AWARD NUMBER: W81XWH-19-1-0793

TITLE: A Spatial Temporal Analysis of Organ-Specific Lupus Flares in
Relation to Atmospheric and Environmental Factors

PRINCIPAL INVESTIGATOR: George Stojan, MD

CONTRACTING ORGANIZATION: Johns Hopkins University

REPORT DATE: OCTOBER 2020

TYPE OF REPORT: ANNUAL

PREPARED FOR: U.S. Army Medical Research
and Materiel Command Fort
Detrick, Maryland 21702-5012

DISTRIBUTION STATEMENT: Approved for Public Release; Distribution Unlimited

The views, opinions and/or findings contained in this report are those of the
author(s) and should not be construed as an official Department of the Army
position, policy or decision unless so designated by other documentation.



REPORT DOCUMENTATION PAGE o Apbroved

0188

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and
maintaining the data needed, and completing and reviewing this collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including
suggestions for reducing this burden to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway,
Suite 1204, Arlington, VA 22202-

4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a
currently valid OMB control number. PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE 2. REPORT TYPE 3. DATES COVERED:
OCTOBER 2020 ANNUAL 9/15/2019-9/14/2020
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER:

W81XWH-19-1-0793

5b. GRANT NUMBER:

A Spatial Temporal Analysis of Organ-Specific Lupus LR180150

Flares in Relation to Atmospheric and Environmental Eo PROGRAN ELEMENT NUMBER:

Factors
6. AUTHOR(S). . . . . 5d. PROJECT NUMBER:
George Stojan, Anton Kvit, Frank Curriero, Michelle Petri 0011352624

5e. TASK NUMBER
E-Mail:gstojan1@jhmi.edu 5f. WORK UNIT NUMBER
7. PERFORMING ORGANIZATION NAME(S) AND 8. PERFORMING ORGANIZATION
ADDRESS(ES) REPORT NUMBER

Johns Hopkins
University; 733 N.
Broadway, Suite 117
Edward Research
Building Baltimore, MD
21205-1832

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’S ACRONYM(S)

U.S. Army Medical Research and Development Command

Fort Detrick, Maryland 21702- 11. SPONSOR/MONITOR’S REPORT
5012
NUMBER(S)

12. DISTRIBUTION / AVAILABILITY STATEMENT

Approved for Public Release; Distribution Unlimited

13. SUPPLEMENTARY NOTES

14. ABSTRACT: Objective. To identify potential clusters of systemic lupus erythematosus (SLE) organ-specific flares and their
relationship to fine particulate matter pollution (PM2.5), temperature, ozone concentration, resultant wind, relative humidity, and
barometric pressure in the Hopkins Lupus Cohort, using spatiotemporal cluster analysis. Methods. A total of 1,628 patients who
fulfilled the %ystemic Lupus International Collaborating Clinics classification criteria for SLE and who had a home address recorded
were included in the analysis. Disease activity was assessed using the Lupus Activity Index. Assessment of rash, joint involvement,
serositis, and neurologic, pulmonary, renal, and hematologic activity was quantified on a 03 visual analog scale (VAS). An organ-
specific flare was defined as an increase in VAS of >1 point compared to the previous visit. Spatiotemporal clusters were detected
using SaTScan software. Regression models were used for cluster adjustment and included individual, county-level, and
environmental variables. Results. Significant clusters unadjusted for environmental variables were identified for joint flares (P <
0.05; n = 3), rash flares (P < 0.05; n = 4), hematologic flares (P < 0.05; n = 3), neurologic flares (P < 0.05; n = 2), renal flares (P <
0.001; n = 4), serositis (P < 0.001; n = 2), and pulmonary flares (P < 0.001; n = 2|). The majority of the clusters identified changed in
significance, temporal extent, or spatial extent after adjustment for environmental variables. Conclusion. We describe the first
spatiotemporal clusters of lupus organ-specific flares. Seasonal, as well as multi-year, cluster patterns were identified, differing in
extent and location for the various organ-specific flare types. Further studies focusing on each individual organ-specific flare are
needed to better understand the driving forces behind these observed changes.

15. SUBJECT TERMS

NONE LISTED
16. SECURITY CLASSIFICATION OF: 17. LIMITATION 18. NUMBER | 19a. NAME OF RESPONSIBLE
OF ABSTRACT OF PAGES PERSON
USAMRMC
a. REPORT b. ABSTRACT c. THIS PAGE 23 19b. TELEPHONE NUMBER (include
3 - y Unclassified area code)
Unclassified Unclassified Unclassified



mailto:gstojan1@jhmi.edu

TABLE OF CONTENTS

INTRODUCGTION. L. e e e e 4
GO A LS. . e 4
TRAINING OPPORTUNITIES. ... 7
IV P A T . e 7
CHANGES/PROBLEMS . . .o e 8
PRO DU T S, L e 8
PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS. ... 10
SPECIAL REPORTING REQUIREMENTS . . ... e 10

APPEN DI CES . . 10



INTRODUCTION:

We pursued the identification of potential clusters of systemic lupus erythematosus (SLE)
organ-specific flares and their relationship to fine particulate matter pollution (PM2.5), temperature,
0zone concentration, resultant wind, relative humidity, and barometric pressure in the Hopkins Lupus
Cobhort, using spatiotemporal cluster analysis.

KEYWORDS: Systemic lupus erythematosus, environmental factors, pollution, disease activity,
spatiotemporal analysis

GOALS
What were the major goals of the project?

Specific Aim 1 Identify environmental, atmospheric and demographic determinants predictive of organ
specific flares in lupus.

Specific Aim 2 Perform spatial temporal cluster detection analyses of organ specific flares in lupus
(unadjusted cluster detection).

Specific Aim 3 Using the results from Aim 1, repeat the spatial temporal cluster detection analyses
from Aim 2 to assess the degree to which environmental, atmospheric and other variables explain
clusters of lupus flares (adjusted cluster detection).

ACCOMPLISHMENTS
What was accomplished under these goals?

