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Summary

Background Differences in the distribution of individual-level clinical risk factors across regions do not fully explain
the observed global disparities in COVID-19 outcomes. We aimed to investigate the associations between
environmental and societal factors and country-level variations in mortality attributed to COVID-19 among people
with rheumatic disease globally.

Methods In this observational study, we derived individual-level data on adults (aged 18-99 years) with rheumatic
disease and a confirmed status of their highest COVID-19 severity level from the COVID-19 Global Rheumatology
Alliance (GRA) registry, collected between March 12, 2020, and Aug 27, 2021. Environmental and societal factors were
obtained from publicly available sources. The primary endpoint was mortality attributed to COVID-19. We used a
multivariable logistic regression to evaluate independent associations between environmental and societal factors
and death, after controlling for individual-level risk factors. We used a series of nested mixed-effects models to
establish whether environmental and societal factors sufficiently explained country-level variations in death.

Findings 14 044 patients from 23 countries were included in the analyses. 10178 (72-5%) individuals were female
and 3866 (27-5%) were male, with a mean age of 54-4 years (SD 15-6). Air pollution (odds ratio 1-10 per 10 pg/m3
[95% CI1-01-1-17]; p=0-0105), proportion of the population aged 65 years or older (1-19 per 1% increase [1-10-1-30];
p<0-0001), and population mobility (1-03 per 1% increase in number of visits to grocery and pharmacy stores
[1-02-1-05]; p<0-0001 and 1-02 per 1% increase in number of visits to workplaces [1-00-1-03]; p=0-032) were
independently associated with higher odds of mortality. Number of hospital beds (0-94 per 1-unit increase per
1000 people [0-88-1-00]; p=0-046), human development index (0-65 per 0-1-unit increase [0-44-0-96]; p=0-032),
government response stringency (0-83 per 10-unit increase in containment index [0-74-0-93]; p=0-0018), as well
as follow-up time (0-78 per month [0-69-0-88]; p<0-0001) were independently associated with lower odds of
mortality. These factors sufficiently explained country-level variations in death attributable to COVID-19 (intraclass
correlation coefficient 1-2% [0-1-9-5]; p=0-14).

Interpretation Our findings highlight the importance of environmental and societal factors as potential explanations
of the observed regional disparities in COVID-19 outcomes among people with rheumatic disease and lay foundation
for a new research agenda to address these disparities.

Funding American College of Rheumatology and European Alliance of Associations for Rheumatology.

Copyright Published by Elsevier Ltd.

Introduction

Research has identified demographic and clinical risk
factors associated with poor COVID-19 outcomes in
people with rheumatic disease."” Although this evidence
has facilitated individual risk stratification and guided
management decisions in this patient group, neither the
temporal dynamics of the COVID-19 pandemic nor the
potential capacities of health-care systems have been

assessed as additional factors of importance. In the
general population, country-level estimates of the case
fatality rate from COVID-19 have ranged from
0-5% to 20-0%.* Similarly, rates of excess death (from
any cause) have varied considerably across countries
during the pandemic.® However, the underlying causes
of global disparities in COVID-19 outcomes are not fully
understood.
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Research in context

Evidence before this study

We searched PubMed for articles published from date of
database inception to Nov 1, 2021, exploring the association
between country-level policies and socioeconomic resources
and COVID-19 outcomes in people with rheumatic disease. We
first included the Medical Subject Heading (MeSH)
“COVID-19” and the MeSH Major Topic “Global Health/
statistics and numerical data”. We did not restrict this search
by language or type of publication. We found multiple
ecological studies investigating the association between
country-level factors (eg, population-level burden of
comorbidities, socioeconomic factors, environmental factors,
and containment policies) and mortality rates from COVID-19.
However, results were inconclusive across studies and reliable
individual-level inferences might not be deducible from
ecological study designs. We then performed a further
unrestricted MeSH search with “COVID-19” AND
“rheumatology” OR “rheumatic disease” AND title or abstract
search with “disparity” OR “disparities” to identify relevant
studies among people with rheumatic disease. One of the few
identified studies was from Africa, and highlighted regional
disparities in the availability of national rheumatology society
COVID-19 recommendations (eg, locally agreed protocols on
use of disease-modifying antirheumatic drugs). Another study
showed disparate COVID-19 outcomes among minority ethnic

In people with rheumatic disease, in addition to
regional differences in the distribution of individual-
level risk factors associated with a poor COVID-19
prognosis (eg, age, comorbidities, rheumatic disease
activity, and treatments), several other factors could
explain the global disparities in the risk of poor
outcomes. First, waves of SARS-CoV-2 infection occurred
earlier in some countries; therefore, observed differences
in outcomes might reflect differences in quickly evolving
management strategies during the first several months
of the pandemic. Second, differences in outcomes might
reflect country-specific health-care capacity to handle
surges in the number of patients requiring intensive
care and other resources. Third, variations in risk might
reflect country-level differences in wealth or
governmental response with mitigation strategies. Given
the heightened interest in global health equity,
examining diverse country-level factors (including
environmental and socioeconomic factors, health-care
resources, population health, and demographics),
COVID-19 containment policies, and individual
behaviours is important to understand the potential
mechanisms of disparate COVID-19 outcomes in people
with rheumatic disease across nations.

Various ecological studies have investigated regional
variations in poor COVID-19 outcomes in the general
population. However, consistent with the ecological
fallacy,” inferences on individual-level risk might not be

populations with rheumatic disease in the USA. However, the
effects of country-level policies and socioeconomic resources
on global disparities in COVID-19 outcomes had not been
characterised in people with rheumatic disease.

