), have emerged as a reliable strategy to model individual
differences in disease-related processes. A recent meta-analysis of GWAS’
encompassing 29,880 RA cases and 73,758 controls demonstrated the involvement
of primary immunodeficiency genes and showed that common single nucleotide
polymorphisms (SNP), outside of the major histocompatibility complex region,
explain 5.5% of disease risk heritability in European Caucasians. Here, we used
genetic and structural MRI data from a large sample of healthy young non-Hispanic
Caucasian university students, to test if higher polygenic risk scores for RA, based on

the above GWAS meta-analysis, are associated with increased striatal volume and
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decreased ICV, as has been reported in patients with RA, before the onset of clinical
disease.

RESULTS

Linear regression analysis indicated that RA polygenic risk scores were not
significantly associated with ICV (f=-.026, SE=.033, p=.435). However, in a model
examining striatal volume as the dependent variable, RA polygenic risk scores were
significantly positively correlated with striatal volume (B=.089, SE=.032, p=.005;
Figure 1). Of the covariates considered, sex (f=-.129, SE=.044, p=.003), age (B=-.114,
SE=.030, p<.001), and ICV (B=.577, SE=.038, p<.001), were significantly correlated
with striatal volume, wherein men, younger individuals, and individuals with

relatively larger ICVs, were more likely to have increased striatal volume.

As RA may be comorbid with depressionz, and there have been links between
depression and striatal volume®?®, we further examined the above associations with
depression as a covariate. In a model controlling for depressive symptoms, which
significantly and positively predicted striatal volume (N=514; PB=.090, SE=.032,
p=.005), RA polygenic risk scores remained significantly correlated with striatal

volume (N=514; f=.091, SE=.031, p=.004).

As post-hoc analyses, we examined whether a specific striatal subregion was
driving the observed effect. While the RA scores significantly and positively predicted
caudate volume (B=.091, SE=.037, p=.014), and putamen volume (f=.082, SE=.037,
p=.027), they were not significant predictors of nucleus accumbens volume (f=-.042,

SE=.041, p=.301).
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DISCUSSION

Here, we extended the prior finding of increased striatal volume in RA' by showing
that higher polygenic risk scores for RA are associated with increased striatal volume
in a sample of healthy, young adult volunteers. This suggests that increased striatal
volume may precede the onset of clinical symptoms of RA. Post hoc analysis of
striatal subregions showed that RA scores significantly and positively predicted
putamen and caudate volumes, but not nucleus accumbens volume. Furthermore,
these associations were independent of sex, age, and socioeconomic status as well
as depressive symptoms, which have been independently associated with both
striatal volume and RA*°. In contrast, we did not find a significant correlation
between RA polygenic risk scores and ICV unlike that observed in patients with RA ™.
This may reflect differences between premorbid (i.e., striatal volume) and
postmorbid (i.e., ICV) processes.

Wartolowska et al.!, hypothesized that the link between RA and increased
striatal volume may be due to an effect of chronic pain®. The current findings in
healthy young adults, suggest that alternative pathways may exist. One such
pathway is inflammation. Although inflammation is typically regarded as detrimental
to neurogenesis, accumulating research demonstrates that its effects are more
complex, and could even enhance neurogenesis depending on various factors,
including the developmental stage and the duration and location of the
inflammation®. In addition, inflammation can promote gliogenesisg, which may also

contribute to the observed association between higher genetic risk and larger striatal
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volume. Interestingly, increased striatal volume was also found in fibromyalgia
patients3, another disease characterized by systemic inflammation®.

Importantly, inflammation in RA has been shown to precede clinical
symptomse, and genetic studies, including the GWAS meta-analysis on which we
based our polygenic risk scores’, have demonstrated enrichment of immune related
genes in risk for RA™. It is therefore possible that individuals with a genetic
susceptibility to develop RA, have higher levels of inflammation early on, which
possibly affects striatal volume before the clinical onset of RA. Further studies
combining polygenic risk scores, brain imaging, and markers of inflammation are
needed to evaluate these possible links.

Of course, our study is not without limitations. First, while using a polygenic
risk score allowed us to examine associations with striatal volume before the onset
of RA, we do not have longitudinal data into middle and late life that could enable
testing associations with disease emergence. Second, our findings are limited to non-
Hispanic Caucasians, and may not generalize to populations with different genetic
backgrounds. Finally, while our findings are consistent with those reported by
Wartolowska et al.}, they are novel and thus replication is necessary before any
possible utility of striatal volume as a biomarker can be determined. These
limitations notwithstanding, our results demonstrate that increased striatal volume,
but not decreased ICV, can be found in healthy young adults at relatively higher
genetic risk for RA, suggesting that increased striatal volume may be linked to
processes that precede disease onset, such as inflammation, while decreased ICV

may relate to disease progression.
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MATERIALS AND METHODS

Participants

Our sample consisted of 516 non-Hispanic Caucasian participants (275 women, mean
age 19.78£1.24 years) from the larger Duke neurogenetics study (DNS) for whom
there was complete data on genotypes, structural MRI data, depressive symptoms,
and all covariates described below. The DNS was approved by the Duke University
Medical Center Institutional Review Board, and all experiments were performed in
accordance with the relevant guidelines and regulations. Prior to the study, all
participants provided informed consent. Notably, self-reported medication
information was examined to verify that none of the participants were prescribed
either disease modifying antirheumatic drugs or biological treatments. All
participants were free of the following study exclusions: 1) medical diagnoses of
cancer, stroke, diabetes requiring insulin treatment, chronic kidney or liver disease,
or lifetime history of psychotic symptoms; 2) use of psychotropic, glucocorticoid, or
hypolipidemic medication; and 3) conditions affecting cerebral blood flow and
metabolism (e.g., hypertension).