Please see methodology for project in manuscript attached as appendix: Stojan G, Kvit A, Curriero FC,
Petri M. A Spatiotemporal Analysis of Organ-Specific Lupus Flares in Relation to Atmospheric
Variables and Fine Particulate Matter Pollution. Arthritis Rheumatol. 2020 Jul;72(7):1134-1142. doi:
10.1002/art.41217. Epub 2020 May 2. PMID: 32017464; PMCID: PMC7329611.

Results:

In a univariate regression analysis, rash flares (odds ratio [OR] 1.029) and joint flares (OR 1.026) were
found to be positively associated with PM2.5 exposure (P < 0.05), while serositis (OR 1.028) was found
to be marginally associated (P = 0.053). Rash flares (OR 1.065), joint flares (OR 1.047), and
hematologic flares (OR 1.095) were found to be significantly positively associated with temperature,
while renal flares (OR 0.960) were found to be marginally negatively associated with temperature (P =
0.072). Ozone concentration was associated with rash (OR 1.01, P < 0.05) and negatively associated
with renal flares (OR 0.992). Resultant wind was positively associated (P < 0.05) with joint flares (OR
1.039), neurologic flares (OR 1.099), renal flares (OR 1.028), and pulmonary flares (OR 1.135).
Relative humidity was associated with joint flares (OR 1.163, P < 0.05) and marginally associated with
neurologic flares (OR 1.297, P = 0.077). No significant associations were found for barometric pressure.
Furthermore, rash, serositis, and renal flares were found to be negatively associated with age (P < 0.05).
Rash and serositis symptoms were found to be more likely in African American than white populations
(marginally for serositis [P = 0.092]), and odds of joint flare were higher for African American patients
than for patients of other nonwhite races. Rash flares were found to be more likely in smokers (OR
1.862) and to be negatively associated (P < 0.05) with years of education (OR 0.943). Renal flares were



also negatively associated with years of education (OR 0.943). Finally, joint flares (OR 0.969) and renal
flares (OR 0.964) were found to be negatively associated with median county income (P < 0.05). These
findings are summarized in Table 2 (see attached publication).

For most outcomes, the clusters identified changed spatially or temporally when environmental variables
were considered in addition to county and individual ones. The general interpretation of cluster behavior
after adjustment for environmental covariates can be classified into the following 3 categories:

1. Clusters that remain unchanged temporally or spatially after adjustment for environmental covariates
indicate areas where no association between environmental covariates and flare occurrence was
identified.

2. Clusters that disappear or decrease spatially or temporally after adjustment for environmental
covariates indicate areas where there were high levels of covariates along with a general positive
association of the covariates with the number of flares, or low levels of covariates with a general
negative association. 3. Clusters that emerge or increase spatially or temporally after adjustment for
environmental covariates indicate areas where there were low levels of covariates along with a general
positive association of the covariates with the number of flares, or high levels of covariates with a
general negative association.

Three statistically significant (P < 0.05) environmentally unadjusted clusters were identified for joint
flares. One encompassed most of Maryland’s Eastern Shore and Delaware and ranged from July 2001 to
July 2005. A second cluster was located to the southwest, including Washington, DC and parts of
Virginia and Maryland, and ranged from April 2001 to July 2009. The third cluster centered around the
city of Baltimore and Baltimore County and ranged from January 2002 to September 2005. After
adjustment for environmental variables, cluster 1 located on the Eastern Shore decreased temporally,
cluster 2 in the west remained unchanged, and cluster 3 decreased spatially and shifted temporally. A
new cluster (cluster 4) appeared in the northeast after adjustment (Figure 2: see attached publication).
After adjustment for individual and county variables, 4 significant (P < 0.05) rash flare clusters were
identified in eastern Maryland, southeastern Pennsylvania, and Delaware. Clusters 1 and 2 located on
the Eastern Shore and north of the city of Baltimore, respectively, decreased spatially after adjustment,
while clusters 3 and 4, located in the southwest and northeast, respectively, increased spatially after
adjustment (Figure 3: see attached publication). Three significant environmentally unadjusted (P < 0.05)
hematologic clusters were identified. Two were around New Jersey (from September 2000 to February
2002 and from February 2001 to February 2002), and one was located in western Maryland and Virginia
(from December 2002 to December 2005). None of these clusters remained significant after adjustment
for atmospheric variables and PM2.5 (Figure 4: see attached publicaton).

Two large significant neurologic flare clusters were identified, in the eastern and western halves of the
study area (P < 0.05) (Supplementary Figure 1, available on the Arthritis & Rheumatology web site at
http://onlin elibr ary.wiley.com/doi/10.1002/art.41217/ abstract). After adjustment for atmospheric
variables and PM2.5, spatially and temporally smaller clusters during time periods different from the
original clusters appeared. Two significant environmentally unadjusted serositis clusters were identified,
and both remained temporally and spatially unchanged after adjustment for environmental variables (P <
0.001) (Supplementary Figure 2, available on the Arthritis & Rheumatology web site at http://onlin elibr
ary.wiley.com/doi/10.1002/art.41217/ abstract). Four highly significant renal clusters were identified (P



< 0.001) (Supplementary Figure 3, available on the Arthritis & Rheumatology web site at http://onlin
elibr ary.wiley.com/doi/10.1002/art.41217/ abstract), spanning from 2001, 2002, and 2004 to 2006,
taking up much of the map except for some counties in the west and south. These clusters remained
largely unchanged spatially after adjustment for atmospheric variables and PM2.5, while clusters 2 and 3
became slightly smaller temporally after adjustment. Two significant pulmonary flare clusters were
identified in the northwest, spanning from January to July of 1999 (P < 0.001) (Supplementary Figure 4,
available on the Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41217/ abstract). Both clusters became spatially smaller after adjustment for atmospheric variables
and PM2.5, and a third cluster appeared in the northeast after adjustment.

