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Abstract

Background: To examine whether lower neighborhood-level and individual-level indicators of
socioeconomic status (SES) are associated with subsequently worse neurological disability in
people with MS (pwMS).

Methods: In a multi-center study using prospectively collected data from discovery cohorts
(University of Pittsburgh, N=1316) and replication cohorts (Columbia University, N=488), we
calculated a neighborhood SES indicator, area deprivation index (ADI), based on participants’
residence at enrollment, and we derived an individual SES indicator based on participants’
household income. Patient-reported neurological outcomes included the Multiple Sclerosis Rating
Scale-Revised (MSRS-R), Patient-Determined Disease Steps (PDDS), and Patient-Reported
Outcomes Measurement Information System (PROMIS) Physical Function scores from 2018

to 2020. We performed covariate-adjusted regression analyses in each cohort and then random-
effects meta-analyses.

Results: Higher ADI (lower SES) in 2015 was associated with subsequently worse
neurological outcomes during 2018-2020 (discovery: MSRS-R, $=0.62, 95%CI [0.36,0.89],
p<0.001; PDDS, p=0.11, 95%CI [0.02,0.20], p=0.02 | replication: MSRS-R, f=0.46, 95%ClI
[0.21,0.72], p<0.001; PDDS, p=0.12, 95%ClI [0.03,0.21], p=0.009, PROMIS, B=-0.60, 95%ClI
[-1.12,-0.08], p=0.025). Lower neighborhood percent with college education (MSRS-R,
B=-7.31, 95%CI [-8.99,-5.64], p<0.001; PDDS, p=-1.62, 95%CI [-2.20,-1.05], p<0.001;
PROMIS, p=9.31, 95%CI [5.73,12.89], p<0.001), neighborhood median household income
(MSRS-R, p=-3.80e-05, 95%CI [-5.05e-05,-2.56e-05], p<0.001; PDDS, p=-8.58e-06, 95%Cl
[-1.28e-05,-4.32e-06], p<0.001; PROMIS, p=2.55e-05, 95%CI [5.96e-07,5.05e-05], p=0.045),
and neighborhood median home value (MSRS-R, p=-6.50e-06, 95%CI [-8.16e-06,—4.84e-06],
p<0.001; PDDS, p=-1.54e-06, 95%CI [-2.11e-06,-9.65e-07], p<0.001; PROMIS, p=4.98e-06,
95%CI [1.81e-06,8.14e-06], p=0.002) drove the association between higher ADI and subsequently
worse neurological disability (in joint analyses). Neighborhood percent of population with
Medicaid (but not private insurance) significantly mediated the observed covariate-adjusted
associations. Higher individual-level household income bracket was associated with better
neurological outcomes (MSRS-R: R=-0.39, p<0.001; PDDS: R=-0.35, p<0.001; PROMIS:
R=0.37, p<0.001), independent of ADI.

Conclusions: Lower neighborhood SES is associated with subsequently worse neurological
outcomes in pwMS. Future testing of targeted intervention through public policies that improve
SES are warranted.

Keywords

multiple sclerosis; socioeconomic status; area deprivation index; insurance; disability;
neurological outcome
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Introduction

Socioeconomic status (SES) is complex but a key determinant of health outcomes
(Mackenbach et al., 2008). SES is a dynamic measure influenced by politics, geography,
and other temporal changes over a person’s lifetime. As healthcare moves towards a more
equitable and patient-centered approach, it is crucial to gain a nuanced understanding of the
impact of SES on health outcomes.

This need is particularly urgent in chronic neurological diseases such as multiple sclerosis
(MS) given their disproportionally high socioeconomic burden (Fattore et al., 2012; Hartung,
2021; Jennum et al., 2012) and modifiable disease course (Giovannoni, 2018; Goldschmidt
and McGinley, 2020). Low SES or proxy measures of SES in people with MS (pwMS)

is associated with increased risk of MS (Bjgrnevik et al., 2016a; Briggs et al., 2015,

2014; Dobson et al., 2020), worsening disability (Briggs et al., 2019; Calocer et al.,

2020; D’hooghe et al., 2016; Harding et al., 2019), decreased access to neurological care
(Contentti et al., 2019; Minden et al., 2008; Moss et al., 2020; Roddam et al., 2019), and
lower quality of life (Boogar et al., 2018; Wang et al., 2020).

Few prior studies have examined the temporal association between SES, both at
neighborhood and individual level, and subsequent neurological and physical function
following MS diagnosis using multiple distinct clinically relevant patient-reported outcomes
(PROs). PROs provide real-world evidence of neurological function. In this study, we
assessed whether low SES was associated with subsequent accumulation of neurological and
physical disability in pwMS, leveraging multiple cohorts at the neighborhood and individual
level and using three distinct PROs that assess multiple domains of MS disability. We
hypothesize that lower SES led to subsequently worse PROs of neurological and physical
function in pwMS.

