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Lyme disease is the most common vector-borne disease in the United States. Electronic health record (EHR)-based
research on Lyme disease is limited. We used Geisinger EHR data from 479,344 primary care patients in 38
Pennsylvania counties in 2006-2014 to compare EHR-based Lyme disease incidence rates to surveillance incidence
rates, evaluate individual and community risk factors for incident Lyme disease, and to characterize the proportion of
cases with diagnoses consistent with post-treatment Lyme disease syndrome in the EHR (PTLDSgyRr). We primarily
identified Lyme disease cases using diagnosis codes, serologic testing order codes, and medication orders but also
completed subgroup analyses among those with positive serology and those with both diagnosis code and antibiotic
treatment. We compared annual incidence rates from the EHR to surveillance by age, sex, and county. In case-control
analyses, we compared cases to randomly selected controls (5:1) frequency-matched on year, age, and sex. We
identified 9657 cases of Lyme disease, including 1791 cases with positive serology and 4992 cases with both di-
agnosis code and antibiotic treatment. Annual incidence rates in the EHR were 4.25-7.43 times higher than sur-
veillance. In adjusted analyses, white non-Hispanic race/ethnicity (vs. black, Hispanic, or other) was associated with
higher odds of Lyme disease (odds ratio [OR]: 2.06, 95% confidence interval [CI]: 1.73-2.44). Medical Assistance
insurance use (always vs. never; OR: 0.77, 95% CI: 0.68-0.88), and higher community-level socioeconomic depri-
vation (quartile 4 vs. 1 OR: 0.50 (95% CI: 0.42-0.59) were associated with lower odds of Lyme disease. Within 4-52
weeks after Lyme disease diagnosis, 20.8% (n = 735) of cases with a diagnosis code and treatment had a diagnosis of
malaise or fatigue, pain, or cognitive difficulties not present in the past 26 weeks. These results highlight the utility of
EHR data for epidemiologic research on Lyme disease for case-finding, surveillance, risk factor evaluation, and
characterization of PTLDS using EHR data.

1. Introduction

Lyme disease, caused by Borrrelia burgdorferi and transmitted by the
blacklegged tick, is the most common vector-borne disease in the United
States (US) (Adams et al., 2016). For persons who live in or have recently
travelled to an endemic area, diagnosis can be made based on erythema
migrans, the hallmark rash of early Lyme disease (Wormser et al., 2006).
Although uncomplicated Lyme disease generally resolves if treated
promptly, Lyme disease can progress within weeks to months to more

serious complications, including arthritis, meningitis, neuropathy, and
carditis (Wormser et al., 2006). Up to 20% of cases in treatment trials
experience persistent subjective symptoms after antibiotic treatment,
called post-treatment Lyme disease syndrome (PTLDS) (Marques, 2008).
In 2015, there were 38,069 surveillance cases of Lyme disease in the
US (Adams et al., 2016). However, the US annual incidence rate was
recently estimated to be ten-fold higher than reported by surveillance
(Nelson et al., 2015). Surveillance for Lyme disease is resource-in-
tensive for local health departments and is limited by low rates of
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Table 1
Lyme disease case definitions.
Case group Case definition Number
All cases (high sensitivity) ICD-9 diagnosis code 9657
OR
(serology CPT test order code,
excluding orders during emergency or inpatient encounters with negative test results”
&
Antibiotic order within + 30 days of sample draw,
excluding orders with respiratory disease diagnoses”)
Subgroups of all cases defined above:
Positive test cases (high specificity for later stage disease) Positive IgG Western blot within + 90 days of incident date® 1791
OR
Positive EIA & positive [gM Western blot® within + 30 days of incident date®
Diagnosis code & treatment cases (high specificity) ICD-9 diagnosis code on or within 90 days after incident date’ 4992

&

Antibiotic order within = 30 days of incident date®

Abbreviations: ICD, International Classification of Diseases; CPT, Current Procedural Terminology; EIA, enzyme immunoassay; IgG, immunoglobulin G; IgM, im-

munoglobulin M.

2 To improve the specificity of our primary case definition in the absence of a Lyme ICD code, we excluded Lyme serology CPT codes from eligibility in the
emergency or inpatient setting, where Lyme disease serology tests likely had a low pre-test probability of disease.

> To improve the specificity of our primary case definition in the absence of a Lyme ICD code, we excluded antibiotic orders if diagnosis codes linked to the
medication orders were respiratory disease (ICD-9: 460-519) or otitis media (ICD-9: 381.x or 382.x), since these are common diagnoses treated with the same

antibiotics as Lyme disease.

¢ The CDC two-tiered testing protocol considers IgG Western blot positive test results only when preceded by an EIA positive test. The vast majority of positive IgG
Western blots (> 89%) were accompanied by a positive EIA, but we also included positive IgG Western blots without EIA (10%) or with a negative EIA (< 1%)
because we thought it was possible that the initial positive EIA was obtained and recorded outside of Geisinger.

4 The Lyme disease incident date was the first date of either a: 1) Lyme disease ICD-9 diagnosis code or 2) CPT code for Lyme disease serology.

reporting by health care providers (Schiffman et al., 2018; White et al.,
2018). Electronic health record (EHR) systems could improve upon
traditional Lyme disease surveillance by improving case-finding, redu-
cing provider burden, and increasing timeliness of health system re-
porting (Birkhead et al., 2015; Mac Kenzie et al., 2016). Although in-
surance claims and EHR data both contain rich longitudinal clinical
data from large populations, including clinical diagnoses, medication
orders, and test orders, EHRs also have laboratory test results, more
detailed data on individual-level comorbidities, and clinical notes
(Casey et al., 2016).

Previous EHR applications to Lyme disease epidemiology have been
limited (Eliassen et al., 2017a; Ichikawa et al., 2017; Lantos et al., 2015).
We aimed to demonstrate the utility of EHR data to advance Lyme disease
epidemiology with three objectives: 1) to compare Lyme disease incidence
rates identified in the EHR to those reported via routine surveillance; 2) to
evaluate individual and community risk factors for incident EHR-based
Lyme disease; and 3) to characterize Lyme disease cases with diagnoses
consistent with PTLDS in the EHR (PTLDSggg).