Added value of this study

In people with rheumatic disease, country-level characteristics—
including exposure to air pollutants, low country
socioeconomic status, high demands on or reduced capacity of
health resources, few government-imposed containment
policies, and increased population mobility—were associated
with increased odds of death attributed to COVID-19,
independent of individual-level risk factors (including age,
rheumatic disease activity, immunosuppression, and
comorbidities). Importantly, the inclusion of individuals as
units of analysis in our study allowed for more reliable
inferences about an individual’s level of risk than those
obtained from ecological study designs.

Implications of all the available evidence

The findings from this study highlight the impact of societal
policies and resources on COVID-19 outcomes in people with
rheumatic disease globally. These findings lay the foundation
for a new research agenda to address global disparities in
COVID-19 outcomes in this patient group.

deducible from population-level measures of
association due to loss of information. Individual-level
databases, such as insurance claims or electronic health
records, often do not provide readily accessible
information on important clinical parameters
(eg, rheumatic disease activity or glucocorticoid dose).
Additionally, such databases usually operate nationally
or subnationally, and thus cannot be used to evaluate
the influence of country-level characteristics on health
outcomes. By contrast, the COVID-19 Global
Rheumatology Alliance (GRA) registry is unique in its
inclusion of COVID-19 cases in people with prevalent
rheumatic disease worldwide and of comprehensive
data regarding each individual's characteristics of
rheumatic disease and COVID-19 diagnosis and
outcomes. Using data from the GRA registry linked to a
robust array of country-level factors, we aimed to
investigate the associations between environmental
and societal factors and country-level variations in
mortality attributed to COVID-19 among people with
rheumatic disease globally.

Methods

Study design and participants

In this observational study, we derived individual-level
data from the COVID-19 Global Rheumatology Alliance
(GRA) registry collected between March 12, 2020, and
Aug 27, 2021. Details of the GRA registry have been
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described previously.® Briefly, data from adults with
rheumatic disease diagnosed with confirmed or
suspected COVID-19 were entered into the registry by
rheumatology clinicians via two parallel international
data entry portals. Entered data included patient
demographics, characteristics of rheumatic disease,
immunomodulatory medications used for the treatment
of rheumatic disease, comorbidities, COVID-19
outcomes, and complications. A diagnosis of COVID-19
was indicated through one or more of the following
methods: PCR, antigen testing, antibody testing,
metagenomic testing, CT scan, laboratory assay, or a
presumptive diagnosis based on symptoms or close
contact alone. Quality was assessed by data validation
teams, who removed all known or potential duplicates
and addressed erroneous reports. The registry contains
minimal data only; no personal identifiers, with the
exception of dates of COVID-19 diagnosis, are included.
Therefore, the UK Health Research Authority, the
University of Manchester (Manchester, UK), and the
University of California (San Francisco, CA, USA)
deemed the registry to be “not human subjects research”,
thus not requiring ethics committee approval or written
informed consent. We followed the Strengthening the
Reporting of Observational Studies in Epidemiology
guidelines for reporting cohort studies.

We included adults (aged 18-99 years) with rheumatic
disease from countries that reported 100 or more adults
in the GRA registry. This cluster size was chosen to
increase statistical power to detect regional variations in
mortality attributed to COVID-19.° For inclusion, patients
were required to have a confirmed status of their highest
COVID-19 severity level, which included one of the
following: death, symptoms resolved at the time of data
entry, not hospitalised for more than 30 days after initial
diagnosis date, hospitalised and discharged, or not at risk
of further interventions or death.

Procedures

Individual-level ~ demographics,  characteristics  of
rheumatic disease, and comorbidities were obtained from
the GRA registry and reflected data at the time of
COVID-19 diagnosis. A country-specific variable for
follow-up time was generated, defined as time (in months)
between the date of an individual's COVID-19 diagnosis
(as entered in the GRA registry) and the index date of their
respective country. For each country, index date was
defined as the first date that a COVID-19 diagnosis was
reported to the COVID-19 Data Repository by the Center
for Systems Science and Engineering at Johns Hopkins
University (Baltimore, MD, USA). The end of follow-up
was Aug 27, 2021, or the most recent date of COVID-19
diagnosis reported to the GRA registry by the respective
country, whichever occurred first. Follow-up time reflected
how a health system had gained experience in treating
COVID-19 over time. In addition to follow-up time, as
covariates, we included time-dependent, country-level

rates of cumulative and incident mortality attributed to
COVID-19. These rates captured the multiple country-
specific waves of the pandemic over time. We also
included time-dependent, country-level estimates of
SARS-CoV-2 reproduction rate, reflecting the country-
specific spread of disease over time. All country-level
covariates considered to be associated with an individual’s
odds of death were obtained from publicly available
sources (table 1). A variance inflation factor analysis was
used to remove country-level covariates that were highly
intercorrelated in their associations with death. The
GRA registry included data on reporting clinicians’
country (and state if the reporting clinician was based in
the USA). Therefore, we retrieved state-level data for a
subset of regional covariates where these data were
available (table 1). Individual-level and regional-level data
were merged so that dates of all time-varying regional
covariates corresponded with the diagnosis date or month
of COVID-19 for each patient, as appropriate.
Conceptualised  relationships ~ between  outcome,
individual-level, and regional-level covariates are depicted
with a simplified directed acyclic graph (appendix p 2).

Outcomes

The primary endpoint was mortality attributed to
COVID-19, documented by the reporting clinician. The
survey question relating to death as an outcome of
COVID-19 was worded “Is the patient deceased?”.