2.0 Methods
2.1 Study Design and Participants

The study inclusion criteria were adults 18 years or older with a neurologist-confirmed

MS diagnosis. This study included 1,316 pwMS for the discovery analysis and 488 pwMS
for replication (Figure 1). Discovery cohorts included: (1) the Prospective Investigation of
Multiple Sclerosis in the Three Rivers Region (PROMOTE) study, a clinic-based MS cohort
at the University of Pittsburgh Medical Center (UPMC) that began enrollment in January
2017 (NCT02994121) (Epstein et al., 2022; Kever et al., 2022; Levin et al., 2021, 2020;
Levit et al., 2022; Mani et al., 2021); (2) the Pittsburgh COVID-19 and MS population study,
an online survey study that began enrollment in April 2020 (Epstein et al., 2022; Kever et
al., 2022; Levin et al., 2021, 2020; Levit et al., 2022; Mani et al., 2021). Replication cohorts
included: (1) the Columbia University Irving Medical Center (CUIMC) MS genetics study,
a clinic-based cohort that began enrollment in April 2018; (2) The CUIMC COVID-19 and
MS population study, an online survey study that began enrollment in April 2020 (Epstein et
al., 2022; Kever et al., 2022; Levin et al., 2021, 2020; Levit et al., 2022; Mani et al., 2021);
(3) the Genes and Environment in Multiple Sclerosis (GEMS) study of people with first-
degree family history of MS that began enrollment in July 2010 (NCT01353547) (Dhand
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etal., 2018; Xia et al., 2017, 2016). We reported detailed eligibility criteria for each source
study in eTable 1. Data freeze occurred at the end of July 2020 for all cohorts. We acquired
data through questionnaires and electronic health records data review. Questionnaires were
deployed using the Research Electronic Data Capture (REDCap), an institution-approved,
confidentiality-preserving, and secure web platform.

2.2 Standard Protocol Approvals, Registrations, and Patient Consents

The institutional review boards of University of Pittsburgh (19080007) and CUIMC
(AAARA4456) approved the study protocols. All participants provided written informed
consent.

2.3 Neighborhood and Individual Indicators of Socioeconomic Status (SES)

Using the zip codes of the home residence of each participant at enrollment to query

the American Community Survey SES datasets from 2011 to 2015 (abbreviated as 2015),
we derived components of the neighborhood SES to calculate the area deprivation index
(ADI). ADI for each participant represents the whole population of his or her home zip
code. We excluded 8.5% of participants in discovery cohorts and 6.8% of participants in
replication cohorts who reported zip code changes during the study duration. ADI is a well-
accepted measure of SES, e.g., used by the United States Department of Health and Human
Services for Medicare population analyses (Singh, 2003). To calculate ADI, we performed
principal component (PC) analysis of seven zip code-level variables (percent unemployed,
percent below United States poverty line, median household income, median home value,
percent with no high school education, percent with college education, and percent living in
households with more than one person per room), and computed the first PC score as the
ADI for each zip code to indicate its neighborhood SES (Lakhani et al., 2019). Higher ADI
indicated lower SES in a participant’s neighborhood zip code. We deployed a structured
questionnaire from our prior studies (Dhand et al., 2018; Levin et al., 2020) in 2020 to
obtain individual household income brackets to indicate the individual-level SES. Individual
household income bracket data were available in a subgroup of the discovery (N=238, 18%)
and replication (N=148, 30%) cohorts.

2.4 Patient Reported Outcomes

We assessed neurological and physical function using three clinically relevant, interrelated
but distinct patient-reported outcomes (PROs): one general and two MS-specific. First,

the National Institute of Health Patient-Reported Outcomes Measurement Information
System (PROMIS) Physical Function (version 1.2) quantifies the general physical function.
Nationally validated, PROMIS is a computer adaptive test to measure patient-reported health
in patients across health and diseases (Cella et al., 2010), including MS (Senders et al.,
2014). This measure is reported as a T-score and a standard deviation, with higher scores
indicating better physical function or lower physical disability. The general US population
has a normal distribution with a mean T-score of 50 and a standard deviation of 10. Second,
the MS symptom burden using the Multiple Sclerosis Rating Scale-Revised (MSRS-R)
measures the global neurological symptom burden, including eight neurological domains
(walking, upper limb function, vision, speech, swallowing, cognition, sensory, bladder and
bowel function; each domain scored as 0 to 4, with 0 indicating absent symptom and
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4 indicating severe disability). MSRS-R correlates with clinical measures of neurological
disability and is validated for pwMS (Bove et al., 2013; Wicks et al., 2012). Finally, Patient
Determined Disease Steps (PDDS) evaluate gait impairment, on an ordinal scale from 0

to 8, with 0 indicating no gait impairment and 8 representing bed-bound status. PDDS
approximates the rater-performed metrics of neurological function such as the Extended
Disability Status Scale (Learmonth et al., 2013). We also dichotomized PDDS according

to the requirement for full-time ambulatory assistance (=4 versus <4). While MSRS-R

and PDDS correlate well, the former includes more granular subscales of neurological
symptoms, and the latter better defines gait function (Wicks et al., 2012). Participants may
have multiple reports of PRO per year. For quality control to address clinically implausible
fluctuations in PRO responses, we calculated the mean scores for each year (2018, 2019,
2020) and removed outlier PRO values that were at least 0.75 interquartile range above or
below the mean. For each PRO, we then calculated the median scores for each year for each
participant for downstream analyses.