2. Methods
2.1. Study population

Geisingeris an integrated health system that provides primary care
services at community practice clinics and hospitals in central and
northeastern Pennsylvania. For this study, we used retrospective EHR
data on 479,344 individuals with a Geisinger primary care provider,
contact with the EHR between January 1, 2006 and December 31,
2014, and a geocoded address within the 38-county study area. The
Institutional Review Board at the Geisinger Health System approved
this study.

2.2. Lyme disease case definitions

We defined incident Lyme disease cases based on International
Classification of Diseases (ICD, 9th Revision) diagnostic codes linked to
encounter and medication orders, Current Procedural Terminology (CPT)
codes for Lyme disease serology orders, antibiotic orders, and Lyme
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disease serological test results. For laboratory diagnosis of Lyme dis-
ease, the Centers for Disease Control (CDC) and the Infectious Disease
Society of America (IDSA) recommend an initial enzyme immunoassay
(EIA) or immunofluorescence assay, and if positive or equivocal, then a
confirmatory Western blot for immunoglobulin M or G (IgM and IgG)
(Centers for Disease Control & Prevention (CDC), 1995). An IgG Wes-
tern blot is considered confirmatory regardless of sample draw timing,
whereas an IgM Western blot is only recommended if signs and symp-
toms have been present for less than a month (Seriburi et al., 2012).

We used three case definitions for Lyme disease in this study: a
highly sensitive primary case definition and two subgroups with higher
specificity (Table 1). For our primary case definition, we defined a
Lyme disease case as either: 1) a Lyme disease ICD code (ICD-9 088.81)
linked to an encounter or medication order; or 2) both a CPT code for a
Lyme disease serologic test (EIA or Western blot) and an antibiotic
order appropriate for Lyme disease within 30 days before or after the
sample draw. We used two exclusion criteria to reduce false positives
among individuals without a Lyme disease diagnosis. Regarding testing,
it was apparent to us that in the emergency or inpatient settings, Lyme
disease serologic testing was obtained in patients with a broad range of
symptoms, many of which would define a low pre-test probability of
disease. We thus excluded CPT codes from eligibility if the linked test
result was negative and the test was ordered in an inpatient or emer-
gency encounter. Regarding treatment, Lyme disease-appropriate anti-
biotics are used for respiratory diseases (ICD-9: 460-519) or otitis
media (ICD-9: 381.x or 382.x), which are also very common. We as-
signed the Lyme disease incident date as the first date of either a Lyme
disease ICD or CPT code. Appropriate treatment was defined by IDSA-
recommended first or second line antibiotics (Wormser et al., 2006) and
three antibiotics either closely related to recommended treatments or
that were historical treatments (Nelson et al., 2015).

For the first higher specificity subgroup, positive test cases, we
hypothesized that Lyme disease cases with positive test results would
have a higher positive predictive value for later stage Lyme disease
(Table 1). For this analysis, we defined a positive Lyme disease ser-
ological test as either an IgG positive test (either alone, with positive
EIA, or with negative EIA), or an IgM positive test with a positive EIA.
The vast majority of cases with positive IgG Western blots (> 89%)
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were accompanied by a positive EIA, but we also included positive IgG
Western blots without EIA (10%) or with a negative EIA (< 1%) be-
cause we thought it was possible that the initial positive EIA was ob-
tained outside of Geisinger. In the second higher specificity subgroup,
diagnosis code and treatment cases, we hypothesized that cases with
both a diagnosis code and antibiotic treatment would have a higher
positive predictive value than our primary case definition and would
include both early and later stage cases (Table 1). For this subgroup, we
included only Lyme disease cases with both a Lyme disease ICD-9 code,
linked to an encounter or medication order on their incident date or
within the next 90 days and a Lyme disease-appropriate antibiotic order
within + 30 days of their incident date.

2.3. Lyme disease controls

Individuals were eligible for control selection up to the calendar
year prior to evidence of Lyme disease, defined as any of the following:
selection as a case; diagnosis code for Lyme disease or tick bite, Lyme
disease serology CPT code; or diagnosis code for a non-infected insect
bite where there was also a Lyme disease-appropriate antibiotic order
within = 30 days. We randomly selected without replacement five
control outpatient or emergency encounter dates for each case and
frequency matched to cases by age (< 1, 1- <5, 5- < 15, 15~ < 25,
25— < 40, 40- < 65, =65 years), sex, and encounter year. For analyses
of the two Lyme disease case subgroups, subgroup cases were compared
to a random sample of all control encounters after repeat frequency-
matching.

2.4. PTLDSgur

Clinically, PTLDS is largely a diagnosis of exclusion, requiring
documentation of prior Lyme disease, appropriate treatment, and onset
of unexplained, subjective symptoms within six months after a Lyme
disease diagnosis that persist for at least six months after completion of
antibiotic treatment (Wormser et al., 2006). Fatigue, pain, and memory
or cognitive difficulties are the most common patient-reported symp-
toms associated with PTLDS (Aucott, 2015). To identify the frequency
of Lyme disease cases with diagnoses consistent with PTLDS in the EHR
(PTLDSgyRr), we examined diagnosis codes linked to encounters and
medication orders within three categories (malaise or fatigue, pain, and
cognitive difficulties) occurring in the four to 52 weeks after a Lyme
disease incident date. For each of the three categories, we considered a
diagnosis to be new if there were no diagnoses in that category in the 26
to four weeks prior to a Lyme disease incident date (Online Appendix
Fig. A.1). Diagnoses during the first four weeks were excluded to allow
for the two to four weeks of recommended antibiotic treatment
(Wormser et al. 2006). Diagnoses in the four weeks before the Lyme
disease incident date were excluded to avoid capturing diagnoses re-
lated to infection before treatment. In controls, diagnoses that met the
criteria for PTLDSgyr were ascertained using the same criteria around
their control encounter. For this analysis, we restricted to individuals
with at least 26 weeks of observation in the EHR before their case or
control selection date and at least 52 weeks of observation after, and
without prior evidence of chronic fatigue, fibromyalgia, or chronic pain
based on diagnosis codes linked to encounters, medication orders, or
problem lists.