Discussion:

Cluster detection, the identification of spatial units adjacent in space that are associated with distinctive
patterns of data of interest relative to background variation, is an important tool in disciplines such as
spatial epidemiology and disease surveillance (16). Clusters have distinctive risks of an event of interest,
typically elevated, but possibly reduced, relative to background variation (16). We performed a
spatiotemporal cluster analysis of the Hopkins Lupus Cohort and detected the first spatiotemporal lupus
flare clusters. Seasonal, as well as multi-year, cluster patterns were identified, differing in extent and
location for the various organ-specific flare types. The large-scale, multi-year clusters we defined did
not conform to any known pattern of infectious disease or environmental exposure. After adjustment for
individual or environmental covariates, there were at least slight changes in the temporal or spatial
extent, or significance, of nearly all of the identified clusters, with serositis clusters being the only ones
that remained almost entirely unchanged. Generally, a decrease in temporal extent, as seen for some of
the joint flare clusters (Figure 2: see attached publication) or renal flare clusters (Supplementary Figure
3: see attached publication), or spatial extent, as seen for the neurologic flare clusters and pulmonary
flare clusters (Supplementary Figures 1 and 4: see attached publication), after adjustment for covariates
indicates that the adjusted covariates were partially driving the occurrence of that cluster at that time and
location. After adjustment for environmental variables, some clusters increased in spatial extent, such as
rash flare cluster 3, or temporal extent, such as rash flare cluster 1 (Figure 3: see attached publication).
An increase in cluster size, temporal extent, or significance after adjustment for covariates might suggest
an area where flare activity is high, despite the presence of individual and environmental covariates that
are associated with lower flare activity, and thus this is an area of particular interest for further research.
GEE-based regression analysis was used to quantify the effects of individual, county, and environmental
variables on the odds of flare outcomes. While these results were needed to properly adjust the cluster
detection analysis, a more in-depth analysis was outside the scope of this study. An inference-based
approach that not only identifies and quantifies these effects but also allows further investigation into
effect modification, separating residual variability at the individual and county level (multilevel
modeling) and deriving the most parsimonious models for each flare outcome, is of interest and will be
the primary focus of our future work. The potential mechanisms underlying the effect of environmental
factors on lupus flares is an interesting subject to speculate on. Elevated temperature has profound
effects on the immune system, particularly by increasing T cell proliferation rates, interleukin-1 (IL-1)-
driven secretion of IL-2, and primary antibody responses to T-dependent antigens (17,18), but whether
changes in environmental temperature affect the immune response is unknown. Rodo et al described a
causal relationship between large-scale wind currents originating in northeastern China and the major
epidemics of Kawasaki disease in Japan, Hawaii, and San Diego (19).



Candida were the dominant fungal species (54% of all fungal DNA clones) isolated in the aerosol
samples from these wind currents (20), underlining the potential of aerosols transported by wind
currents over long distances to trigger human disease. PM2.5 has been shown to alter innate immunity
by affecting Toll-like receptor signaling, inflammasome activation, and oxidative stress (21-23). One
could speculate that similar mechanisms underlie the effect of these environmental factors on lupus
flares. The shortcoming of cluster analysis as an epidemiologic method is the low likelihood of
establishing a definitive cause-and- effect relationship between the health event and an exposure.
Clusters are useful for generating hypotheses but may not be as useful for testing hypotheses. The issues
raised by a cluster cannot be definitively answered by the investigation per se, since they require an
alternative epidemiologic approach. This is also true regarding the interpretation of the cluster changes
after adjustment. While a change in clusters after adjustment for individual or environmental covariates
suggests that these covariates in part drive the formation, location, or temporal extent of these clusters,
the exact interpretation of every change can be difficult and requires further study.

The difficulty in interpretation is partially driven by SaTScan software itself, which produces a ranked
list of clusters based on significance. To make reporting and interpretability easier, by default SaTScan
reports only clusters that do not spatially overlap, meaning that there can be multiple significant
overlapping clusters identified in an area, but only the most significant of those would be reported. A
slight change in the significance of the clusters could lead to a change in ranking order, and ultimately
change what clusters are mapped and reported, even if the change in significance is minimal. By
loosening the default restrictions and allowing SaTScan to report spatially overlaying clusters as long as
they do not contain the centroids of more significant clusters, we allowed more significant clusters to be
reported, without making the plots overwhelming. We describe the first spatiotemporal clusters of lupus
organ-specific disease activity. Seasonal, as well as multi-year, cluster patterns were identified, differing
in extent and location for the various organ-specific flare types. Many of the clusters identified changed
in significance, temporal extent, or spatial extent after adjusting for environmental or individual
covariates. Further study focusing on each individual lupus organ-specific flare is needed to better
understand the driving forces behind these observed changes.

TRAINING OPPORTUNITIES
What opportunities for training and professional development has the project provided?

Nothing to report
How were the results disseminated to communities of interest?
Nothing to report

What do you plan to do during the next reporting period to accomplish the goals?

IMPACT

What was the impact on the development of the principal discipline(s) of the project?

This was the first study to employ spatial-temporal analysis in a well defined, longitudinal lupus cohort



which showed the presence of distinctive spatial-temporal clusters of organ specific lupus flares which
changed in space and time with adjustment for atmospheric and environmental variables, indicating
their likely role in the occurrence of the described clusters. These exciting findings could change the
approach to the study of environmental factors in SLE and related autoimmune diseases

What was the impact on other disciplines?

Nothing to report

What was the impact on technology transfer?

Nothing to report

What was the impact on society beyond science and technology?
This study could hint to a connection between climate change and the changing frequency/severity of
SLE over time. A better understanding of the relation between the immune system and environment,
could lead to public health changes with the specific purpose of decreasing the incidence of
autoimmune flares.

CHANGES/PROBLEMS
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Nothing to report
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A Spatiotemporal Analysis of Organ-Specific Lupus Flares
in Relation to Atmospheric Variables and Fine Particulate
Matter Pollution

George Stojan, = Anton Kvit, Frank C. Curriero, and Michelle Petri

Objective. To identify potential clusters of systemic lupus erythematosus (SLE) organ-specific flares and their
relationship to fine particulate matter pollution (PM2.5), temperature, ozone concentration, resultant wind, relative
humidity, and barometric pressure in the Hopkins Lupus Cohort, using spatiotemporal cluster analysis.