Statistical analysis

We wused descriptive statistics to summarise the
characteristics of the study population and baseline
regional characteristics, stratified by six global regions
adapted from WHO regions: Eastern Mediterranean,
Europe, Latin America, North America, South-East Asia,
and the Western Pacific. We summarised changes in
time-varying regional characteristics over the follow-up
period using time series scatter plots.

We estimated independent associations between
regional characteristics and an individual’s odds of death,
reported as odds ratios (OR) with 95% CIs, using
multivariable logistic regression after accounting for
individual-level ~ demographics, characteristics  of
rheumatic disease, comorbidities, and follow-up time.
Regional covariates included the following variables:
population density; precipitation; temperature; air
pollutants, as measured by fine particulate matter (PM, ,);
median age, as a proxy for the country’s socioeconomic
status;" human development index, a composite measure
of life expectancy, mean number of years of education,
and gross national income per capita; number of hospital
beds; proportion of the population aged 65 years and
older, as a proxy for population burden of comorbidities
and burden on health resources; mortality attributed to
cardiovascular disease; prevalence of diabetes; mortality
attributed to air pollution; cumulative and incident
mortality attributed to COVID-19, reflecting multiple
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waves of COVID-19 dynamics over time; SARS-CoV-2
reproduction rate; government response measured by
containment index, a composite index based on
13 response indicators (eg, closures, travel controls,
stay-at-home  requirements, public information
campaigns, face covering requirements, contact tracing,

interface of the Google Maps app in tracking country-
level movement of individuals (table 1). Individual-level
demographics were age and sex. Individuallevel
characteristics of rheumatic disease included diagnosis
(theumatoid arthritis [reference], psoriatic arthritis,
spondyloarthritis, other inflammatory arthritis, systemic

pollution

attributed to outdoor and indoor air pollution

Hospital de Clinicas de Porto and testing and vaccination poh_c1es-), and populatpn lgpus erythematosus. [S LE], vascul‘ltl‘s, and .ot}.ler
Alegre, Universidade Federaldo  MODility, measured by the application programming diagnoses); rheumatic disease activity (remission
Definition Type Regional level Source Period
Geographical
Population density  Population divided by land area, km* Numeric, baseline  Countryand ~ Countries: World Bank World Development Countries: most recent
US state Indicators, sourced from Food and Agriculture  year available;
Organization and World Bank estimates; US US states: 2020
states: United States Census Bureau
Climatic
Precipitation Average monthly precipitation, mm Numeric, time- Countryand  Countries: World Bank Climate Change 1991-2020
dependent US state Knowledge Portal; US states: World Bank
Climate Change Knowledge Portal
Temperature Average monthly temperature, °C Numeric, time- Countryand  Countries: World Bank Climate Change 1991-2020
dependent US state Knowledge Portal; US states: World Bank
Climate Change Knowledge Portal
PM, Average monthly PM, ;, ug/m?* Numeric, time- Countryand  Countries: Air Quality Open Data Platform by Current, monthly
dependent US state the World Air Quality Project; US states: United
States Environmental Protection Agency
Social and economic measures of development
Median age Median age of the population, years Numeric, baseline  Countryand ~ Countries: UN Population Division, World Countries: UN projection
US state Population Prospects (2017 Revision); US states:  for 2020; US states: 2019
United States Census Bureau
Life expectancy* Life expectancy at birth, defined as the average Numeric, baseline  Countryand  Countries: Our World in Data and UN Population  Countries: 2019;
number of years that a neonate could expect to live US state Division; US states: County Health Rankingsand  US states: 2018
if they were to pass through life subject to the age- Roadmaps by the University of Wisconsin
specific mortality rates of a given period Population Health Institute (Madison, WI, USA)
Human A composite index defined as the geometric mean of Numeric, baseline  Countryand ~ Countries: UN Development Programme; US 2019
developmentindex normalised indices in three dimensions (including US state states: Global Data Lab by the Institute for
life expectancy at birth, mean number of years of Management Research at Radbound University
schooling for adults aged =25 years, expected years (Nijmegen, Netherlands)
of schooling for children of school-entering age, and
gross national income per capita); ranked on a scale
from 0-0to 1-0
Hospital beds Number of hospital beds per 1000 people Numeric, baseline  Countryand  Countries: Our World In Data, sourced fromthe  Countries: most recent
US state Organisation for Economic Co-operation and year available since 2010;
Development, Eurostat, World Bank, national US states: 2019
government records and other sources; US
states: Global Health Data Exchange by the
IHME
Population demographic
Proportion aged Proportion of the population aged =65 years Numeric, baseline  Countryand  Countries: World Bank World Development Countries: most recent
=65 years US state Indicators based on age or sex distributionsof ~ year available;
UN World Population Prospects (2017 Revision); ~US states: 2018
US states: Population Reference Bureau
Population burden of comorbidities
Death rate from Annual number of deaths per 100 000 people Numeric, baseline  Countryand ~ Countries: Global Burden of Disease Countries: 2017;
cardiovascular attributed to cardiovascular disease US state Collaborative Network by the IHME; US states: ~ US states: 2019
disease Centers for Disease Control and Prevention,
National Center for Health Statistics
Diabetes prevalence  Proportion of adults with diabetes in the population  Numeric, baseline  Countryand  Countries: World Bank World Development Countries: 2017;
US state Indicators, sourced from International Diabetes  US states: 2018
Federation Diabetes Atlas; US states: CDC,
Diagnosed Diabetes
Death rate fromair ~ Annual number of deaths per 100 000 people Numeric, baseline  Country Global Burden of Disease Collaborative Network 2017

by the IHME

(Table 1 continues on next page)
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Definition

Type

Regional level Source

Period

(Continued from the previous page)
COVID-19 measures

Cumulative death
rate

Total number of cumulative deaths per 1 million
people attributed to COVID-19 per day