2.5. Lyme disease surveillance data

Pennsylvania surveillance data for 2006-2014 were obtained from
the Pennsylvania Department of Health (PADOH), including reported
Lyme disease cases and population at risk from the 2010 US Census by
county, age, and sex (Pennsylvania Department of Health, 2017). Cases
represent the Lyme disease surveillance case definition in use at the
time. Beginning in 2008, surveillance cases include probable cases in
addition to confirmed cases, and a single-tier IgG was considered
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positive laboratory evidence. In 2011, the case definition clarified that
a two-tier IgM positive test result should only be interpreted as positive
within the first 30 days of illness onset.

2.6. Individual-level covariates

Individual-level covariates were obtained from the EHR. All EHR
variables were time-varying based on the case or control encounter date
except for sex and race/ethnicity. We considered use of a Medical
Assistance insurance payer (e.g., Medicaid) for an outpatient encounter
as a proxy for low family socioeconomic status (Casey et al., 2017). We
estimated a person’s overall comorbidity burden using the Charlson
index based on ICD-9 diagnostic codes linked to encounters, medication
orders, and problem lists (Quan et al., 2005). We used the number of
outpatient encounters within the past year as a measure of overall
health care utilization.

We used ICD-9 diagnostic codes linked to encounter and medication
orders to assess whether an individual was diagnosed with malaise or
fatigue within the past year, myalgia or arthralgia within the past year,
or allergy or atopy ever in the past. We excluded the 30 days prior to
the case incident date or control encounter to avoid diagnoses related to
active Lyme disease infection. We examined recent history of malaise or
fatigue and myalgia or arthralgia because these are non-specific and
subjective symptoms that overlap with those of early Lyme disease
(Tibbles and Edlow, 2007), and we hypothesized that an association
between either of these nonspecific diagnoses with Lyme disease among
all cases but not among the higher specificity subgroups could provide
evidence of false positives in the primary case definition. For allergy or
atopy, we hypothesized that persons with these conditions may be more
likely to develop pruritus at the tick bite site (Schwartz et al., 1991),
which might allow early recognition and removal of a tick, and thus
may lower the risk of Lyme disease.

2.7. Community socioeconomic deprivation

The study area included a range of community settings from very
low density rural areas (townships) to walkable small towns (bor-
oughs), automobile-dependent suburban subdivisions, and urban areas
in Pennsylvania. We geocoded each individual’s home address to assign
them to one of three community types based on US Census minor civil
divisions and census tracts (townships [n = 585], boroughs [n = 277],
and census tracts within cities [n = 128]). We believe that this defini-
tion of community captures the cultural and behavioral space sig-
nificant to residents in our study region (Liu et al., 2013) and is con-
sistent with our prior work (Casey et al., 2013).

We used an index of community-level socioeconomic deprivation
modified from the Townsend index to reflect the socioeconomic factors
relevant to our study region (Liu et al., 2013). For each community, we
z-transformed and summed the values of six indicators (proportion of
the population with less than a high school education, unemployed, not
in labor force, in poverty, receiving public assistance, and proportion of
households without a car) derived from American Community Survey
five-year estimates in 2006-2010 and 2010-2014 (U.S. Census Bureau,
2015, 2010). Encounters prior to 2011 were assigned values from 2006-
2010, and values from 2010-2014 were used thereafter.

2.8. Statistical analysis

We calculated Geisinger EHR Lyme disease annual incidence rates
for comparison to PADOH surveillance incidence rates. Each person
under observation in a year contributed one person-year to the de-
nominator of the incidence rate. Surveillance incidence rates were
calculated using Lyme disease cases and population at risk restricted to
our 38-county study area. We calculated the incident rate ratio of
Geisinger EHR to PADOH surveillance incidence rates by year, county
of residence, age, and sex.
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In the case-control analysis, we estimated the association between
each risk factor and incident Lyme disease in three multivariable lo-
gistic regression models, one for each Lyme disease case definition. We
used robust standard errors clustered by the individual’s community
(township, borough, urban census tract). Final models adjusted for age
(in the previously-described matching categories), sex, year, and all
individual-level and community-level risk factors. We dichotomized
race/ethnicity because fewer than 10% of persons were non-white or
Hispanic. We initially evaluated associations with Medical Assistance
considering a binary indicator (ever vs. never user) and categories of
proportion of time under observation in the EHR that an individual
used a Medical Assistance payer (e.g., 0, 0.1-33.3%, 33.4%-66.7%,
66.8%-99.9%, 100%), as previously described (Casey et al., 2017). In
final models, we present associations with Medical Assistance as pro-
portion of time on Medical Assistance after collapsing five categories
into three (always, sometimes, or never user) based on the strength of
the association and model Akaike Information Criteria.

We estimated the frequency of PTLDSgyR in Lyme disease cases and
controls and compared Lyme disease cases with and without PTLDSgpr
diagnoses by all individual and community risk factors using ANOVA or
Pearson’s chi-square tests. Analysis was conducted using Stata version
14 (StataCorp., College Station, TX, USA).

3. Results
3.1. Lyme disease cases

We identified a total of 9657 cases of Lyme disease in the Geisinger
EHR 38-county study area between January 2006 and December 2014
(Fig. 1, Table 1). Of these cases, 1791 (18.5%) cases had a positive
serological test, and 4992 (51.7%) cases had both a Lyme disease
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diagnosis code and an order for an appropriate antibiotic.