Methods. A total of 1,628 patients who fulfilled the Systemic Lupus International Collaborating Clinics classification
criteria for SLE and who had a home address recorded were included in the analysis. Disease activity was assessed
using the Lupus Activity Index. Assessment of rash, joint involvement, serositis, and neurologic, pulmonary, renal,
and hematologic activity was quantified on a 0-3 visual analog scale (VAS). An organ-specific flare was defined
as an increase in VAS of =1 point compared to the previous visit. Spatiotemporal clusters were detected using
SaTScan software. Regression models were used for cluster adjustment and included individual, county-level, and
environmental variables.

Results. Significant clusters unadjusted for environmental variables were identified for joint flares (P < 0.05; n =
3), rash flares (P < 0.05; n = 4), hematologic flares (P < 0.05; n = 3), neurologic flares (P < 0.05; n = 2), renal flares (P <
0.001; n = 4), serositis (P < 0.001; n = 2), and pulmonary flares (P < 0.001; n = 2). The majority of the clusters identified
changed in significance, temporal extent, or spatial extent after adjustment for environmental variables.

Conclusion. We describe the first spatiotemporal clusters of lupus organ-specific flares. Seasonal, as well as
multi-year, cluster patterns were identified, differing in extent and location for the various organ-specific flare types.
Further studies focusing on each individual organ-specific flare are needed to better understand the driving forces

© 2020, American College of Rheumatology

behind these observed changes.
INTRODUCTION

Systemic lupus erythematosus (SLE) is acomplexmultisys-
tem autoimmune disease with strong epidemiologic evidence of
association with several environmental factors, including crys-
talline silica exposure (1), cigarette smoking (2), and exogenous
estrogens (oral contraceptives and postmenopausal hormones)
(3), as well as potential associations between other exogenous
factors such as mercury (4), ultraviolet radiation, solvents, and
pesticides (5).

With regard to atmospheric impact, significant seasonal
variation in SLE disease activity has been described, with more
arthritis activity in the spring and summer months, anincreasein
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National Center for Research Resources, NIH (grant UL1-RR-025005), and
the NIH Roadmap for Medical Research. The Hopkins Lupus Cohort was
supported by the NIH (grants AR-43727 and AR-69572). Dr. Stojan’s work
was supported by the Jerome L. Greene Foundation. Dr. Curriero’s work was
supported by the NIH (grant R01-Al-123931).
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MD, MPH: Johns Hopkins University, Baltimore, Maryland.
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renal activity in the winter months, significantly higher anti-double-
stranded DNA (anti-dsDNA) antibody titers in the fall, and a signifi-
cantvariationinglobal disease activity, as measured by the Safety
of Estrogens in Lupus Erythematosus National Assessment ver-
sion of the Systemic Lupus Erythematosus Disease Activity Index
(SLEDAI), through the year (6). In a cohort of 2,802 SLE patients
from China, the absolute number of patients with active SLE
(SLEDAI>12)inamonthwas positively correlatedwiththe amount
of precipitation and wind speed (7). There was no significant cor-
relation between average temperature, average humidity, or aver-
age percentage of sunshine hours and SLE activity.

Fine particulate matter pollution (PM2.5) averaged for up
to 10 days prior to patient visit was associated with anti-dsDNA

Dr. Petri has received consulting fees, speaking fees, and/or honoraria
from Amgen, EMD Serono, and Merck (less than $10,000 each) andresearch
support from AstraZeneca, Exagen Diagnostics, and GlaxoSmithKline. No
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7500, Baltimore, MD 21205. E-mail: gstojan1@jhmi.edu.

Submitted for publication July 29, 2019; accepted in revised form
January 24, 2020.
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antibodies and cellular casts, but not with global disease activity,
in a Montreal lupus cohort (8). A population-based cohort study
from Taiwan showed a positive association between a10.2 yg/m®
increase in fine particulate matter concentration and new diag-
noses of SLE (9). Similarly, population-based studies from Alberta
and Quebec showed that PM2.5 exposure may be associated
with anincreased risk of systemic autoimmune diseases, includ-
ing SLE (10).

We pursued the development of spatiotemporal analyt-
ical models of lupus flares with the goal of identifying potential
flare clusters and their relationship to PM2.5 and temperature
changes. These spatiotemporal models serve as the foundation
foranovel approach to the study of environmental factors in SLE.

PATIENTS AND METHODS

Patients and activity indices. As previously described
(11), the Hopkins Lupus Cohort is a prospective cohort study
of predictors of lupus flare, atherosclerosis, and health statusin
SLE. The study cohortincludes all patients at the Hopkins Lupus
Center who have a clinical diagnosis of SLE and meet classifi-
cation criteriafor SLE (12). All patients provided written informed
consentto participate in the study. Patients enrolled in the cohort

arefollowed up quarterly or more frequently if clinically necessary.
Clinical features, laboratory findings, and damage accrual data are
recorded at the time of entry into the cohort and are updated at
subsequentvisits. The Hopkins Lupus Cohorthasbeen approved
by the Johns Hopkins University School of Medicine Institutional
Review Board and complies with the Health Insurance Portability
and Accountability Act.

The Hopkins Lupus Cohortincluded 2,486 patients, with the
vast majority of patients living in Maryland and the surrounding
states. A 350-kilometer radial buffer around the Johns Hopkins
Lupus Center was therefore considered as the study area, since
itincluded a high and consistent density of patients necessary for
clusterdetection. Thisareaincluded mostofMaryland, Delaware,
and Washington, DC, as well as parts of Pennsylvania, New Jer-
sey, Virginia, and West Virginia (Figure 1).