2.5 Covariates

In all analyses, we accounted for the following confounding variables that may influence
PROs: age of the latest PRO (for each measure), age of the first neurological symptom
onset, disease duration, race and ethnicity, and disease modifying therapy (DMT) type.
Disease duration was the year elapsed between age of the first neurological symptom
onset and the age of the latest PRO response. Race and ethnicity were analyzed as a
combined dichotomized race-ethnicity variable as Non-Hispanic White versus otherwise
due to the size and distribution of the study population. The dichotomization was required
as the small size of racial and ethnic groups did not make meaningful differences when
adjusted as individual groups. DMTs were categorized as standard-efficacy (glatiramer
acetate, interferon-beta, S1P receptor modulators such as fingolimod / siponimod, fumarates
such as dimethyl fumarate, teriflunomide), higher-efficacy (B-cell depleting agents such as
rituximab or ocrelizumab, natalizumab) or none (McGinley et al., 2021). When assessing
the association between neighborhood health insurance coverage and between individual
household income with PROs, we additionally adjusted for ADI in 2015.

2.6 Statistical Analyses

To assess the demographic and clinical characteristics between the discovery and replication
cohorts, we used paired t-tests for comparing continuous variables and chi-squared tests for
comparing dichotomous or categorical variables.

To assess the association between SES (ADI and its components) and PROs, we performed
both Pearson correlations and covariate-adjusted regressions independently in discovery and
replication cohorts. We then conducted random-effects meta-analyses to assess effect size
distributions across cohorts. For assessing the association between SES and subsequent
PROs, we also performed joint analyses, combining the discovery and replication cohorts.
We used covariate-adjusted mediation analyses to examine whether the contribution of
neighborhood-level insurance coverage mediates the associations between ADI and PROs
(Bolin, 2014). To correct for multiple testing, the threshold for significance was p=0.05
divided by the number of independent tests for each covariate-adjusted regression model.

Mult Scler Relat Disord. Author manuscript; available in PMC 2022 September 06.
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All statistical analyses were performed in the R programming environment (Team, 2021)
except for the mediation analyses, which were performed using IBM SPSS 28.1 with
PROCESS 4.0.

2.7 Data and Code Availability Statement

Code for analysis and figure generation is available at <https://github.com/kaboorgu/
SESvsMS>. Anonymous data that support the findings of this study are available upon
request to the corresponding author.

3.0 Results

3.1 Patient Characteristics

Discovery cohorts (n=1,316) and replication cohorts (n=488) shared similar proportions
of women (Table 1). Compared to replication cohorts, participants in discovery cohorts
were older at neurological symptom onset and at MS diagnosis, were less diverse in race
and ethnicity, were more likely untreated, and had longer disease duration and greater
self-reported disability.

3.2 Association between ADI and Subsequent Patient Outcomes

We first examined the relationship between neighborhood SES (/.e., computed as ADI

based on the zip code of a participant’s home residence) in 2015 and subsequent self-
reported neurological outcomes (/.e., the participant’s median PRO scores from the latest
measured year between 2018 and 2020). In our dataset, higher ADI correlated with lower
neighborhood median household income, indicating lower SES (R=-0.93, p<0.001) (eFigure
1). In Pearson correlation analyses, higher ADI in 2015 was significantly associated with
subsequently greater global MS symptom burden (/.e., the total MSRS-R score) in both
discovery (R=0.11, p<0.001) and replication cohorts (R=0.19, p<0.001) (Figure 2). In
covariate-adjusted regression analyses, we not only confirmed the association between ADI
and subsequently greater global MS symptom burden (MSRS-R) in both cohorts (discovery:
=0.62, 95%CI [0.36, 0.89], p<0.001; replication: p=0.46, 95%CI [0.21, 0.72], p<0.001),
but also found that higher ADI in 2015 was significantly associated with subsequently
greater gait impairment (based on the PDDS score) (discovery: $=0.11, 95%ClI [0.02,

0.20], p=0.02; replication: $=0.12, 95%CI [0.03, 0.21], p=0.009) (Table 2, eTable 2). It is
reassuring to observe the same direction and similar magnitude of association with PROs
when using the neighborhood SES data from a later time frame (7.e., 2014-2018) for
participants whose residential addresses stayed the same during the study duration (eTable
3). In random-effects meta-analyses of the standardized { coefficients from the covariate-
adjusted regression analyses of the discovery and replication data, higher ADI in 2015

was significantly and consistently associated with the subsequent scores of all three PROs:
greater MS symptom burden (MSRS-R: Breta=0.54, 95%CI [0.36, 0.72], p<0.0001), greater
gait impairment (PDDS: Preta=0.11, 95%CI [0.05, 0.18], p=0.0005) and worse physical
function (PROMIS: Bmeta=—0.55, 95%CI [-0.94, —0.16], p=0.00058) (Figure 3).