3.2. Comparison of EHR to PADOH surveillance incidence rates

EHR-derived annual incidence rates were between 4.25-7.43 times
higher than the PADOH incidence rates for all study years (Online
Appendix Table A.1). Incidence rates were higher in men in both data
sources (Online Appendix Table A.2). PADOH rates were highest in the
youngest (< 15 y) and oldest (=55 y) ages, whereas EHR rates were
highest in older persons (35- < 55 and =55 y), and lowest in younger
persons (< 15 and 15— < 35 y) (Online Appendix Table A.3). The age
distribution of Lyme disease incidence rates was more similar to
PADOH rates when incidence rates were restricted to positive test cases
and diagnosis code and treatment cases (Online Appendix Fig. A.2).
Incidence rates varied considerably by county: incidence rate ratios
varied between 2.69- and 23.23-fold higher in the EHR (Fig. 2, Online
Appendix Table A.4).

3.3. Case-control analysis

In unadjusted comparisons to controls, Lyme disease cases were
more likely to be of white non-Hispanic race/ethnicity, more likely to
live in townships, less likely to use Medical Assistance insurance, and
less likely to live in communities with high socioeconomic deprivation
(Table 2 for all cases and Online Appendix Table A.5 for two case
subgroups).

In adjusted analyses of the primary case definition, white non-
Hispanic race/ethnicity was associated with higher odds of Lyme dis-
ease, while higher community socioeconomic deprivation and use of
Medical Assistance were associated with lower odds of Lyme disease
(Table 3). Compared with winter, summer was associated with the
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highest odds of Lyme disease diagnosis, followed by fall and spring.
Higher Charlson comorbidity index scores were associated with lower
odds of Lyme disease. Outpatient visits in the past year were associated
with higher odds of Lyme disease. History of malaise or fatigue within
the past year, myalgia or arthralgia within the past year, and ever al-
lergy or atopy were associated with higher odds of Lyme disease.

Among positive test cases, associations were consistent with the
primary case definition with a few exceptions (Table 3). The association
with Medical Assistance was slightly attenuated. Allergy or atopy was
no longer associated with Lyme disease, and the association with
summer strengthened, while the association with spring was no longer
present. Among diagnosis code and treatment cases, associations were
consistent with the primary case definition except that associations
with spring, summer, and fall were stronger.

3.4. Frequency of PTLDSgur diagnoses

The proportion of Lyme disease cases with PTLDSgur was 22.8%
(n = 1556) in all cases, 21.6% (n = 253) in positive test cases, and
20.8% (n = 735) in diagnosis code and treatment cases among in-
dividuals without a history of chronic pain, fibromyalgia, or chronic
fatigue and with at least 26 weeks of EHR contact before and at least 52
weeks after Lyme disease incident dates (Appendix Table A.6). In
comparison, the frequencies of diagnoses that met the criteria for
PTLDSgyr in controls ranged from 13.2% to 14.6%. Among Lyme dis-
ease cases with PTLDSgygr, new diagnoses of pain (77.4%) were the
most common, followed by fatigue or malaise (32.9%) and memory or
cognitive diagnoses (3.9%). Compared to cases without PTLDSgyg,
Lyme disease cases with PTLDSgyr were older, more likely to be female,
had more comorbidities and prior outpatient visits, were more likely to

have a diagnosis of malaise or fatigue in the past year, and were more
likely to have a history of allergy or atopy (Table 4 for all cases and
diagnosis code and treatment cases and Appendix Table A.7 for positive
test cases).

4. Discussion

To our knowledge, this is the first study to use EHR data to estimate
Lyme disease incidence rates for comparison to surveillance incidence
rates, to evaluate individual and community risk factors for Lyme dis-
ease, and to characterize cases with and without PTLDSgyg. First, in a
comparison of Lyme disease incidence rates derived from the EHR and
state-reported surveillance, we observed substantially higher rates of
Lyme disease in the Geisinger primary care patient population and
some differences by age and county. Second, in case-control analyses,
race/ethnicity and measures of socioeconomic status were associated
with Lyme disease. Comparing associations across three Lyme disease
case definitions with varying sensitivity and specificity, we observed
some differences in associations that could be explained by disease
stage or misdiagnosis. Third, we identified a subgroup of Lyme disease
cases with new diagnoses of fatigue, pain, and cognitive difficulties in
the year following their Lyme disease diagnosis, and observed some
differences in age, sex, and comorbidity burden. Taken together, these
analyses demonstrate the utility of EHR data to improve surveillance
and understanding of Lyme disease epidemiology.

Our estimate of the ratio of under-reporting compared to surveil-
lance was generally consistent with the previous literature. Medical
record review studies in endemic areas have identified underreporting
ratios between three and twelve-fold (as reviewed in Schiffman et al.
(2018)). A national insurance claims study using a sensitive case
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definition, based on diagnosis codes and antibiotic orders, estimated an
underreporting ratio of ten-fold (Nelson et al., 2015). In contrast, an
analysis of insurance claims that applied a more specific case definition
that would exclude early Lyme disease (ICD code, CPT code, and an-
tibiotic order) and compared only to confirmed surveillance cases

Table 2

Comparison of selected study variables among Lyme disease case encounters
and year-, age-, and sex-matched control encounters in the Geisinger primary
care patient EHR 2006-2014.

Controls
(n = 48,285)

All cases
(n = 9657)

Characteristic

Year, n (%)

2006 323 (3.3%) 1615 (3.3%)
2007 369 (3.8%) 1845 (3.8%)
2008 627 (6.5%) 3135 (6.5%)
2009 905 (9.4%) 4525 (9.4%)
2010 898 (9.3%) 4490 (9.3%)
2011 1472 (15.2%) 7360 (15.2%)
2012 1264 (13.1%) 6320 (13.1%)
2013 1723 (17.8%) 8615 (17.8%)
2014 2076 (21.5%) 10,380 (21.5%)
Age, years
mean (SD) 40.4 (22.3) 40.7 (22.9)
<1,n (%) 9 (0.1%) 45 (0.1%)
1- < 5,n (%) 495 (5.1%) 2475 (5.1%)

5- < 15, n (%)

15- < 25, n (%)
25- < 40, n (%)
40- < 65, n (%)

1447 (15.0%)
855 (8.9%)

1504 (15.6%)
3941 (40.8%)

7235 (15.0%)
4275 (8.9%)
7520 (15.6%)
19,705 (40.8%)

=65, n (%) 1406 (14.6%) 7030 (14.6%)
Sex, n (%)