Patients who had home addresses within the study area
between 1999 and 2017 were included in the study. A 1999 cutoff
was selected since consistent PM2.5 data were available begin-
ning inthat year. Alladdress changes during study follow up were
recorded and were considered. Disease activity was assessed by
the Lupus Activity Index (13). Assessment of rash, joint involve-
ment, serositis, and neurologic, pulmonary, renal, and hemato-
logic activity was quantified on a 0-3 visual analog scale (VAS).
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Figure 1. The Johns Hopkins Lupus Cohort study area. Patients with systemic lupus erythematosus in the Johns Hopkins Lupus Cohort who
had home addresses within this study area during the period from 1999 to 2017 were included in the cluster analysis.
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An organ-specific flare was defined as an increase in VAS of 21
point compared to the previous visit. For the increase to count as
a flare, the previous visit must have been within 110 days of the
current visit. Patients were generally asked to check in at least
every 3 months; however, this time period varied, and 92 day,
100 day, and 110 day cutoffs were considered. A 110 day cutoff
was considered the most appropriate, since it allowed retention of
70% of the records while still excluding patients who visited too
rarely to determine whether a flare had occurred. After applying
all of the criteria described above, 1,628 patients with a total of
29,677 visits were included in the study. Individual variables con-
sidered in the analysis included patient sex, age, race, smoking
status, household income, years of education, and urban versus
rural living environment. County-level variables included median
income and the proportion of the population who were African
American. Flare types included rash, joint, serositis, and neuro-
logic, renal, pulmonary, and hematologic flares. Available data are
further summarized in Table 1.

Daily PM2.5 data measured in micrograms per cubic meter,
temperature measured in degrees Fahrenheit, 0zone concentra-
tionmeasuredin parts per million (ppm), resultantwind measured
in miles per hour, relative humidity expressed as a percentage,
andbarometric pressure expressedas millimeters of mercury (mm
Hg) were collected at various monitoring stations in the eastern
US and obtained from the Environmental Protection Agency. Ordi-
nary kriging was used via the “gstat” R package (14) to predict
the 10-day average level of the environmental variables for each
patient prior to each visit date. Ordinary kriging (15) is a widely
used statistical interpolation method that allows the prediction of
thevalue ofavariableinanygeographiclocationbased onknown

variable measuresatotherlocations, whiletakingintoaccountthe
spatial dependence in the distribution of the measured variable.
This method allowed us to predict environmental exposures for
each patient based on appropriately weighted exposure mea-
sures at the surrounding monitoring stations.

Both univariate and multivariate generalized estimating equa-
tion (GEE) logistic regression models with an exchangeable cor-
relation structure were built to study the association of individual
variables (age, sex, race, smoking status, household income,
years of education, and urban living status), county variables
(county income and the proportion of the population who were
African American), and environmental variables (PM2.5, temper-
ature, ozone concentration, resultant wind, barometric pressure,
and relative humidity) with the 7 different types of lupus dis-
ease activity listed above. GEE regression was used in order to
account for the repeated measures each patient was subject to
during their multiple clinic visits, thus violating the independence
assumption necessary for ordinaryregression.

Spatiotemporal cluster detection of flares was conducted
using SaTScan software version 9.4.4. In order to detect such
clusters, SaTScan utilizes a moving window of variable size, that
centers at each data point location, and considers all possible
time intervals, recording the number of observed and expected
cases inside and outside the window. For each window location,
size, and time, the observed and expected cases are compared,
thelikelihood functionis maximized, identifying the windowthatis
least likely to occur by chance, and this process is repeated 999
times through Monte Carlo hypothesis testing in order to obtain
a P value, and identify the window as a statistically significant
cluster. The method used to calculate expected cases depends

Table 1. Individual and county-level variables and lupus flare outcomes, by patient sex*

Women Men Total
(n=1,504) (n=124) (n=1,628)
No. of clinic visits 27,376 2,301 29,677
Age, mean years 38.8 43.2 39.1
Race
African American 618 (41.1) 41 (33.1) 659 (40.5)
White 761 (50.6) 74 (59.7) 835 (51.3)
Other 125 (8.3) 9(7.3) 134 (8.2)
Years of education, mean 14.3 14.2 14.3
Annual household income, mean dollars 65,491.2 77,642.5 66,322.2
Ever smoker 157 (10.4) 9(7.3) 166 (10.2)
Urban living environment 1,281 (85.2) 101 (81.5) 1,382 (84.9)
Annual county income, mean dollars 63,655.7 65,802.7 63,823.7
African American proportion of county population, mean % 29.9 27.0 29.7
Lupus flarest
Rash flares 1,146 (4.2) 61(2.7) 1,207 (4.1)
Joint flares 1,665 (6.1) 102 (4.4) 1,767 (6)
Serologic flares 470 (1.7) 25(1.1) 495 (1.7)
Neurologic flares 292 (1.1) 22 (1.0) 314 (1.1)
Renal flares 1,696 (6.2) 188 (8.2) 1,884 (6.3)
Pulmonary flares 58 (0.2) 3(0.1) 61 (0.2)
Hematologic flares 446 (1.6) 62 (2.7) 508 (1.7)

* Except where indicated otherwise, values are the number (%).

t Values are the number of flares (% of clinic visits).