Of the 516 non-Hispanic Caucasians, 114 individuals had at least one DSM-IV
diagnosis as determined by structured clinical interview. Importantly, neither current
nor lifetime diagnosis were an exclusion criterion, as the DNS sought to establish
broad variability in multiple behavioral phenotypes related to psychopathology.
However, no participants, regardless of diagnosis, were taking any psychoactive

medication during or at least 14 days prior to their participation.

Race/Ethnicity
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An analysis of identity by state of whole-genome single nucleotide polymorphisms
(SNPs) was performed in PLINK . The first two multidimensional scaling

components were used as covariates.

Socioeconomic status (SES)

We controlled for possible SES effects using the "social ladder" instrument, which
asks participants to rank themselves relative to other people in the United States (or
their origin country) on a scale from 0-10, with people who are best off in terms of
money, education, and respected jobs, at the top and people who are worst off at

the bottom. SES ranged between 2 and 10 (M=7.35, SD=1.43 years).

Depressive symptoms

The 20-item Center for Epidemiologic Studies Depression Scale (CES-D) was used to
asses depressive symptoms in the past week'. All items were averaged to create a
total depressive symptoms score. Depressive symptoms ranged between 0 and 43

(M=8.82, SD=7.01).

Genotyping

DNA was isolated from saliva using Oragene DNA self-collection kits (DNA Genotek)
customized for 23andMe (www.23andme.com). DNA extraction and genotyping
were performed through 23andMe by the National Genetics Institute (NGI), a CLIA-

certified clinical laboratory and subsidiary of Laboratory Corporation of America. One
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of two different Illumina arrays with custom content was used to provide genome-

wide SNP data, the HumanOmniExpress (N=327) or HumanOmniExpress-24 (N=189).

Quality control and polygenic scoring

PLINK ' was used to perform quality control analyses and remove SNPs or
individuals based on the following criteria: missing genotype rate per individual >.10,
missing rate per SNP >.10, minor allele frequency <.01, and Hardy-Weinberg
equilibrium p<le-6.

Polygenic risk scores were calculated by using PLINK'' and the "--score"
command on the SNP-level summary statistics from a GWAS meta-analysis of RA’.
Specifically, the summary statistics for the European Caucasian sample (14,361 RA
cases and 43,923 controls) were used. Notably, as the reported effect sizes were
odds ratios, they were log transformed prior to calculations. For each SNP the
number of the alleles (0, 1, or 2) associated with RA was multiplied by the effect
estimated in the GWAS. A polygenic risk score for each individual was an average of
weighted RA-associated alleles. All matched SNPs were used regardless of effect size
and significance in the original GWAS as previously recommended and shown to be

13,14

effective Consequently, 441,939 SNPs were included in the calculation of the

polygenic score. The approach described here for the calculation of the polygenic

. . . 15,16,1
score was successfully used in previous studies e.g., ™%’

Structural MRI
Data were collected at the Duke-UNC Brain Imaging and Analysis Center using one of

two identical research-dedicated GE MR750 3T scanners (General Electric
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Healthcare, Little Chalfont, United Kingdom) equipped with high-power high-duty
cycle 50-mT/m gradients at 200 T/m/s slew rate, and an eight-channel head coil for
parallel imaging at high bandwidth up to 1 MHz. T1l-weighted images were obtained
using a 3D Ax FSPGR BRAVO with the following parameters: TR = 8.148 ms; TE = 3.22
ms; 162 axial slices; flip angle, 12°; FOV, 240 mm; matrix =256x256; slice thickness =
1 mm with no gap; and total scan time =4 min and 13 s.

To generate regional measures of brain volume, anatomical images for each

subject were first skull-stripped using ANTs™, then submitted to Freesurfer's

0

4

(Version 5.3) recon-all with the “-noskullstrip” option'®?°, using an x86_64 linux
cluster running Scientific Linux. The gray and white matter boundaries determined
by recon-all were \visually inspected using FreeSurfer QA Tools
(https://surfer.nmr.mgh.harvard.edu/fswiki/QATools) and determined to be
sufficiently accurate for all subjects. Volume measures for the caudate nucleus,
nucleus accumbens, and putamen from each participant’s aseg.stats file were
averaged across hemispheres and then summed to create a total striatal volume

variable. Estimated Total Intracranial Volume (eTIV) was used to quantify intracranial

volume (ICV).

Statistical Analyses

Mplus version 7° was used to conduct linear regression analyses with the following
covariates: participants' sex (coded as O=males, 1=females), age (in the DNS 18-22
years were coded as 1-5), genetic ethnicity components, SES, and intracranial
volume (when striatal volume was the dependent variable). The RA polygenic risk

score, intracranial volume, and striatal volume were standardized to improve
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interpretability. Maximum likelihood estimation with robust standard errors, which
is robust to non-normality, was used in the regression analyses. Standardized results

are presented.
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Figure 1. GWAS-derived rheumatoid arthritis polygenic risk scores are positively
correlated with striatal volume in healthy young adults.

Striatal volume (residualized)

-3
Rheumatoid arthritis polygenic score

Note. Striatal volume was regressed on sex, age, ethnicity, socioeconomic status, and
intracranial volume and saved as standardized residuals to depict the regression
described in the text. The rheumatoid arthritis polygenic scores were standardized.
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