Female 4640 (48.0%) 23,200 (48.0%)

Male 5014 (51.9%) 25,080 (51.9%)

Unknown 3 (< 1%) 5 (< 1%)

Season, n (%)
Winter (Dec-Feb)
Spring (March-May)
Summer (June-August)
Fall (Sept-Nov)

996 (10.3%)

1658 (17.2%)
4583 (47.5%)
2420 (25.1%)

11,791 (24.4%)
12,062 (25.0%)
11,777 (24.4%)
12,655 (26.2%)

Race/ethnicity, n (%)

White non-Hispanic 9378 (97.1%) 45,000 (93.2%)

Hispanic 85 (0.9%) 1266 (2.6%)
Black non-Hispanic 139 (1.4%) 1511 (3.1%)
Other 46 (0.5%) 427 (0.9%)
Unknown 9 (0.1%) 81 (0.2%)

Medical Assistance insurance
Never user 7752 (80.3%)
1518 (15.7%)

387 (4.0%)

37,446 (77.6%)
7850 (16.3%)
2989 (6.2%)

Sometimes user
Always user

History of selected conditions
Malaise or fatigue in the past year,
n (%) (a)
Myalgia or arthralgia in the past
year, n (%) (a)
Allergy or atopy ever in the past, n

635 (6.6%) 1735 (3.6%)

1409 (14.6%) 4737 (9.8%)

4981 (51.6%) 22,138 (45.8%)

(%) (@)
Charlson comorbidity index, n (%)
0 3296 (34.1%) 16,687 (34.6%)
1-2 3382 (35.0%) 16,127 (33.4%)
3-4 1793 (18.6%) 8293 (17.2%)
=5 1186 (12.3%) 7178 (14.9%)

Outpatient encounters in past year,
mean (SD)

5.0 (4.5) 4.3 (4.1)

Community type, n (%)

Township 7085 (73.4%) 28,915 (59.9%)
Borough 2124 (22.0%) 14,209 (29.4%)
City 448 (4.6%) 5161 (10.7%)

Community socioeconomic
deprivation index
Quartile 1, n (%)

2655 (27.5%) 10,144 (21.0%)
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Table 2 (continued)

Controls
(n = 48,285)

All cases
(n = 9657)

Characteristic

Quartile 2, n (%)
Quartile 3, n (%)
Quartile 4, n (%)

3024 (31.3%)
2400 (24.9%)
1578 (16.3%)

12,032 (24.9%)
13,051 (27.0%)
13,058 (27.0%)

Abbreviations: SD: standard deviation; EHR, electronic health record.

Notes:

(a) Past ICD-9 diagnosis codes in encounters and medication orders, excluding
30 days before case or control encounter date:

Fatigue or malaise: 780.71 (chronic fatigue syndrome), 780.79 (other malaise
and fatigue).

Myalgia or arthralgia: 729.1 (myalgia and myositis, unspecified), 719.4x (pain
in joint, arthralgia), 725 (polymyalgia rheumatica).

Allergy or atopy: V14.x (personal history of allergy to medicinal agents),
V15.0x (personal history of allergy other than to medicinal agents, and other
than to medicinal agents); 477.x (allergic rhinitis); 691.x (atopic dermatitis and
related conditions); 692.xx (contact dermatitis and other eczema); 693.x (der-
matitis due to substances taken internally); 995.27 (other drug allergy); 995.
[367] (allergy unspecified, anaphylactic shock, other adverse food reactions);
708.x (urticaria).

reported only about a two to three-fold higher incidence rate in high
prevalence states (Tseng et al., 2015).

The higher incidence rates in our EHR population compared to
surveillance is likely due to the EHR capturing early Lyme disease cases
diagnosed by erythema migrans that are substantially underreported by
health care providers, and to a lesser extent, misclassification of la-
boratory-reported positive serological tests without clinical informa-
tion. The EHR incidence rate may also be higher than the surveillance
incidence rate due to overdiagnosis or because our estimate of the EHR
population at risk could be smaller than the true population at risk. The
EHR population at risk was based on individuals who sought care
within a calendar year, which is likely biased toward women, children,
and persons who are sicker on average (Klompas et al., 2017). Our
estimates of the EHR incidence of Lyme disease may be underestimated
in children, who have regular contact with the health system but who
may be more likely to be diagnosed in urgent care or emergency set-
tings outside of Geisinger, and over-estimated in older persons, who are
more likely to be over-diagnosed with Lyme disease. Misclassification
may be more likely in the overall case group, compared to the positive
test cases or diagnosis code and treatment cases. Some of the annual
variability between the Geisinger EHR and the PADOH incidence rates
could be related to the changes in the surveillance case definition over
time.

In the case-control analysis, our findings of higher odds of Lyme
disease among white non-Hispanic individuals and those living in high
socioeconomic status communities are consistent with previous litera-
ture (Bacon et al., 2008; Cromley et al., 1998; Fix et al., 2000; Jackson
et al., 2006; Messier et al., 2015). We also observed a lower risk of Lyme
disease in those who used Medical Assistance. To our knowledge, no
previous study has evaluated the association between socioeconomic
status at the individual or household level with Lyme disease. Low-
density semi-rural and suburban communities close to wooded, brushy,
or grassy landscapes favored by ticks are more likely to be white and
affluent (Fix et al., 2000; Killilea et al., 2008) but differences by so-
cioeconomic status and race in outdoor leisure activities, access to care,
or awareness of Lyme disease may also play a role. There is some evi-
dence, however, that African-Americans may be at higher risk than
whites for delayed diagnosis and treatment of Lyme disease (Fix et al.,
2000).

The observed seasonality differences across case definitions were
expected. Diagnosis of later stage Lyme disease is more likely later in
the season and higher specificity case definitions would be expected to
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Table 3
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Adjusted associations (odds ratio [95% CI]) of selected study variables with incident Lyme disease in the Geisinger primary care patient EHR 2006-2014.