Table 2. Associations between outcome variables and individual, county, and environmental covariates in univariate regression analysis*
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Rash Joints Serositis Neurologic Renal Pulmonary Hematologic
Variable OR P OR P OR P OR P OR P OR P OR P
Age 0.989 0.021 1.000 >0.9 0.968 <0.001 0.997 >0.9 0.976 <0.001 0.993 >0.9 0.991 >0.9
Sex 0.620 0.5115 0.721 0.7095 0.683 >0.9 1.127 >0.9 1.341 0.3225 0.640 >0.9 1.822 0.3705
Race (other) 0.671 >0.9 0.571 0.0075 0.764 >0.9 0.448 0.6885 0.924 >0.9 1.450 >0.9 1.037 >0.9
Race (white) 0.668 <0.001 0.875 0.7965 0.658 0.0915 0.734 >0.9 0.536 <0.001 0.574 >0.9 0.986 >0.9
Ever smoker 1.862 <0.001 1.201 0.8745 0.499 0.8475 0.990 >0.9 0.957 >0.9 1.166 >0.9 1.023 >0.9
Household incomet 0.993 >0.9 0.989 0.153 0.995 >0.9 0.998 >0.9 0.998 >0.9 1.009 >0.9 1.004 >0.9
Years of education 0.943 0.012 0.972 0.4605 0.943 0.498 1.007 >0.9 0.943 <0.001 0.980 >0.9 1.007 >0.9
Urban living environment 0.975 >0.9 0.929 >0.9 0.954 >0.9 0812 >0.9 0.840 0.9225 0.936 >0.9 0.968 >0.9
Af of 1.044 0.438 1.006 >0.9 0.959 >0.9 1.005 >0.9 1.034 0.6795 0.989 >0.9 1.025 >0.9
Median county incomet 0.980 >0.9 0.969 0.0015 0.994 >0.9 0.949 0.144 0.964 0.0015 0.908 0.153 0.985 >0.9
PM2.5 1.029 <0.001 1.026 <0.001 1.028 0.0525 1.026 0.399 1.004 >0.9 1.043 0.8625 1.025 0.138
Temperature (degrees F)* 1.065 0.033 1.047 0.0285 1.061 0.6135 1.068 >0.9 0.960 0.072 1.108 >0.9 1.095 0.027
Ozone concentration (ppm) 1.013 <0.001 1.004 >0.9 1.011 0.3255 1.002 >0.9 0.992 0.0105 1.010 >0.9 1.005 >0.9
Resultant wind (miles/hour)# 1.009 >0.9 1.039 <0.001 1.007 >0.9 1.099 <0.001 1.028 0.0165 1.135 0.0045 1.046 0.1
Barometric pressure (mm Hg)+ 0.993 0.5655 1.004 >0.9 1.006 >0.9 0.989 >0.9 0.998 >0.9 1.053 0.6585 1.007 >0.9
Relative humidity (%) ¥ 0.991 >0.9 1.163 <0.001 1.125 >0.9 1.297 0.0765 1.045 >0.9 1.293 >0.9 1.159 0.1365

* Pvaluesless than 0.05 were considered significant; P valuesless than 0.1 were considered marginally significant. All P values were Bonferroni adjusted. PM2.5 = fine particulate matter
pollution; ppm = parts per million.

1 Odds ratio (OR) per $5,000.

I OR per 10 units.

LETT
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onthe selected statistical model. Patient data were aggregated to
66 counties that spanned the study area and were considered the
spatial units for the analysis. A discrete Poisson SaTScan model
was utilized, where the total number of each type of lupus flares
per day, in each county, is considered to be the case, and the total
number of patient visits per day, in each county, is considered to
be the population, if the cluster is unadjusted.

In order to determine whether individual, county, or environ-
mental covariates help explain the identified clusters, the expected
number of flares determined from the GEE logistic regressions
described above can be used in place of the population within the
SaTScanPoissonmodel. Inthis study, 2 adjusted spatiotemporal
cluster analyses were conducted. In the first, only adjustments
forindividualand county level socioeconomic factors were made.
In the second, in addition to the individual and county variables,
adjustments based on environmental variables were included.
One-month—longminimumtimeintervals were consideredforthis
analysis, and spatially overlapping clusters were allowed as long
asthe overlapping cluster did not contain the centroid of the clus-
ter that was already there.

Data availability

The data that support the findings of this study are available
upon request from the corresponding author. The data are not
publicly available since they contain information that could com-
promise research participant privacy.

RESULTS

In a univariate regression analysis, rash flares (odds ratio [OR]
1.029)andjointflares(OR 1.026)werefoundtobepositivelyasso-
ciated with PM2.5 exposure (P < 0.05), while serositis (OR 1.028)
was found to be marginally associated (P = 0.053). Rash flares
(OR 1.065), joint flares (OR 1.047), and hematologic flares (OR
1.095) were found to be significantly positively associated with
temperature, while renal flares (OR 0.960) were found to be mar-
ginally negatively associated with temperature (P = 0.072). Ozone
concentration was associated with rash (OR 1.01, P < 0.05) and
negatively associated with renal flares (OR 0.992). Resultant wind
was positively associated (P < 0.05) with joint flares (OR 1.039),
neurologic flares (OR 1.099), renal flares (OR 1.028), and pulmo-
nary flares (OR 1.135). Relative humidity was associated with joint
flares (OR 1.163, P < 0.05) and marginally associated with neu-
rologic flares (OR 1.297, P = 0.077). No significant associations
were found for barometric pressure. Furthermore, rash, serositis,
and renal flares were found to be negatively associated with age
(P <0.05). Rash and serositis symptoms were found to be more
likely in African American than white populations (marginally for
serositis [P = 0.092]), and odds of joint flare were higher for Afri-
can American patients than for patients of other nonwhite races.
Rash flares were found to be more likely in smokers (OR 1.862)

and to be negatively associated (P < 0.05) with years of educa-
tion (OR0.943). Renalflareswere also negatively associated with
years of education (OR 0.943). Finally, joint flares (OR 0.969) and
renal flares (OR 0.964) were found to be negatively associated
with median county income (P < 0.05). These findings are sum-
marized in Table 2.

Formostoutcomes, the clustersidentified changed spatially
or temporally when environmental variables were considered in
addition to county and individual ones. The general interpretation
of cluster behavior after adjustment for environmental covariates
can be classified into the following 3 categories:

1 Clusters that remain unchanged temporally or spatially after
adjustment for environmental covariates indicate areas where
no association between environmental covariates and flare
occurrence was identified.

2. Clusters that disappear or decrease spatially or temporally
after adjustment for environmental covariates indicate areas
wheretherewere highlevels of covariates alongwithageneral
positive association ofthe covariates withthe number offlares,
orlowlevels of covariates withageneral negative association.