Mult Scler Relat Disord. Author manuscript; available in PMC 2022 September 06.
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3.3 Association between ADI Components and Subsequent Patient Outcomes

To better understand the driving factors of the observed associations between ADI and
subsequent PROs, we next examined the role of the seven component factors that together
form the ADI (eTables 4 — 10). We performed Pearson correlation analysis on the joint
cohorts since both cohorts showed the same directions and comparable effect sizes when we
examined the association between ADI and PROs. Three ADI component factors in 2015
consistently showed significant associations with subsequent scores from the latest measured
year between 2018 and 2020 for all three PROs (Figure 4). Specifically, a lower percentage
of the neighborhood population with college education (MSRS-R: R=-0.2, p<0.0001;
PDDS: R=-0.12, p<0.0001; PROMIS: R=0.13 p<0.0001), lower neighborhood median
household income (MSRS-R: R=-0.17, p<0.0001; PDDS: R=-0.1, p<0.0001; PROMIS:
R=0.09 p=0.0048), and lower neighborhood median home value (MSRS-R: R=-0.21,
p<0.0001; PDDS: R=-0.15, p<0.0001; PROMIS: R=0.12 p<0.0001) were associated with
subsequently worse scores for all three PROs. The observed relationships largely persisted
after adjusting for covariates in regression analyses (neighborhood percent with college
education: MSRS-R, p=-7.31, 95%CI [-8.99,-5.64], p<0.001; PDDS, p=-1.62, 95%ClI
[-2.20,-1.05], p<0.001; PROMIS, p=9.31, 95%CI [5.73,12.89], p<0.001 | neighborhood
median household income: MSRS-R, B=-3.80e-05, 95%CI [-5.05e-05,-2.56e-05], p<0.001;
PDDS, p=-8.58e-06, 95%CI [-1.28e-05,-4.32e-06], p<0.001 | neighborhood median

home value | MSRS-R, p=-6.50e-06, 95%CI [-8.16e-06,—-4.84e-06], p<0.001; PDDS,
B=-1.54e-06, 95%ClI [-2.11e-06,-9.65e-07], p<0.001; PROMIS, p=4.98e-06, 95%CI
[1.81e-06, 8.14e-06], p=0.002) (Table 3, eTables 3 — 5). However, the association

between median household income and PROMIS (p=2.55e-05, 95%ClI [5.96e-07,5.05e-05],
p=0.045) did not meet the significance threshold for multiple testing. Interestingly, a lower
percentage of the neighborhood population living in crowded households was associated
with subsequently worse global symptom burden (MSRS-R: R=-0.083 p=0.00052) and
greater gait impairment (PDDS: R=-0.09, p=0.00018) (eFigure 2), but only the association
with MSRS-R persisted after covariate adjustment (3=—16.83, 95%CI [-28.78, —4.89],
p=0.006) (eTable 7).

3.4 Association between Insurance Coverage and Subsequent Patient Outcomes

Healthcare access mediates health outcomes across a variety of diseases, including MS
(Briggs et al., 2019; Contentti et al., 2019). However, ADI does not consider healthcare
access such as insurance coverage. Using neighborhood percent of population with private
or Medicaid insurance, we examined the role of neighborhood-level healthcare access.
Specifically, we examined the association between percent of population with private
insurance and percent of population with Medicaid insurance in the participants’ residential
neighborhood and their subsequent PROs in joint cohort analysis. Medicaid is a federal and
state insurance program for economically disadvantaged individuals in the United States.
In Pearson correlation analyses, higher neighborhood percent of population with private
insurance in 2015 was associated with subsequently lower global MS symptom burden in
pwMS (MSRS-R, R=-0.12, p<0.001), whereas higher neighborhood percent of population
with Medicaid in 2015 was associated with a subsequently higher global MS symptom
burden (MSRS-R, R=0.056, p=0.02) (eFigure 3). Covariate-adjusted regression analyses
that additionally accounted for ADI in 2015 found no significant association between
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neighborhood percent of population with private insurance and any of the subsequent PROs
(eTable 11). In contrast, covariate-adjusted regression analyses that additionally accounted
for ADI showed significant association between higher neighborhood percent of population
with Medicaid insurance in 2015 and subsequently /ower global MS symptom burden in
pwMS (MSRS-R: p=-9.53, 95%CI [-15.39, —3.67], p=0.001) and /ower gait impairment
(PDDS: p=-2.37, 95%CI [-4.38, —0.36], p=0.021) (eTable 12).

To examine the interaction among neighborhood-level insurance coverage, ADI, and PROs,
we performed covariate-adjusted mediation analyses (eFigure 4). When neighborhood
percent of population with Medicaid insurance was included as a mediator, the association
between ADI and MSRS-R (Indirect effect=—0.30, SE=.10, 95%ClI [-.50, —0.11]) and the
association between ADI and PDDS (Indirect effect=-0.07, SE=0.03, 95%CI [-0.13,-0.00])
but not the association between ADI and PROMIS (Indirect effect=0.17, SE=0.21,

95%CI [-0.24,0.58]) were significantly modified (Table 4). These findings suggest that
neighborhood percent of population with Medicaid insurance mediates the association
between ADI with global MS symptom burden and with gait function in pwMS. On the
other hand, neighborhood percent of population with private insurance did not significantly
mediate the association between ADI and any of the PROs.