Characteristic All cases

9657 cases/48,285 controls

Positive test cases
1791 cases/8955 controls”

Diagnosis code & treatment cases
4992 cases/24,960 controls®

Race/ethnicity
Black, Hispanic or other
White non-Hispanic

Medical Assistance insurance
Never user
Sometimes user

Always user

Community socioeconomic deprivation index

Quartile 1 (Least deprived)
Quartile 2
Quartile 3
Quartile 4 (Most deprived)

Season
Winter (Dec-Feb)
Spring (March-May)
Summer (June-August)
Fall (Sept-Nov)

Charlson comorbidity index
0 (No comorbidities)
1-2
3-4
> 4 (Most comorbidities)

Outpatient encounters in past year, per visit

Malaise or fatigue in the past year
No
Yes

Myalgia or arthralgia in the past year
No
Yes

Allergy or atopy ever in the past
No
Yes

1.00 (Reference)
2.06 (1.73, 2.44)

1.00 (Reference)
0.93 (0.86, 1.01)
0.77 (0.68, 0.88)

1.00 (Reference)
0.99 (0.86, 1.13)
0.74 (0.64, 0.84)
0.50 (0.42, 0.59)

1.00 (Reference)
1.63 (1.49, 1.77)
4.71 (4.31, 5.15)
2.34 (2.16, 2.53)

1.00 (Reference)
1.00 (0.92, 1.10)
0.88 (0.78, 0.99)
0.52 (0.45, 0.60)

1.04 (1.03, 1.05)

1.00 (Reference)
1.67 (1.50, 1.85)

1.00 (Reference)
1.40 (1.29, 1.52)

1.00 (Reference)
1.15 (1.10, 1.22)

1.00 (Reference)
2.28 (1.65, 3.15)

1.00 (Reference)
0.84 (0.71, 1.00)
0.86 (0.65, 1.13)

1.00 (Reference)
0.97 (0.80, 1.18)
0.67 (0.54, 0.83)
0.48 (0.36, 0.64)

1.00 (Reference)
0.97 (0.76, 1.23)
9.55 (7.88, 11.57)
2.84 (2.31, 3.50)

1.00 (Reference)
0.87 (0.69, 1.09)
0.80 (0.60, 1.05)
0.34 (0.24, 0.46)

1.03 (1.01, 1.04)

1.00 (Reference)
1.65 (1.27, 2.15)

1.00 (Reference)
1.28 (1.06, 1.53)

1.00 (Reference)
0.93 (0.82, 1.05)

1.00 (Reference)
2.24 (1.84, 2.73)

1.00 (Reference)
0.89 (0.80, 0.99)
0.72 (0.61, 0.85)

1.00 (Reference)
0.95 (0.81, 1.12)
0.65 (0.55, 0.76)
0.44 (0.35, 0.54)

1.00 (Reference)
2.19 (1.92, 2.50)
7.83 (6.91, 8.87)
3.17 (2.79, 3.60)

1.00 (Reference)
0.92 (0.82, 1.04)
0.88 (0.75, 1.03)
0.46 (0.38, 0.56)

1.03 (1.02, 1.04)

1.00 (Reference)
1.38 (1.17, 1.63)

1.00 (Reference)
1.35 (1.21, 1.50)

1.00 (Reference)
1.14 (1.06, 1.23)

Abbreviations: EHR, electronic health record.

Controls were frequency matched by year, age, and sex. Odds ratios adjusted for frequency-matching variables (encounter year [2006-2014], age [ < 1, 1- < 5,
5- < 15, 15- < 25, 25- < 40, 40- < 65, =65 years], sex, and all variables as shown in the above table. Robust standard errors were clustered by individual’s
community (census tract in cities, borough, or township). Final model sample sizes after excluding a small number of missing values in age, sex, and race/ethnicity
(cases/controls): All cases (9648/48,204); Positive test cases (1786/8943); Diagnosis code and treatment cases (4987/24,915).

2 For case-control analyses of Lyme disease case subgroups, subgroup cases were compared to a randomly selected sample of control encounters after repeated

frequency matching by encounter year, age, and sex.

have stronger seasonal associations. The association with prior out-
patient visits may be related to more opportunity for both diagnosis and
overdiagnosis (Marques, 2008; Steere et al., 1993). Recent history of
non-specific subjective symptoms associated with Lyme disease, ma-
laise or fatigue and myalgia or arthralgia, were associated with higher
odds of Lyme disease. A recent study found that Lyme disease cases who
received non-standard extended (=5 weeks) antibiotic therapy had
higher odds of several non-specific signs and symptoms prior to Lyme
disease diagnosis compared to those who received a standard course of
antibiotics (Tseng et al., 2017). These findings suggest that there could
be a non-specific prodrome in a subset of individuals diagnosed later
with Lyme disease, or that there is a subgroup who seek care for non-
specific signs and symptoms who are eventually diagnosed with Lyme
disease. Instead of the negative association we hypothesized for allergy
or atopy, we observed a positive association that was attenuated only
among positive test cases. It may be that skin reactions in early Lyme
disease are initially misdiagnosed as allergy.

Clinical studies of PTLDS have estimated a frequency of 10-20%
after Lyme disease infection and treatment (Marques, 2008), which is
consistent with our findings. Few previous studies have examined
whether the frequency of new or worsened non-specific symptoms after
Lyme disease diagnosis and treatment is higher than healthy controls,
and findings have been mixed (Steere et al., 2016). A recent study of

nation-wide insurance claims found that 34.4% of Lyme disease cases
had at least one diagnosis potentially related to PTLDS within one year
of Lyme disease diagnosis, but this study did not exclude pre-existing
diagnoses and used a broader definition of PTLDS (Adrion et al., 2015).
Other studies, including two prospective cohort studies of erythema
migrans and healthy controls (Cerar et al., 2010; Eliassen et al., 2017b),
reported that Lyme diseases cases had similar or lower frequencies of
PTLDS than controls. In our study, the proportion of controls who met
the definition for PTLDSgur was relatively high, confirming prior
findings that these symptoms are common in the general population.
The proportion who met the definition of PTLDSgyr was approximately
9% higher in Lyme disease cases compared to controls. The proportion
of cases who had pre-existing diagnoses before Lyme disease diagnosis
that are possibly relevant to PTLDSgyR (e.8., malaise or fatigue, myalgia
or arthralgia) was also higher than in controls (the prevalence of any of
these diagnoses was 3.6% higher in cases compared to controls).
However, this difference does not fully explain the 9% difference in
frequency of PTLDSgyr by Lyme disease status.