Incident death rate  Number of new deaths per 1 million people

attributed to COVID-19 per day

SARS-CoV-2
reproduction rate

Daily estimates of the effective SARS-CoV-2
reproduction rate

Government response

Containmentindex A composite index recorded daily based on

13 government response indicators: school closures,
workplace closures, cancellation of public events,
restrictions on public gatherings, closures of public
transport, stay-at-home requirements, public
information campaigns, restrictions on internal
movements, international travel controls, testing
policy, the extent of contact tracing, requirements to
wear face coverings, and policies around vaccine
rollout; rescaled to a value from 0 to 100, with

100 representing strictest response

Population mobility trends

Places of retail and
recreation

Percentage change in the number of visitors per day
(calculated as a rolling 7-day average) to places of
retail and recreation compared with the median
value for the Sweek period from Jan 3 to Feb 6, 2020

Percentage change in the number of visitors per day
(calculated as a rolling 7-day average) to grocery and
pharmacy stores compared with the median value
for the Sweek period from Jan 3 to Feb 6, 2020

Grocery and
pharmacy stores

Percentage change in the number of visitors per day
(calculated as a rolling 7-day average) to transit
stations compared with the median value for the
Sweek period from Jan 3 to Feb 6, 2020

Transit stations

Percentage change in the number of visitors per day
(calculated as a rolling 7-day average) to workplaces
compared with the median value for the 5 week
period from Jan 3 to Feb 6, 2020

Workplaces

collinearity with human development index.

Numeric, time- Country OurWorld In Data, sourced from COVID-19 Data

dependent Repository by the Center for Systems Science
and Engineering at Johns Hopkins University
(Baltimore, MD, USA)

Numeric, time- Country OurWorld In Data, sourced from COVID-19 Data

dependent Repository by the Center for Systems Science
and Engineering at Johns Hopkins University
(Baltimore, MD, USA)

Numeric, time- Country OurWorld In Data, based on Marioli et al

dependent (2020)*

Numeric, time- Country Oxford COVID-19 Government Response

dependent Tracker, Blavatnik School of Government
(Oxford, UK)

Numeric, time- Country Our World In Data, sourced from Google

dependent

Numeric, time- Country Our World In Data, sourced from Google

dependent

Numeric, time- Country Our World In Data, sourced from Google

dependent

Numeric, time- Country OurWorld In Data, sourced from Google

dependent

PM, =fine particulate matter air pollutants. IHME=Institute for Health Metrics and Evaluation. CDC=Centers for Disease Control and Prevention. *Life expectancy was not used as a covariate due to strong

Current, daily

Current, daily

Current, daily

Current, daily

Current, daily

Current, daily

Current, daily

Current, daily

Table 1: Regional covariate definitions and source datasets

[reference], low, moderate, or high); level of
immunosuppression inferred by wuse of disease-
modifying antirheumatic drugs (conventional synthetic
therapy [reference] or biological or targeted synthetic
therapy, either alone or in combination, or none); and
daily dose of prednisone-equivalent glucocorticoid (daily
doses >60 mg were winsorised to 60 mg because they
were considered to be clinically high doses). Individual-
level comorbidities included morbid obesity (defined as a
body-mass index =40 kg/m?2), cardiovascular disease
(eg, coronary artery disease and congestive heart failure)
or hypertension, lung disease (eg, pulmonary
hypertension, or interstitial, obstructive, or other lung
disease), diabetes, and kidney disease (eg, chronic kidney
insufficiency or end-stage kidney disease), each included

as a dichotomous variable. Follow-up time was included
both as a continuous variable and as a quadratic term to
improve model fit.

We used mixed-effects regression” to investigate
whether the regional covariates included in the model
sufficiently explained the proportion of the total variance
in an individual’s odds of death that was accounted for by
country-level clustering. A series of nested multivariable
mixed-effects logistic regression models were fitted with
country included as random effects and all covariates
successively added as fixed effects. The directed acyclic
graph determined the order with which the covariates
were added to the nested models. A likelihood ratio
test was performed to compare each model with an
equivalent logistic regression model that did not include
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country-random effects. An intraclass correlation
coefficient (ICC) that approached 0% and a statistically
non-significant likelihood ratio test indicated sufficient
explanation of the observed country-level variations in
mortality attributed to COVID-19.

Missing values in individual-level covariates were
imputed using predictive mean matching across five
nearest neighbours and multiple imputation by chained
equations. All statistical analyses were done with
Stata (version 16.0). The threshold for statistical
significance was a two-sided p<0-05.

Role of the funding source

The funders of the study had no role in study design,
data collection, data analysis, data interpretation, or
writing of the report.

Results

14044 people from 23 countries were included in the
analyses, most of whom were from Europe (6369 [45 - 4%)])
and North America (3506 [25-0%)]; table 2; appendix p 8).
10178 (72-5%) individuals were female and 3866 (27-5%)
were male, with a mean age of 54-4 years
(SD 15-6; appendix p 9). Rheumatoid arthritis was the
most common diagnosis, followed by SLE, and psoriatic
arthritis (table 2). The majority of people were in
remission or had low disease activity, and conventional
synthetic disease-modifying antirheumatic drugs were
the most common treatment modality (table 2). Common
comorbidities included cardiovascular disease or
hypertension, lung disease, diabetes, and kidney disease.
In total, 865 (6-2%) deaths were reported. The number
of deaths and case fatality rate by country among patients
included in the analyses are provided in the appendix (p 3).
The mean time from date of COVID-19 diagnosis to
death was 19 days (SD 19).