3.5 Association between Individual Household Income and Patient Outcomes

Given that the neighborhood median household income was a key component of the

ADI (eFigure 1), we finally examined the /individual household income in a subgroup
analysis. Specifically, we obtained individual household income brackets and PROs based on
participants’ response to a single questionnaire deployed in 2020. In an ordinal regression,
lower individual household income bracket was associated with greater MS symptom burden
(MSRS-R, R=-0.39, p<0.001), worse gait impairment (PDDS, R=-0.35, p<0.001), and
worse physical function (PROMIS, R=0.37, p<0.001) (eFigure 5). In covariate-adjusted
regression analyses that additionally accounted for ADI, we confirmed the association
between individual household income bracket and PROs (MSRS-R, p=-0.74, 95% CI
[-0.94, —0.54], p<0.001; PDDS, p=-0.24, 95% CI [-0.32, —0.17], p<0.001; PROMIS,
B=1.32,95% CI [0.92, 1.72], p<0.001) as independent of neighborhood SES (Table 4,
eTable 13).

4.0 Discussion

In this study of 1,804 adults with MS, lower SES at neighborhood level (/.e., high ADI) was
associated with subsequently worse neurological outcomes and greater physical disability.
The findings were replicated across clinically and demographically distinct cohorts, and
further corroborated at the individual level, with findings consistent across three separate
though interrelated, clinically relevant, and validated patient-reported outcomes in pwMS.
Notably, we identified potential drivers and mediators of the associations between SES and
MS outcomes as potential hypotheses for testing targeted interventions in the future.

Growing evidence implicates SES in influencing the course of chronic diseases (Minkler
et al., 2006), including autoimmune diseases such as MS. However, there are conflicting
findings in the MS literature (Goulden et al., 2015; Magyari, 2015; Wéndell et al., 2020)
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with some reports of lack of association (Berg-Hansen and Celius, 2015; Goulden et al.,
2016, 2015; Wandell et al., 2020). Many prior studies used individual components of SES
rather than a composite indicator such as ADI (Bjgrnevik et al., 2016a, 2016b; Briggs

etal., 2015, 2019; D’hooghe et al., 2016; Goulden et al., 2016). Further, most studies
assessed the risk of developing MS (Berg-Hansen and Celius, 2015; Bjgrnevik et al., 2016a,
2016b; Briggs et al., 2015, 2014; Dobson et al., 2020; Goulden et al., 2015; Nielsen et

al., 2013; Wandell et al., 2020), while others did not directly assess neurological function
(Minden et al., 2008; Reyes et al., 2020; Wang et al., 2020). Few studies have examined the
temporal association between a composite measure of SES and subsequent MS outcomes
using clinically relevant PROs of neurological and physical dysfunction, particularly within
the context of the socioeconomic and healthcare environment in the United States (Briggs et
al., 2019).

Our study used ADI as a composite indicator of neighborhood SES based on the zip

code of a participant’s home residence, with higher ADI indicating lower neighborhood
SES. ADI accounts for multiple factors beyond household income: e.g., employment, living
conditions (/.e., crowded household) and education level (Lakhani et al., 2019). In this study,
we found that several individual components of ADI demonstrated consistently significant
associations with subsequent PROs. Specifically, lower percentage of the neighborhood
population with college education, lower neighborhood median household income, and
lower neighborhood median home value might drive the observed association between
lower neighborhood SES (/.e., high ADI) and subsequently worse PROs. Neighborhood
household income and home values are well-known drivers of SES. Level of education

has been used as an indicator for SES (Shavers, 2007), though the prior literature in MS
has been conflicting. While some studies reported no association between education and
MS (Goulden et al., 2015; Magyari, 2015), others reported higher (Bjgrnevik et al., 2016a,
2016b; D’hooghe et al., 2016; Riise et al., 2011) or lower (Bjgrnevik et al., 2016a, 2016b;
Kurtzke and Page, 1997) levels of education in association with higher risk and/or disability
progression in MS. Our study showed that higher neighborhood percent of population

with college education was associated with better MS outcomes (for all three PROSs), after
accounting for confounders. Interestingly, higher neighborhood percent living in crowded
households was associated with one of the three PROs (/.e., MSRS-R), a finding which
could be attributable to protective social network factors (Levin et al., 2020; Yamout et

al., 2013). Future investigations of crowded households in the context of social support

are warranted. On the other hand, other components of the ADI such as neighborhood
percent of unemployed, below poverty, or without high school education did not seem to be
contributory. Taken together, we identified potential neighborhood SES component factors
for future testing of targeted public policy interventions to improve neurological outcomes.