There were important limitations to our study. Individuals in this
analysis may have received care from non-Geisinger providers, which
would not be reflected in the EHR data. We did not review free text in
clinical notes to further identify the presence or absence of signs or
symptoms. Although studies often use a Lyme diagnosis code alone to
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identify cases, a recent study recommended using complementary ap-
proaches (Rutz et al., 2018), supporting our additional use of serology
test orders and antibiotic treatment for case identification. Our primary
case definition, that required a Lyme disease diagnosis code or a ser-
ology CPT code and antibiotic order, was likely highly sensitive but
probably included false positives for several reasons. Diagnosis codes
may be recorded inappropriately, such as when diagnosis was later
ruled out or because of a coding error (Sickbert-Bennett et al., 2010).
Health providers often order serological tests reflexively, even where a
negative test would be expected (Brett et al., 2014). Antibiotics used for

Table 4
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treatment of Lyme disease are commonly prescribed for unrelated
conditions, and prescriptions may not have been filled and completed
as ordered. Serology can improve positive predictive value for dis-
seminated Lyme disease but has important limitations. Requiring ser-
ology excludes early Lyme disease diagnosed by erythema migrans.
There is a risk of a false positive if an individual has a low prior
probability of disease or a false negative if ordered too early prior to a
robust antibody response (Mead, 2015), and individuals can remain IgG
positive after previous infection (Hilton et al., 1999). To define PTLD-
Senr, We ascertained preexisting diagnoses using a 22-week period

Characteristics of Geisinger primary care patients with Lyme disease with and without PTLDSgg 2006-2014.

All cases® Diagnosis code & treatment cases®
With PTLDSgyr"(n=1556) Without PTLDSgr”(n=5284) p-value  With PTLDSpyg" Without PTLDSgr" p-value
(n=735) (n=2808)
Year, n (%)
2006 49 (3.1%) 241 (4.6%) 0.098 12 (1.6%) 87 (3.1%) 0.034
2007 72 (4.6%) 258 (4.9%) 38 (5.2%) 104 (3.7%)
2008 123 (7.9%) 443 (8.4%) 49 (6.7%) 236 (8.4%)
2009 174 (11.2%) 636 (12.0%) 81 (11.0%) 349 (12.4%)
2010 179 (11.5%) 614 (11.6%) 98 (13.3%) 344 (12.3%)
2011 292 (18.8%) 1017 (19.2%) 134 (18.2%) 558 (19.9%)
2012 266 (17.1%) 831 (15.7%) 140 (19.0%) 450 (16.0%)
2013 333 (21.4%) 1072 (20.3%) 158 (21.5%) 607 (21.6%)
2014 68 (4.4%) 172 (3.3%) 25 (3.4%) 73 (2.6%)
Age, years
mean (SD) 45.5 (19.8) 39.0 (23.1) < 0.001 44.2 (21.5) 35.5 (24.5) < 0.001
<1, n (%) 0 (0.0%) 5 (0.1%) < 0.001 0 (0.0%) 3 (0.1%) < 0.001
1- < 5, n (%) 26 (1.7%) 351 (6.6%) 20 (2.7%) 263 (9.4%)
5- <15, n (%) 143 (9.2%) 921 (17.4%) 96 (13.1%) 675 (24.0%)
15- < 25, n (%) 126 (8.1%) 422 (8.0%) 58 (7.9%) 221 (7.9%)
25- < 40, n (%) 245 (15.7%) 761 (14.4%) 96 (13.1%) 302 (10.8%)
40- < 65, n (%) 756 (48.6%) 2071 (39.2%) 341 (46.4%) 958 (34.1%)
=65, n (%) 260 (16.7%) 753 (14.3%) 124 (16.9%) 386 (13.7%)
Sex, n (%)
Female 846 (54.4%) 2500 (47.3%) < 0.001 389 (52.9%) 1317 (46.9%) 0.004
Male 709 (45.6%) 2784 (52.7%) 346 (47.1%) 1491 (53.1%)
Unknown 1 (0.1%) 0 (0.0%) 0 (0.0%) 0 (0.0%)
Season, n (%)
Winter (Dec-Feb) 203 (13.0%) 564 (10.7%) < 0.001 74 (10.1%) 206 (7.3%) 0.014
Spring (March-May) 324 (20.8%) 1035 (19.6%) 132 (18.0%) 509 (18.1%)
Summer (June-August) 618 (39.7%) 2396 (45.3%) 343 (46.7%) 1459 (52.0%)
Fall (Sept-Nov) 411 (26.4%) 1289 (24.4%) 186 (25.3%) 634 (22.6%)
Race/ethnicity, n (%)
White non-Hispanic 1508 (96.9%) 5144 (97.4%) 0.044 712 (96.9%) 2737 (97.5%) 0.14
Hispanic 11 (0.7%) 55 (1.0%) 5 (0.7%) 30 (1.1%)
Black non-Hispanic 28 (1.8%) 63 (1.2%) 14 (1.9%) 30 (1.1%)
Other 9 (0.6%) 15 (0.3%) 4 (0.5%) 7 (0.2%)
Unknown 0 (0.0%) 7 (0.1%) 0 (0.0%) 4 (0.1%)
Medical Assistance insurance, n (%)
Never user 1257 (80.8%) 4255 (80.5%) 0.39 596 (81.1%) 2231 (79.5%) 0.43
Sometimes user 251 (16.1%) 828 (15.7%) 116 (15.8%) 463 (16.5%)
Always user 48 (3.1%) 201 (3.8%) 23 (3.1%) 114 (4.1%)
History of selected conditions, n (%)
Malaise or fatigue in the past year 125 (8.0%) 325 (6.2%) 0.008 53 (7.2%) 136 (4.8%) 0.011
Myalgia or arthralgia in the past 246 (15.8%) 746 (14.1%) 0.096 103 (14.0%) 348 (12.4%) 0.24
year
Allergy or atopy ever in the past 940 (60.4%) 2909 (55.1%) < 0.001 444 (60.4%) 1578 (56.2%) 0.040
Charlson comorbidity index, n (%)
0 357 (22.9%) 1912 (36.2%) < 0.001 191 (26.0%) 1157 (41.2%) < 0.001
1-2 603 (38.8%) 1824 (34.5%) 264 (35.9%) 881 (31.4%)
3-4 360 (23.1%) 928 (17.6%) 170 (23.1%) 476 (17.0%)
=5 236 (15.2%) 620 (11.7%) 110 (15.0%) 294 (10.5%)
Outpatient encounters in past year, mean (SD) 6.2 (4.9) 5.1 (4.3) < 0.001 6.0(4.9 4.8 (3.8) < 0.001
Community type, n (%)
Township 1107 (71.1%) 3903 (73.9%) 0.050 547 (74.4%) 2134 (76.0%) 0.46
Borough 363 (23.3%) 1150 (21.8%) 164 (22.3%) 571 (20.3%)
City 86 (5.5%) 231 (4.4%) 24 (3.3%) 103 (3.7%)
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All cases® Diagnosis code & treatment cases®
With PTLDSgr"(n =1556) Without PTLDSg;r?(n=5284) p-value  With PTLDSgg" Without PTLDSgyr” p-value
(n=735) (n=2808)
Community socioeconomic deprivation (CSD)
Quartile 1, n (%) 417 (26.8%) 1492 (28.2%) 0.38 202 (27.5%) 864 (30.8%) 0.21