3. Clusters that emerge or increase spatially or temporally af-
ter adjustment for environmental covariates indicate areas
where there were low levels of covariates along with a gen-
eral positive association of the covariates with the number
of flares, or high levels of covariates with a general negative
association.

Three statistically significant (P < 0.05) environmentally unad-
justed clusters were identified for joint flares. One encompassed
most of Maryland’s Eastern Shore and Delaware and ranged from
July 2001 to July 2005. A second cluster was located to the south-
west, including Washington, DC and parts of Virginiaand Maryland,
and ranged from April 2001 to July 2009. The third cluster centered
around the city of Baltimore and Baltimore County and ranged from
January 2002 to September 2005. After adjustment for environ-
mental variables, cluster 1 located on the Eastern Shore decreased
temporally, cluster 2 in the west remained unchanged, and cluster
3 decreased spatially and shifted temporally. A new cluster (cluster
4) appeared in the northeast after adjustment (Figure 2).

After adjustment for individual and county variables, 4 sig-
nificant (P < 0.05) rash flare clusters were identified in eastern
Maryland, southeastern Pennsylvania, and Delaware. Clusters 1
and 2 located on the Eastern Shore and north of the city of Bal-
timore, respectively, decreased spatially after adjustment, while
clusters 3 and 4, located in the southwest and northeast, respec-
tively, increased spatially after adjustment (Figure 3).

Three significant environmentally unadjusted (P < 0.05)
hematologic clusters were identified. Two were around New Jer-
sey (from September 2000 to February 2002 and from February
2001 to February 2002), and one was located in western Mary-
landand Virginia(from December2002to December2005).None



SPATIOTEMPORAL ANALYSIS OF SLE FLARES

1139

Joints Clusters (Adjusted for Individual and County)

Clusters

Clusters

Cluster StartDate End Date P-Value Observed Expected Area

1 2001/7/28 2005/7/27 <0.001 314 207 21403
2 2001/4/28 2009/7/27 <0.001 423 315 18270
3 2002/1/28 2005/9/27 <0.001 273 190 3726

Cluster StartDate End Date P-Value Observed Expected Area

1 2004/2/28 2005/6/27 <0.001 126 64.0 21403
2 2001/4/28 2009/7/27  0.003 423 3298 18270
3 2003/1/28 2007/4/127  0.004 262 187.2 3071

4 2004/4/28 2005/6/27  0.028 38 147 17141

Figure 2. Top, Clusters of joint flares in patients with systemic lupus erythematosus (SLE) after adjustment for individual variables (age, sex,
race, smoking status, household income, years of education, and urban living status) and county variables (county income and the proportion
of the population who were African American). Bottom, Clusters of joint flares in SLE patients after adjustment for individual variables, county
variables, and environmental variables (fine particulate matter pollution, temperature, 0zone concentration, resultantwind, barometric pressure,
andrelative humidity). After adjustment for environmental variables, cluster 1 decreased temporally, cluster 2remained unchanged, and cluster
3 decreased spatially and shifted temporally. A new cluster (cluster 4) in the northeast was identified after adjustment. The beginning and end
dates, P value, observed and expected values, and area in square kilometers are shown for each cluster.

of these clusters remained significant after adjustment for atmo-
spheric variables and PM2.5 (Figure 4).

Twolarge significantneurologicflare clusters wereidentified,
in the eastern and western halves of the study area (P < 0.05)
(Supplementary Figure 1, available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/art.41217/
abstract). After adjustmentforatmospheric variablesand PM2.5,
spatially and temporally smaller clusters during time periods differ-
ent from the original clusters appeared. Two significant environ-
mentally unadjusted serositis clusters were identified, and both
remained temporally and spatially unchanged after adjustment
forenvironmental variables (P <0.001) (Supplementary Figure 2,
available on the Arthritis & Rheumatology web site at http://onlin
elibrary.wiley.com/doi/10.1002/art.41217/abstract).

Four highly significant renal clusters were identified (P <0.001)
(Supplementary Figure 3, available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/art.41217/
abstract), spanning from 2001, 2002, and 2004 to 2006, taking
up much of the map except for some counties in the west and
south. These clusters remained largely unchanged spatially after

adjustmentforatmosphericvariablesand PM2.5, while clusters 2
and 3 became slightly smaller temporally after adjustment.

Twossignificant pulmonaryflare clusters wereidentified in the
northwest, spanning from January to July of 1999 (P < 0.001)
(Supplementary Figure 4, available on the Arthritis & Rheuma-
tology web site at http://onlinelibrary.wiley.com/doi/10.1002/
art.41217/abstract). Both clusters became spatially smaller after
adjustmentforatmosphericvariablesand PM2.5,and athird clus-
ter appeared in the northeast after adjustment.

DISCUSSION

Cluster detection, the identification of spatial units adjacentin
space that are associated with distinctive patterns of data of inter-
est relative to background variation, is an important toolin disci-
plines such as spatial epidemiology and disease surveillance (16).
Clusters have distinctive risks of an event of interest, typically ele-
vated, but possibly reduced, relative to background variation (16).

We performed a spatiotemporal cluster analysis of the Hop-
kins Lupus Cohort and detected the first spatiotemporal lupus flare
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Rash Clusters (Adjusted for Individual and County)

Clusters

Clusters

Cluster Start Date

1

2
3
4

Cluster

1

2
3
4

2003/6/28
2003/12/28
2003/1/28
2003/4/28

Start Date

2002/11/28 2009/11/27

2003/1/28
2003/3/28
2002/9/28

End Date
2009/8/27
2007/9127
200719127
2007/5/27

End Date

2009/7127
200716127
2007/9/27

P-Value Observed Expected Area

<0.001 315
<0.001 194
<0.001 174

0.012 67

202 21009
117 14313
102 2207

32 18537

P-Value Observed Expected Area

<0.001 331
<0.001 312
<0.001 171
0.001 89

2191 9816
2197 3726
1051 14467
448 22371

Figure 3. Top, Clusters of rash flares in patients with systemic lupus erythematosus (SLE) after adjustment for individual variables (age, sex,
race, smoking status, household income, years of education, and urban living status) and county variables (county income and the proportion
of the population who were African American). Bottom, Clusters of rash flares in SLE patients after adjustment for individual variables, county
variables, and environmental variables (fine particulate matter pollution, temperature, ozone concentration, resultantwind, barometric pressure,
and relative humidity). After adjustment for environmental variables, clusters 1 and 2 decreased spatially, while clusters 3 and 4 increased
spatially. The beginning and end dates, P value, observed and expected values, and area in square kilometers are shown for each cluster.

clusters. Seasonal, as well as multi-year, cluster patterns were identi-
fied, differing in extent and location for the various organ-specific flare
types. The large-scale, multi-year clusters we defined did not conform
toanyknown patternofinfectious disease orenvironmentalexposure.