Beyond ADI, health insurance coverage could influence health outcomes across many
diseases (Barker and Li, 2020; Diessner et al., 2020; Ghazi et al., 2021; Levy and

Meltzer, 2008), including MS (Briggs et al., 2019; Contentti et al., 2019). Better insurance
coverage likely represents wider access to healthcare, including preventative or specialty
care (Levy and Meltzer, 2008). In our study, higher percent of neighborhood population with
Medicaid insurance was associated with subsequently worse neurological outcomes (global
symptom burden, gait impairment) in pwMS independent of ADI. In contrast, percent of
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neighborhood population with private insurance was not associated with PROs. Interestingly,
percent of neighborhood population with Medicaid (but not percent of neighborhood
population with private insurance) significantly mediated the observed covariate-adjusted
associations between ADI and global MS symptom burden (MSRS-R) and between ADI
and gait function (PDDS). Taken together, these findings suggest that broadly improving
healthcare access might improve outcomes of pwMS living in economically disadvantaged
communities. This interpretation requires some nuance. Most of our study participants
received MS care at academic centers. It is likely that insurance coverage through Medicaid
reflects a more limited extent of healthcare access since Medicaid often provides lesser
coverage than private insurance. Future studies evaluating the role of health insurance at the
individual level could validate the findings.

The study has several strengths. First, we validated the findings in multi-center, clinically
and demographically distinct cohorts, increasing the generalizability of the findings to the
MS population in the United States. Second, in analyzing the associations between SES

and subsequent clinical outcomes of MS, we adjusted for potentially critical confounding
covariates, including age of the latest PRO, age of the first neurological symptom onset,
disease duration, race and ethnicity, and DMT type. Prior studies accounted for a smaller set
of confounders (Calocer et al., 2020; Harding et al., 2019). Third, analysis of components
of ADI enabled identification of key drivers of the association between SES and MS
outcomes, generating hypothesis for future interventional studies. Fourth, we corroborated
the neighborhood findings at the individual household income level. Finally, our study is
unique in utilizing three clinically relevant, interrelated but distinct outcomes that broadly
assessed multiple dimensions of neurological and physical function in pwMS. Prior studies
of SES on MS progression primarily evaluated one single clinical outcome (Calocer et al.,
2020; Crielaard et al., 2019; D’hooghe et al., 2016; Harding et al., 2019). The consistency in
the association between SES and subsequent MS outcomes across all three PROs provided
important real-world reassurance and enhanced the clinical interpretation of our findings.

This study also has limitations. First, we should interpret the findings as association rather
than causation despite the temporal analysis given the observational study design. In the
future, longitudinal prospective or interventional study design will help establish causality.
Second, study outcomes are subjective assessments, though these clinically relevant PROs,
which have all been validated against objective exams by clinician-raters, provide crucial
real-world evidence of an individual’s neurological function (Bove et al., 2013; Cella et al.,
2010; Learmonth et al., 2013; Senders et al., 2014; Wicks et al., 2012). Third, while we
were able to examine the relatively long-term impact of neighborhood SES on subsequent
neurological outcomes in pwMS, the study lacked the data or power to formally examine
the impact of changing neighborhood SES due to relocation on subsequent PROs. Low
SES is associated with high residential mobility (i.e., high frequency of relocation) (Clark,
2018). Participants in this study lived in their reported home addresses for an average

of 14.05 years, while we excluded participants who moved during the study period as a
trade-off to avoid potential confounding biases for which we could not accurately account
(e.g., decreased participant engagement after relocation). Future studies with larger sample
size and regular updates of residential address over longer timeframes may inform how
residential mobility may mediate changes in SES and subsequent neurological outcomes in
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pwMS. Finally, while the study population is large and diverse with respect to clinical and
demographic features, the sample size does not permit a well-powered subgroup analysis,
e.g., comparing among race and ethnic subgroups (Gray-Roncal et al., 2021). Future studies
with higher proportions of participants from diverse racial and ethnic backgrounds could
help dissect whether social constructs (e.g., systemic racism) mediates the interactions
between socioeconomic factors and MS outcomes. Also, future studies examining the
differences among rural, suburban, and urban environments with respect to the association
between SES and health outcomes in pwMS are warranted.

In summary, our study highlights SES as a potentially modifiable social environmental
factor that could improve patient outcomes in pwMS. It will be critical to establish the
causality in future prospective observational studies and possibly through interventional
clinical trials based on hypotheses generated from this study. This study and future analyses
could provide key evidence to guide public policy that impacts people with chronic
neurological disorders such as MS.
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Figure 1. Overview of the Study Cohorts and Design.
American Community Survey data from 2011-2015 (referred as 2015) provided

neighborhood socioeconomic status as the exposure. Patient-reported outcomes (MSRS-

R, PDDS, PROMIS-physical function) surveyed during the most recent year between

2018 and 2020 provided the clinically relevant neurological and physical functional
assessment. CUI/MC, Columbia University Irving Medical Center. PROMOTE, Prospective
Investigation of Multiple Sclerosis in the Three Rivers Region. This figure was created with
BioRender.com.
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Figure 2. Pearson correlation between area deprivation index in 2015 and subsequent patient-
reported outcomes (PROS).