Quartile 2, n (%)
Quartile 3, n (%)
Quartile 4, n (%)

486 (31.2%)
396 (25.4%)
257 (16.5%)

1704 (32.2%)
1267 (24.0%)
821 (15.5%)

238 (32.4%)
185 (25.2%)
110 (15.0%)

912 (32.5%)
620 (22.1%)
412 (14.7%)

Abbreviations: SD: standard deviation; EHR, electronic health record; PTLDSgyR, post-treatment Lyme disease syndrome in the EHR.

Malaise or fatigue (ICD-9): 780.71 (chronic fatigue syndrome); 780.79 (other malaise and fatigue).

Pain (ICD-9): 719.4x (pain in joint, arthralgia); 729.1 (myalgia and myositis, unspecified); 729.5 (pain in limb); 780.96 (generalized pain); 338.19 (acute pain not
elsewhere classified); 338.29 (chronic pain not elsewhere classified); 338.4 (chronic pain syndrome).

“Sample restricted to cases and controls under observation in the EHR for at least 26 weeks before and at least 52 weeks after their case or control selection date, and
without a history of chronic fatigue, fibromyalgia, or chronic pain: All cases (n = 6840); Diagnosis code & treatment cases (n = 3543).

YAn individual was considered to have a PTLDSgyr diagnosis if they had at least one diagnosis code in one of three categories, defined below, in the 4-52 weeks after
their Lyme disease incident date and none in the 26-4 weeks prior to their Lyme disease incident date.

Memory or cognitive difficulties (ICD-9): 780.93 (memory loss); 799.59 (other signs and symptoms involving cognition).

(26-4 weeks before Lyme disease diagnosis), which may have under-
counted individuals with preexisting diagnoses. We selected 26 weeks
to allow for sufficient time to seek care for preexisting conditions
without sacrificing sample size and potential bias by requiring EHR
contact before and after Lyme disease diagnosis. We used fixed 4-week
time windows to exclude diagnoses during active infection and anti-
biotic treatment, respectively, which could have both under- and over-
estimated the frequency of PTLDSgyr. Some non-specific symptoms
associated with PTLDS, such as cognitive difficulties, may not be well
documented in EHR diagnostic codes.

This study also had several strengths. We combined Geisinger EHR
data, including rich longitudinal clinical information on individual-
level risk factors, with spatially-linked community-level data over a
large area that is endemic for Lyme disease in a state with the highest
number of reported cases (Centers for Disease Control & Prevention
(CDC), 2017). Geisinger EHR uses EPIC software (Minneapolis, MN),
the most common commercial EHR system in the US (McCurry, 2014).
We linked laboratory test results, which are not available in adminis-
trative claims data, with diagnostic, test order, and medication order
codes to create multiple case definitions with varying sensitivity and
specificity. The Geisinger EHR captures primary and inpatient care in a
network of hospitals, outpatient, and urgent care settings and includes
patients using private insurance, Medical Assistance, or without in-
surance. Studies of Lyme disease using EHR data from patients referred
to tertiary care settings (Ichikawa et al., 2017) are likely to miss a
substantial proportion of uncomplicated Lyme disease diagnosed and
treated in primary and urgent care. Geisinger primary care patients are
representative of the study region with respect to age, sex, race/eth-
nicity, and rural residence (Liu et al., 2013).

Future EHR research on Lyme disease could utilize unstructured
clinical note text to improve case-finding for Lyme disease, especially
for early Lyme disease, and ascertainment of PTLDS, including severity,
quality-of-life measures, and attribution to Lyme disease. Future re-
search is needed to identify risk factors for delays in diagnosis and
treatment of Lyme disease, and to characterize risk factors for and
outcomes after PTLDS. In partnership with public health agencies, EHR-
based reporting and data sharing systems have the potential to lessen
the reporting burden and improve the efficiency of both infectious and
chronic disease surveillance (Birkhead et al., 2015; Klompas et al.,
2017).

5. Conclusions

Lyme disease is a common vector-borne disease with a considerable
public health burden, especially in highly endemic areas like

249

Pennsylvania. Research with longitudinal clinical EHR data from a
large primary care population linked to secondary community data can
improve Lyme disease epidemiology through improved case-finding,
surveillance, risk factor identification, and characterization of PTLDS-
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