The distribution of baseline country characteristics
varied considerably across global regions (table 3). The
minimum  country-specific  follow-up time was
17 months; therefore, time-series plots are presented over
a period of 17 months from the index date (appendix p 4).
The fastest increases in cumulative COVID-19 death
rates over time occurred in Latin America, followed by
North America and Europe (appendix p 4). Temporal
trends for containment index, estimates of SARS-CoV-2
reproduction rate, and population mobility were similar
across regions (appendix pp 4-5). Temporal trends in
climatic factors (including temperature, precipitation,
and PM, ;) between March, 2020, and July, 2021, are
provided in the appendix (p 6).

All individual-level covariates had less than 10%
missing data and all country-level covariates had less
than 5% missing data. Record entry date was used to
impute the date of COVID-19 diagnosis in 1300 (9-3%) of
14044 patients with a missing diagnosis date.

The multivariable logistic regression showed that PM, ;
(OR 1-10 per 10 pg/m3 [95% CI 1-01-1-17]; p=0-0105),

proportion of the population aged 65 years or older
(1-19 per 1% increase [1-10-1-30]; p<0-0001), number of
visits to grocery and pharmacy stores (1-03 per
1% increase in number of visits [1-02-1-05]; p<0-0001),
and number of visits to workplaces (1-02 per 1% increase
in number of visits [1-00-1-03]; p=0-032) were
independently associated with higher odds of mortality
attributed to COVID-19 in people with rheumatic disease,
after controlling for individual demographics and clinical
characteristics. By contrast, median population age
(0-83 per year [0-78-0-89]; p<0-0001), number of
hospital beds (0-94 per 1-unit increase per 1000 people
[0-88-1-00]; p=0-046), human development index
(0-65 per 0-l-unit increase [0-44-0-96]; p=0-032),
containment index (0-83 per 10-unit increase [0-74-0-93];
p=0-0018), number of visits to transit stations (0-96 per
1% increase in number of visits [0-94-0-98]; p<0-0001),
and follow-up time (0-78 per month [0-69-0-88];
p<0-0001) were independently associated with lower
odds of mortality attributed to COVID-19 (figure).

To establish whether the identified regional factors
sufficiently explained the observed country-level
variations in death, ICCs were derived from nested
mixed-effects logistic regression models that sequentially
incorporated regional covariates as fixed effects (table 4).
A base model including only patient demographics as
fixed effects had an ICC of 14-2% (95% CI 7-5-25-2).
Addition of individual-level characteristics of rheumatic
disease and comorbidities reduced the ICC to 10-1%
(5-1-19-1). Addition of follow-up time and regional
factors further reduced the ICC to 1-2% (0-1-9-5). The
resulting model was no longer favourable over a logistic
regression model without country random effects
(p=0-14), indicating that the identified regional factors
sufficiently explained the observed country-level
variations in mortality attributed to COVID-19 that
remained after accounting for individual-level
characteristics. The ORs of mortality attributed to
COVID-19 corresponding to individual-level
characteristics are provided in the appendix (p 7).

Discussion

To our knowledge, this is the first study that combines
individual-level and regional-level data to investigate the
independent association between regional parameters,
such as a country’s climatic, societal, and economic
factors, burden on health-care resources, or pandemic
policies, and an individual’s odds of death attributed to
COVID-19. We found that various factors related to
geographical residence affected COVID-19 outcomes in
people with rheumatic disease. Low country
socioeconomic status, environmental exposures, high
demands on or reduced capacity of health resources, and
few government-imposed containment measures were
independently associated with higher odds of death
attributed to COVID-19 in this patient group. In
particular, specific regional factors associated with death
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Eastern Europe South-East Western North America Latin America  Total (n=14 044)
Mediterranean (n=6369) Asia (n=154) Pacific(n=376) (n=3506) (n=3371)
(n=268)
Demographics
Age, years 465 (13-1) 562(15:5)  47-0(13:5) 55.1(17-6) 56.0 (15-8) 50-2 (14-4) 54-4 (15-6)
Sex
Male 89 (332%) 2080 (327%)  38(247%) 144 (383%) 905 (25-8%) 610 (181%) 3866 (27-5%)
Female 179 (66-8%) 4289 (673%) 116(753%) 232 (617%) 2601 (74-2%) 2761(81:9%) 10178 (72:5%)
Race or ethnicity
White 0 5491(862%) 0 1(0-3%) 2067 (59-0%) 895 (26-5%) 8454 (60-2%)
Black 2(0:7%) 77 (12%) 0 0 402 (11-5%) 3(0-1%) 484 (3-4%)
Hispanic or Latinx 0 22 (0:3%) 1(0:3%) 673 (19-2%) 2335 (69-3%) 3031 (21-6%)
Asian 178 (66-4%) 108 (17%) 154 (100-0%) 365 (97-1%) 109 (3-1%) 1(<0-1%) 915 (6-5%)
Other 86 (321%) 12 (0-2%) 0 8 (2:1%) 94 (2:7%) 6 (0-2%) 206 (1-5%)
Missing data 2(0-7%) 659 (10-3%) 0 1(0:3%) 161 (4-6%) 131(3-9%) 954 (6-8%)
Characteristics of rheumatic disease
Diagnosis
Rheumatoid arthritis 125 (46-6%) 2607 (40-9%) 68 (44-2%) 124 (33-0%) 1413 (40-3%) 1359 (40-3%) 5696 (40-6%)
Psoriatic arthritis 16 (6-0%) 960 (15-1%) 9 (5-8%) 9 (2-4%) 359 (10-2%) 77 (2:3%) 1430 (10-2%)
Spondyloarthritis 20 (7-5%) 850 (13-3%)  14(9-1%) 6 (1-6%) 178 (5:1%) 293 (8:7%) 1361 (9:7%)
Other inflammatory 9 (3-4%) 109 (1-7%) 2 (13%) 3(0-8%) 161 (4-6%) 8(0-2%) 292 (2-1%)
arthritis
SLE 45 (16-8%) 380 (6-0%) 15 (9-7%) 82 (21-8%) 434 (12-4%) 694 (20-6%) 1650 (11-7%)
Vasculitis 6(2:2%) 195 (3-1%) 6(3-9%) 26 (6-9%) 135 (3-9%) 95 (2-8%) 463 (3-3%)
Other diagnoses 47 (17-5%) 1268 (19-9%)  40(26:0%) 126 (33-5%) 826 (23-6%) 845 (25-1%) 3152 (22-4%)
Disease activity
Remission 140 (52:2%) 2704 (425%)  54(351%) 154 (41-0%) 837(23-9%) 1443 (42-8%) 5332 (38-0%)
Low 72(26:9%) 2644 (415%) 78(50-6%)  150(39:9%) 1885 (53-8%) 1211 (35-9%) 6040 (43-0%)
Moderate 44 (16-4%) 839 (132%) 13 (8-4%) 46 (122%) 669 (19-1%) 573 (17-0%) 2184 (15-6%)
High 12 (4-5%) 182 (2:9%) 9(5-8%) 26 (6:9%) 115 (3:3%) 144 (4-3%) 488 (3-5%)