PROs included MSRS-R median score, PROMIS-physical function median T-scores, and
proportion of people with PDDS median score dichotomized according to full-time
requirement for ambulation assistance versus otherwise (PDDS=4 versus <4), all from the
latest year between 2018 and 2020.
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Figure 3. Forest plots and meta-analysis of the covariate-adjusted regression analyses.
Area deprivation index in 2015 was the exposure for the median scores of the patient-

reported outcomes of neurological and physical function from the latest year between

2018 and 2020. Higher scores of MS symptom burden (MSRS-R), higher scores of gait
impairment (PDDS) and lower T-scores of PROMIS-physical function indicated greater
neurological and/or physical disability. Each square was the standardized g coefficient, and
each line was the 95% confidence interval (95%-Cl). The diamond represented the meta-
analyzed B coefficient and 95% CI in a random-effects meta-analysis of the two cohorts.
Higher ADI was associated with subsequently greater MSRS-R and PDDS. The significance
threshold for multiple testing was p=0.0167.

Mult Scler Relat Disord. Author manuscript; available in PMC 2022 September 06.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Boorgu et al.

A

MSRS-R Median Score of Latest Year MSRS-R Median Score of Latest Year

MSRS-R Median Score of Latest Year

R=-0.17,p=19e-12 B

PDDS Median Score of Latest Year

100000 150000 200000
Median Household Income in 2015

R=-021,p<22e-16 E

PDDS Median Score of Latest Year

500000 1000000 1500000
Median Home Value in 2015

R=-02,p<22e-16 H

PDDS Median Score of Latest Year

025 050
Percent With College Education in 2015

R=-0.1,p=26e-05 C

100000 150000 200000
Median Household Income in 2015

R=-0.15,p=16e-10 F

500 000000 1500000

000 1
Median Home Value in 2015

R=-0.12,p=12e-06 |

025 050
Percent With College Education in 2015

PROMIS Median T-Score of Latest Year

PROMIS Median T-Score of Latest Year

PROMIS Median T-Score of Latest Year

Page 19

R=0.085, p=0.0048

200000

R=0.12,p=4.5e-05

500000 1000000 1500000
Median Home Value in 2015

© "iR=013,p=12e05

025 050 07
Percent With College Education in 2015

Figure 4. Pearson correlation between the driving components of the area deprivation index
(ADI) and subsequent patient-reported outcomes (PROSs) of neurological and physical function.

The significant ADI components in 2015 included neighborhood median household income
(A-C), neighborhood median home value (D-F), and neighborhood percent with college
education (G-I) within the zip code of a participant’s residential address. The PROs included
the median scores of MSRS-R, PDDS, and PROMIS-physical function from the latest year

between 2018 and 2020.
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Table 1.

Participant characteristics

Sex [N (%)]
Female
Male
Other

Age‘Z [Mean Years (SD)]
Race [N (%)]
Black or African American
Native American, Alaska Native or Native Hawaiian
Asian
White
Multi-Racial
Other
Ethnicity
Hispanic or Latino

Not Hispanic or Latino

Not Sure
Age of First Symptom Onset [Mean Years (SD)]
Age of MS Diagnosis [Mean Years (SD)]
Disease Durati0n3 [Mean Years (SD)]
Type of DMT [N (%)]
High Efficacy
Standard Efficacy
None
Duration on Current DMT [N (%)]
<6 Months

6 Months to 5 Years
>5 Years

MSRS-R Composite Score [N, Median, (minimum, maximum)]

PDDS [N, Median, (minimum, maximum)]

Ambulation Assistance Required [N (%)]
No Ambulation Assistance Required [N (%)]

PROMIS Physical Function T-Score [N, Median, (minimum, maximum)]

Discovery Cohorts
N = 1316

951 (72.3)
364 (27.7)
1(0.0)

51.3 (12.7)

100 (7.6)
1(0.1)

13 (1.0)
1199 (91.2)
0(0.0)
2(0.2)

17 (1.3)
1303 (98.3)
6 (0.5)
32.9 (10.7)
36.9 (10.9)
14,5 (10.4)

408 (31.4)
641 (49.3)
252 (19.4)

150 (12.0)
668 (53.4)
433 (34.6)

1272,
8.5 (0.0, 30.0)

1258,
2.0 (0.0,9.0)

394 (31.3%)
864 (68.7%)

667,
433 (15.4,73.3)

Replication Cohorts
N =488

P-Value2
0.206
372 (76.2)

116 (23.8)

47.3 (11.6) <0.001

<0.001
34(7.0)
4(0.8)
6(1.2)
402 (83.1)
11(2.3)
27 (5.6)

<0.001
46 (9.5)
438 (90.3)
1(02)
31.6 (11.2) 0.017
34.9 (10.5) 0.001
12.4 (8.6) <0.001

<0.001
140 (32.5)
258 (59.9)
33(7.7)
<0.001
27 (5.9)
304 (66.5)
126 (27.6)

488,
5.0 (0.0, 24.0)

482,
1.0(0.0,9.0)

79 (16.4%)
403 (83.6%)

434,
47.4(15.4,73.3)

Note:

1 ... . .
Participant’s age at the time of latest survey response for any of the three patient-reported outcomes.