Heme Clusters (Adjusted for Individual and County)

Clusters

After adjustment for individual or environmental covariates,

there were at least slight changes in the temporal or spatial extent,
or significance, of nearly all of the identified clusters, with seros-
itis clusters being the only ones that remained almost entirely

Cluster Start Date

1
2
3

2001/2/28
2000/9/28
2002/12/28

End Date P-Value Observed Expected Area

2002/2/27
2002/2/27

2005/12/27

0.038 6
0.04 7
0.043 45

0292 3738
0.481 4491
20064 14994

Figure 4. Clusters of hematologic (heme) flares in patients with systemic lupus erythematosus (SLE) after adjustment for individual variables (age,
sex, race, smokingstatus, householdincome, years ofeducation, and urban living status) and county variables (county income and the proportion
of the population who were African American). No significant clusters (P <0.05) were identified after adjustment for individual variables, county
variables, and environmental variables (fine particulate matter pollution, temperature, ozone concentration, resultant wind, barometric pressure, and
relative humidity). Thebeginningandenddates, P value, observed and expected values, and areain square kilometers are shown for each cluster.
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unchanged. Generally, a decrease in temporal extent, as seen
for some of the joint flare clusters (Figure 2) or renal flare clusters
(Supplementary Figure 3), or spatial extent, as seen for the neu-
rologicflare clusters and pulmonary flare clusters (Supplementary
Figures 1 and 4), after adjustment for covariates indicates that the
adjusted covariates were partially driving the occurrence of that
cluster atthat time and location. After adjustment for environmen-
tal variables, some clusters increased in spatial extent, such as
rash flare cluster 3, or temporal extent, such as rash flare cluster
1 (Figure 3). An increase in cluster size, temporal extent, or sig-
nificance after adjustment for covariates might suggest an area
where flare activity is high, despite the presence of individual and
environmental covariatesthatare associated with lower flare activ-
ity,and thusthisis an area of particular interestfor further research.
GEE-based regression analysis was used to quantify the
effects of individual, county, and environmental variables on the
odds of flare outcomes. While these results were needed to prop-
erly adjust the cluster detection analysis, a more in-depth analysis
was outside the scope of this study. An inference-based approach
that not only identifies and quantifies these effects but also allows
further investigation into effect modification, separating residual
variability at the individual and county level (multilevel modeling)
and deriving the most parsimonious models for each flare out-
come, is of interestand will be the primary focus of our future work.
The potential mechanisms underlying the effect of environ-
mental factors on lupus flaresis an interesting subject to speculate
on. Elevatedtemperature has profound effectsontheimmune sys-
tem, particularly by increasing T cell proliferation rates, interleukin-1
(IL-1)—driven secretion of IL-2, and primary antibody responses to
T-dependent antigens (17,18), but whether changes in environ-
mental temperature affect the immune response is unknown.
Rodo et al described a causal relationship between large-scale
wind currents originating in northeastern China and the major epi-
demics of Kawasakidiseasein Japan, Hawaii,and San Diego (19).
Candidawere the dominantfungal species (54% of all fungal DNA
clones) isolated in the aerosol samples from these wind currents
(20), underlining the potential of aerosols transported by wind cur-
rents over long distances to trigger human disease. PM2.5 has
been shown to alter innate immunity by affecting Toll-like receptor

signaling, inflammasome activation, and oxidative stress (21-23).
One could speculate that similarmechanisms underlie the effect of

these environmental factors on lupus flares.

The shortcoming of cluster analysis as an epidemio-
logic method is the low likelihood of establishing a definitive
cause-and-effect relationship between the health event and an
exposure. Clusters are useful for generating hypotheses but may
not be as useful for testing hypotheses. The issues raised by a
cluster cannot be definitively answered by the investigation per se,
since they require an alternative epidemiologic approach. This is
also true regarding the interpretation of the cluster changes after
adjustment. While a change in clusters after adjustment for indi-
vidual or environmental covariates suggests that these covariates

in part drive the formation, location, or temporal extent of these
clusters, the exact interpretation of every change can be difficult
and requires further study.

The difficulty in interpretation is partially driven by SaTScan
software itself, which produces a ranked list of clusters based
on significance. To make reporting and interpretability easier, by
default SaTScan reports only clusters that do not spatially over-
lap, meaning that there can be multiple significant overlapping
clustersidentifiedinanarea, butonly the mostsignificantofthose
would be reported. A slight change in the significance of the
clusters could lead to a change in ranking order, and ultimately
change what clusters are mapped and reported, even if the
changeinsignificanceisminimal. Byloosening the defaultrestric-
tionsandallowing SaTScantoreportspatially overlaying clusters
as long as they do not contain the centroids of more significant
clusters, we allowed moresignificantclustersto bereported, with-
out making the plots overwhelming.

We describe the first spatiotemporal clusters of lupus
organ-specific disease activity. Seasonal, as well as multi-year,
cluster patterns were identified, differing in extent and location
for the various organ-specific flare types. Many of the clusters
identified changed in significance, temporal extent, or spatial
extent after adjusting for environmental or individual covariates.
Further study focusing on each individual lupus organ-specific
flare is needed to better understand the driving forces behind
these observed changes.
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