Disease-modifying antirheumatic drugs

Conventional synthetic 180 (67:2%) 2608 (40-9%) 132(857%) 185 (49-2%) 1335 (38-1%) 2051(60-8%) 6491 (46:2%)
therapy only

Biological or targeted 23 (8:6%) 1687 (26:5%) 0 20 (5:3%) 768 (21-9%) 506 (15-0%) 3004 (21-4%)

synthetic therapy only

Conventional synthetic 17 (6:3%) 1094 (17-2%) 16 (10-4%) 20 (53%) 689 (19-7%) 447 (13:3%) 2283 (16-3%)

plus biological or targeted

synthetic therapy

None 48 (17-9%) 980 (15-4%)  6(3-9%) 151 (40-2%) 714 (20-4%) 367 (10-9%) 2266 (16-1%)
Use of glucocorticoids 59 (22:0%) 1952 (30-6%)  82(532%) 174 (46-3%) 879 (25-1%) 1201 (35:6%) 4347 (31-0%)
Comorbidities*

Morbid obesityt 3 (1-1%) 50 (0-8%) 2 (1:3%) 2(0-5%) 281 (8-0%) 51 (1-5%) 389 (2-8%)

Cardiovascular disease or 93 (34:7%) 2417 37-9%)  41(26-6%) 137 (36-4%) 1504 (42-9%) 1062 (31-5%) 5254 (37-4%)
hypertension

Lung disease 5 (131%) 916 (14-4%) 10 (6:5%) 69 (18-4%) 691 (19.7%) 297 (8-8%) 2018 (14-4%)
Diabetes 1(26:5%) 675(10-6%)  25(162%) 70 (18-6%) 596 (17-0%) 326 (9.7%) 1763 (12-6%)
Kidney disease 22 (8:2%) 335 (5:3%) 0 30 (8-0%) 306 (87%) 130 (3-9%) 823 (5:9%)
Cancer 4(1:5%) 244 (3-8%) 0 11 (2:9%) 194 (5:5%) 61(1-8%) 514 (3.7%)
Death 20 (7:5%) 408 (6-4%) 7 (4-5%) 44 (11.7%) 178 (51%) 208 (6-2%) 865 (6-2%)

Data are mean (SD) or n (%). SLE=systemic lupus erythematosus. *Categories are not mutually exclusive. tBody-mass index =40 kg/m”.

Table 2: Patient characteristics grouped into six global regions

included exposure to air pollutants, proportion of the deaths attributed to COVID-19 included human
population aged 65 years and older, and population development index, number of hospital beds, and
mobility (as proxied by visits to workplaces and to grocery ~ containment index (reflecting strictness of government
and pharmacy stores). Factors associated with fewer response). These identified factors indicate some
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Eastern Europe South-East  Western North Latin America Total (n=23)
Mediterranean (n=11) Asia (n=1) Pacific(n=2)  America (n=2) (n=5)
(n=2)
Annual temperature, °C 24 (8) 10 (7) 25 (4) 19 (10) 13 (10) 21(5) 19 (6)
Annual precipitation, mm 15 (15) 71(27) 88(93) 172 (77) 85 (35) 118 (82) 91(52)
Population density, people per km? 241(20) 125(78) 450 (NA) 350 (3) 193 (675) 35(20) 179 (552)
Median age, years 28 (6) 44 (3) 28 (NA) 37(16) 39(2) 31(2) 38(5)
Human development index* 0-70 (0-21) 0-90(0:04)  0-65(NA) 0-82 (014) 0-92 (0:02) 079(0:03)  0-89(0-:08)
Number of hospital beds, per 0-9 (0-4) 43(1:9) 0-5 (NA) 7:0 (85) 2:5(07) 2:4(1-5) 2:9(1:9)
1000 people
Proportion of population aged 3(2) 19 (3) 6 (NA) 16 (16) 16 (2) 8(2) 16 (5)
=65 years, %
Annual death rate from cardiovascular 300 (174) 179 (87) 282 (NA) 225 (206) 162 (30) 146 (42) 173 (65)
disease, per 100 000 people
Prevalence of adults with diabetes, % 12 (6) 6(2) 10 (NA) 6 (1) 11(2) 8(3) 10 (3)
Annual death rate from air pollution, 93 (43) 22 (10) 132 (NA) 59 (68) 19 (1) 32(8) 26 (23)
per 100 000 people
Data are mean (SD). Regional characteristics include country-level and US state-level characteristics. NA=not applicable. “Human development index is a composite index
defined as the geometric mean of normalised indices in three dimensions (including life expectancy at birth, mean number of years of schooling for adults aged =25 years,
expected years of schooling for children of school-entering age, and gross national income per capita); ranked on a scale from 0-0 to 1-0.
Table 3: Baseline regional characteristics grouped into six global regions

potential mechanisms of the observed disparities in
COVID-19 outcomes among people with rheumatic
disease globally.