P-value calculated from paired t-test for continuous variables and chi-squared test for dichotomous or categorical variables.
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3’Disease duration is the time interval between age of the first MS-related symptom onset and age of the latest measured patient reported outcome.
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Table 2.

Covariate-adjusted regression analysis using area deprivation index in 2015 as the exposure and the median
scores of patient-reported outcomes of neurological and physical function from the latest year between 2018
and 2020.

Discovery Cohorts Replication Cohorts
Estimate ! 95% Cl 2 P-Value 8 N 4 Estimate 1 95% ClI 2 P-Value 3 N 4
MSRS-R 0.62 0.36,0.89 <0.001 1248 0.46 0.21,0.72 <0.001 421
PDDS 0.11 0.02,0.20 0.020 1234 0.12 0.03,0.21 0.009 416
PROMIS -0.49 -1.08,0.10 0.106 645 -0.60 -1.12, -0.08 0.025 378

Beta-coefficient from regression analysis adjusting for covariates as described in the Methods.
2 ] .
95% confidence intervals

The threshold for significance for each covariate-adjusted regression model with three separate outcomes was p=0.0167 after correction for
multiple testing (in either discovery cohorts or in replication cohorts).

4. . . . .
N, the number of observations for each covariate-adjusted regression model.
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Table 3.
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Covariate-adjusted regression analysis of individual driving components of the area deprivation index (ADI) in
2015 as the exposure and median scores of patient-reported outcomes of neurological function from the latest
year between 2018 and 2020 from the joint cohorts.

Estimate1 95% CI2 P-Value3 N4

MSRS-R | -3.80e-05 | -5.05e-05, —2.56e-05 <0.001 1665

Neighborhood Median Household Income PDDS -8.58e-06 | —1.28e-05, -4.32e-06 <0.001 1646
PROMIS 2.55e-05 5.96e-07, 5.05e-05 0.044 1020

MSRS-R | -6.50e-06 | -8.16e-06, —4.84e-06 <0.001 1666

Neighborhood Median Home Value PDDS -1.54e-06 | —2.11e-06, —9.65e-07 <0.001 1647
PROMIS 4.98e-06 1.81e-06, 8.14e-06 0.00209 1021

MSRS-R -7.31 -8.99, -5.64 <0.001 1668

Neighborhood Percent with College Education PDDS -1.62 -2.20,-1.05 <0.001 1649
PROMIS 9.31 5.73,12.89 <0.001 1022

Beta-coefficient from regression analysis adjusting for covariates as described in the Methods.

2’95% confidence intervals

For each ADI component, the threshold for significance for each covariate-adjusted regression model with three separate outcomes was p=0.0167

after correction for multiple testing.

4. . . . .
N, the number of observations for each covariate-adjusted regression model.

Mult Scler Relat Disord. Author manuscript; available in PMC 2022 September 06.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Boorgu et al. Page 24

Table 4.

Indirect effects of neighborhood-level health insurance coverage (percent of population with private or
Medicaid insurance within the neighborhood of the participant’s home residence) in 2015 on mediating

the covariate-adjusted association between area deprivation index in 2015 and the median scores of patient-
reported outcomes of neurological and physical function from the latest year between 2018 and 2020 from the
joint cohorts.

Percent with Private Insurance Percent with Medicaid Insurance
indirect Effect T | 95%c1? | sE3 | N? | indirectEffett | os%ci® [ s | N?
MSRS-R -0.06 -0.30,0.18 | 0.12 | 1675 -0.30 -0.50,-0.11 | 0.10 | 1675
PDDS -0.03 -0.11,0.05 | 0.04 | 1656 -0.07 -0.13,-0.00 | 0.03 | 1656
PROMIS 0.03 -0.52,0.57 | 0.27 | 1092 0.17 -0.24,0.58 0.21 | 1092

J'Indirect effect (in path ¢’) was calculated by multiplying path &, the independent variable (area deprivation index) to the mediator variable
(percent with private or Medicaid insurance), by path 4, the mediator variable to the dependent variable (patient reported outcome). Refer to
eFigure 4 for data of each path.

2'95% confidence intervals (CI). The indirect effect due to the addition of the mediator is significant when the 95% Cls do ot encompass 0.

3’Standard Error

4. . . . .
N, the number of observations for each covariate-adjusted regression model.
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Table 5.

Covariate-adjusted regression analysis using nine individual household income brackets ranging from “3$0 to
$19,999” to “$125,000 or higher” and the patient-reported outcomes of neurological and physical function for
each participant in a subgroup analysis of joint cohorts that accounted for the area deprivation index.

Estimate1 95% CI2 P-Value3 N4
MSRS-R -0.74 -0.94, -0.54 <0.001 320
PDDS -0.24 -0.32, -0.17 <0.001 320
PROMIS 1.32 0.92,1.72 <0.001 284

'Z'Beta-coefficient from regression analysis adjusting for covariates as described in the Methods and additionally adjust for neighborhood area
deprivation index.

2'95% confidence intervals

The threshold for significance for each covariate-adjusted regression model with three separate outcomes was 0.0167 after correction for multiple
testing.

4. . . . .
N, the number of observations for each covariate-adjusted regression model.
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