Poverty, scarcity of health resources, and challenges in
coordination of health and other social policies are
existing obstacles to achieving global health equity in the
burden of and outcomes from rheumatic disease.” In
low-income and middle-income countries, rheumatic
conditions can cause considerable morbidity and
mortality due to physician shortages, poor health literacy,
and reduced access to health care and mental, social,
and emotional support systems."* Treatment of patients
with rheumatic disease in low-income countries is
limited by the cost of immunosuppressive drugs, and
the unavailability and unaffordability of health
insurance.” Additionally, high costs and scarce
availability of laboratory and diagnostic tests result in
delayed diagnoses that contribute to worse prognoses of
rheumatic disease.” Nevertheless, our ICC analyses add
to previous research into global health disparities by
showing that differences in the distribution of
characteristics of rheumatic disease and comorbidities
associated with poor COVID-19 outcomes (eg, high
rheumatic  disease activity use of high-dose
glucocorticoids, and pre-existing lung disease),
accounted for a relatively small proportion
(approximately 29%, as measured by a reduction in ICC
from 14-2% to 10-1%) of the country-level variation in
deaths attributed to COVID-19. Our findings highlight
the importance of environmental and societal policy
changes in mitigating risk for severe COVID-19 among
people with rheumatic disease during the pandemic.
These findings provide powerful motivation and lay the
foundation for initiatives that seek to address global

disparities in COVID-19 outcomes, such as the American
College of Rheumatology’s Global Health Task Force.
Although various studies have investigated sources
of regional variation in adverse COVID-19 out-
comes using national**®* and subnational** data,
results have been inconclusive, largely due to limitations
and methodological inconsistencies in study design.
One study examined regional variation in temporal
trajectories of COVID-19 case fatality rate, using country
as the unit of analysis.* The study found that this rate was
positively associated with proportion of the population
aged 70 years or older, and negatively associated with
number of hospital beds per 1000 people. However, in
contrast to our findings, the study reported increased
case fatality rates with increasing levels of government
response stringency, gross domestic product per capita,
and total health expenditure as share of gross domestic
product. Despite controlling for differences in testing
strategies among countries, the study also found that
death due to lower respiratory infections was negatively
associated with COVID-19 case fatality rates. These
findings might be biased from not accounting for
individual-level risk factors. Another study, which used
US states and boroughs as the unit of analysis, identified
population density and population mobility as important
factors contributing to COVID-19 outcomes and related
mortality, although this study did not account for
measures of population health or burden of
comorbidities.” The inclusion of individuals as units of
analysis in our study allowed for more reliable inferences
about individual-level risk than those obtained from
ecological study designs, providing insight into
inconsistencies observed in previously published
research. Our findings consolidate the need for policy
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changes that ensure equitable access to COVID-19
testing, treatment, and effective vaccination or
pre-exposure prophylaxis in patients at high risk; timely
and effective government response on face coverings,
closures, travel controls, and restrictions on public
gatherings; policies on air pollution and clean energy
production; and action to alleviate global poverty.

One potential explanation for the inverse association
between number of visits to transit stations and risk of
death is that travel restrictions were more frequently in
place during peak periods of COVID-19-related
lockdowns than were restrictions that governed visits to
grocery and pharmacy stores or workplaces. Another
potential explanation might be residual confounding by
country-level socioeconomic status—ie, populations
from countries with higher socioeconomic status were
more likely to travel nationally and internationally, but
less likely to experience adverse COVID-19 outcomes.
The estimated associations in this study between
individual-level characteristics and mortality attributed to
COVID-19 were consistent with previously published
reports (appendix p 7).>%*

Strengths of this study include the large size of the
study population, with individuals from 23 countries
across four continents. This population captured a wide
diversity in the distribution of regional covariates and
powered the study to detect associations between regional
characteristics and death attributed to COVID-19.
Furthermore, our methodological approach enabled us
to show that the identified regional characteristics almost
entirely explained the observed country-level variations
in death.

Limitations of this study include the potential of
provider reporting bias, given that the GRA registry used
convenience sampling. However, results from the registry
have suggested that reporting bias did not substantially
affect previously reported estimates of association.”
Nonetheless, reporting biases could partially explain the
country-level case fatality rates reported in this study;
importantly, these rates should not be taken as an
estimate of the overall death rate among patients with
rheumatic diseases and COVID-19. Although all-cause
mortality rates facilitate a more accurate assessment of
global disparities by additionally capturing the indirect
effects of COVID-19 during the pandemic, we were not
able to study all-cause death because the GRA registry did
not include individuals without a diagnosis of COVID-19.
Further studies should establish whether the findings
from this study remain consistent for all-cause death
during the pandemic. The GRA registry included
academic centres and community-based practices and
reported both hospitalised deaths and out-of-hospital
deaths. However, death from undiagnosed COVID-19
would not have been captured in the registry. There is the
potential for misclassification of death attributed to
COVID-19. However, a mean time of 19 days from date of
COVID-19 diagnosis to death in this study was consistent

OR (95% Cl)

Follow-up time (months) 0-78 (0-69-0-88)*
Regional geographical and climatic factors
110 (0-98-1-23)
1.00 (1-:00-1-00)
1.00 (0-98-1-02)
110 (1:01-117)%

Population density (per 100 people per km?) —
Precipitation (mm)
Temperature (°C) =
PM,.5 (ng/m?)

Regional social and economic factors
Median age (years) 0-83(0:78-0-89)*
0-65 (0-44-0-96)%
0-94 (0-88-1-00)%

Human development index (per 0-1-unit increase) _—
Number of hospital beds per 1000 people (per bed)
Regional demographics and comorbidities

Proportion of population aged =65 years (per 1% increase) 119 (1-10-1:30)*
1.00 (1-00-1-00)
1.02 (0-98-1-06)

099 (0-97-1-00)

Annual death rate from cardiovascular disease (per 100 000 people)
Prevalence of adults with diabetes (per 1% increase) e
Annual death rate from air pollution (per 100000 people) -
Regional COVID-19 measures

Cumulative death rate (per 1 million people) 1-00 (1-00-1-00)
1.00 (0-98-1-02)
1.05 (0-80-1:37)

Incident death rate (new deaths per 1 million people per day) =
SARS-CoV-2 reproduction rate (per 1-unit increase)
Regional containment and population mobility trends

Containment index (per 10-unit increase) 0-83(0:74-0-93)t

Change in number of visits to transit stations (per 1% increase) = 0-96 (0-94-0-98)*
Change in number of visits to workplaces (per 1% increase) - 1-02 (1-00-1-03)F
Change in number of visits to grocery or pharmacy stores (per 1% increase) = 1-03 (1-02-1-05)*
Change in number of visits to retail or recreation sites (per 1% increase) - 0-99 (0-97-1-00)
T T ! T T
0-6 0910 12 15

0dds of mortality attributed to COVID-19

Figure: Associations between regional-level characteristics and odds of mortality attributed to COVID-19
Odds ratios derived from a multivariable logistic regression model, including all covariates shown, individual-level
demographics (ie, age and sex), clinical characteristics, and follow-up time as a polynomial term. Clinical
characteristics were diagnosis of rheumatic disease (eg, rheumatoid arthritis, psoriatic arthritis, spondyloarthritis,
other inflammatory arthritis, systemic lupus erythematosus, and vasculitis), rheumatic disease activity

(ie, remission, low, moderate, or high), clinically significant comorbidities (eg, cardiovascular disease or
hypertension, lung disease, morbid obesity, diabetes, and kidney disease), use of disease-modifying antirheumatic
drugs (ie, conventional systemic therapy or biological or targeted synthetic therapy, either alone or in combination,
or none), and average daily dose of prednisone-equivalent glucocorticoid. Regional characteristics include country-
level and US state-level characteristics. PM, =fine particulate matter air pollutants. *p<0-0001. p<0-01. p<0-05.

1CC (95% Cl) p value

Base model with individual-level demographics as fixed effects 14-2% (7-5-25-2) <0-0001
Addition of individual-level rheumatic disease characteristics and 10-1% (5-1-19-1) <0-0001
comorbidities

Addition of follow-up time (as main term and squared term) 8-6% (4-2-16-7) <0-0001
Addition of regional geographical and climatic covariates 6-9% (3-0-15-0) <0-0001
Addition of regional social and economic covariates 4-2% (1.7-9-8) <0-0001
Addition of regional demographics and burden of comorbidities 3-8% (1-4-10-2) <0-0001
Addition of regional cumulative COVID-19 deaths, containment efforts, 1-2% (0-1-9:5) 014

and population mobility trends

Regional characteristics include country-level and US state-level characteristics. Covariates were added successively to
nested mixed-effects models. All models include country-random effects. p values for a likelihood ratio test comparing
a mixed-effects model to a logistic regression model without country-random effects. ICC=intraclass correlation
coefficient.

Table 4: Inclusion of temporal and regional covariates as fixed effects, and corresponding shrinkage in ICCs

with results from published research investigating
COVID-19 fatality** Misclassification of regional
covariates, particularly mobility trends, is plausible given
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that individuals can opt not to use location services, and
are likely to differentiate with respect to region. Although
we suspect this misclassification to be non-differential
with respect to an individual's risk of death attributed to
COVID-19, it remains a potential source of bias. We relied
on geocoding of the reporting clinician to identify
US state, which might not match that of the patient,
particularly for those who live on the borders or in areas
where regions are closely aggregated (eg, in the northeast
ofthe USA). This study might have limited generalisability
because many countries and US states were not included
in the analyses. Regional variations generally increase
with number, size, and granularity of the regions.
Therefore, with large study populations (eg, with the
inclusion of more countries and more patients from each
country) and more granular data (eg, data collected at the
county or health system level), additional regional
parameters and further considerations of their complex
high-dimensional relationships will be needed to account
for regional variations in COVID-19 outcomes.
Furthermore, it was not possible to account for additional
important  individual-level risk factors, such as
socioeconomic status and COVID-19 vaccination status,
severity, and treatment.

In conclusion, our results suggest that, among people
with rheumatic disease, time period of the pandemic
wave, exposure to air pollutants, regional socioeconomic
factors, availability of and burden on health resources,
stringency of government response, and population
mobility are associated with death attributed to COVID-19,
independent of individual-level demographics, character-
istics of rheumatic disease, and comorbidities. These
findings highlight the importance of environmental and
societal factors as potential explanations of the observed
regional disparities in COVID-19 outcomes among people
with rheumatic disease and lay foundation for a new
research agenda to address these disparities.
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