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Abstract 

While Lyme disease (LD) is the most common tick-borne disease reported to public 

health surveillance in North America and is increasingly recognized as a public 

health threat in Canada, it’s incidence may be underreported. Our study aims to 

estimate medically-attended LD incidence in Manitoba, Canada, using adminis-

trative health data. We identified medically-attended LD cases in Manitoba from 

2010 − 2021 in a claims database (Manitoba Population Research Data Repository), 

which contains the health records of >95% of the residents of Manitoba, using 

diagnostic codes, antibiotic dispensations, and laboratory results. The incidence of 

claims-based LD cases ranged from 8.4 to 28.5 per 100,000 population per year, 

5.1 to 11.0 times higher than the incidence of surveillance-reported LD cases. 

The incidence of claims-based LD cases was particularly higher than the inci-

dence of surveillance-reported LD cases in females and health regions with a low 

surveillance-reported incidence. Our study suggests that medically attended LD is 

more common than reported in surveillance. Further study is required to identify 

barriers to reporting. Interventions are needed to reduce the substantial burden of 

LD in Manitoba.

Introduction

Lyme disease (LD) is the most common tick-borne disease reported in Canada. Bor-
relia burgdorferi sensu stricto (B. burgdorferi), the causative agent of LD, is transmit-
ted by Ixodes scapularis (I. scapularis) in central and eastern Canada, and by Ixodes 
pacificus (I. pacificus) in British Columbia [1,2]. LD is a multi-system disease with 
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clinical manifestations categorized into 3 stages, early localized LD, early dissemi-
nated LD, and late disseminated LD [3,4]. Early localized LD usually presents as a 
bullseye rash, known as erythema migrans (EM), and non-specific symptoms, such 
as malaise [3,4]. Early disseminated LD presentations include multiple EM lesions, 
neurologic manifestations, aseptic meningitis, cranial neuropathy (Bell’s palsy), and 
Lyme carditis [3,4]. Late disseminated LD presentations, which may occur months to 
years after infection, include Lyme arthritis, Baker’s cyst, meningitis, and subacute 
mild encephalopathy [4].

LD became a notifiable disease in Canada in 2009. Physicians and laboratories 
reported LD cases to provinces and territories, and provinces and territories report 
cases to the Public Health Agency of Canada (PHAC) through the Canadian Notifi-
able Disease Surveillance System (CNDSS) [2]. The number of surveillance-reported 
LD cases have risen in Canada from 144 in 2009–3,147 in 2021, with 95.6% of 
reported cases in the eastern provinces of Ontario, Québec, and Nova Scotia [5]. 
Canadian provinces and territories also conduct tick surveillance; however, methods 
and geographic scope are inconsistent and therefore do not provide a comprehen-
sive assessment of the tick-bite risk [6,7]. Manitoba has the fifth highest incidence of 
surveillance-reported LD cases in Canada, with 3.0 LD cases per 100,000 population 
in 2021 [5].

There has been limited research conducted to assess the magnitude of under-
reporting medically-attended LD cases to public health reporting [8,9]. Claims data-
bases have been frequently used in the United States (US) to estimate the incidence 
of medically-attended LD cases. By using Lyme-specific billing codes and antibiotic 
prescriptions, Kugeler et al (2021) estimated that there were ≈476,000 patients in 
the United States diagnosed with LD annually during 2010–2018 [10]. Using similar 
methods, Schwartz et al (2021) estimated that the incidence of medically-attended 
LD cases was 6–8 times higher than the incidence of surveillance-reported LD cases 
[11]. A study by Cocoros et al. (2023) used clinicians to review the medical records 
of LD cases identified in a claims database and demonstrated that 93.8% (95% CI 
88.1%–97.3%) of the claims LD cases met a clinical definition of LD [12]. A recent 
study by Rusk et al. (2025) used administrative data to estimate an incidence of 
medically attended LD of 10.2 per 100,000 population in Manitoba from 2009–2018 
[13]. These studies demonstrate that claims databases may be used to estimate the 
incidence of medically-attended LD.

Due to universal access to the publicly funded healthcare system in Canada, 
almost all healthcare visits have the potential to be included in the claims databases 
of the healthcare system. However, each province independently governs healthcare, 
leading to variability in data content, data quality, and governance, which is usually in 
the form of an academic data custodian that restricts access to administrative health 
databases and may limit access for research purposes [14]. The aim of our study 
was to use previously validated methods to estimate the incidence of medically-
attended LD in the Manitoba claims database, which is a comprehensive provincial 
health record registry, and to compare that incidence to the incidence of surveillance-
reported LD cases [15].
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Methods

Data sources

The data was sourced from Manitoba Population Research Data Repository (MPRDR), from August 2023 to January 
2024. MPRDR is a provincial database that contains administrative health records for the Manitoba population; popu-
lations not covered include temporary visitors (visiting less than 6 months), and persons residing on military facilities or 
First Nations reserves [15]. In July 2024, there were 1.35 million individuals with active records in the MPRDR [15,16]. 
The MPRDR includes data related to medical visits at hospitals, physicians offices, emergency departments, specialists, 
homecare, diagnostic testing results and pharmaceutical prescriptions dispensed, linked through individual Personal 
Health Identification Numbers (PHIN) (S1 Table in S1 File) [15].

Identification of LD cases from MPRDR

Medically-attended LD cases were identified in the MPRDR claims database in 2010−2021 using four case finding algo-
rithms. The first algorithm, applied to persons seeking care at an emergency room, identified medically attended LD cases 
as individuals with an International Statistical Classification of Diseases and Related Health Problems, Tenth Revision, 
Canada (ICD-10-CA) code for LD who received a ≥ 7-day course of antibiotics dispensed within 30 days of the emergency 
room visit. The ICD-10-CA codes were extracted from the National Ambulatory Care Reporting System (NACRS) and 
drug dispensations were extracted from the Drug Program Information Network (DPIN). The second algorithm identi-
fied hospitalized patients with LD in the Discharge Abstract Database (DAD), which is a product of Canadian Institute of 
Health Information (CIHI), as individuals with at least one Lyme-specific ICD-10-CA code. We report emergency room LD 
cases and hospitalized LD cases together. The third algorithm, applied to persons attending primary care clinics, identified 
medically-attended LD cases as individuals with International Classification of Diseases, 9th Revision, Clinical Modifica-
tion (ICD-9-CM) code for LD who received a ≥ 7-day course of antibiotics dispensed within 30 days of the primary care 
clinic visit. ICD-9-CM codes were extracted from the Medical Claims-Medical Services (MC-MS) database and antibiotics 
were extracted from the DPIN. The fourth algorithm identified individuals as LD cases if they had positive diagnostic serol-
ogy results from the Cadham Provincial Laboratory (CPL), based upon positive two-tier test results using CDC criteria for 
interpretation of western blots [17]. Detailed descriptions of LD algorithm definitions and claim codes used are available in 
S2–S5 Tables in S1 File.

Identified LD cases were assigned a date of LD diagnosis as the earliest date they were identified as a case by any of 
the LD case-finding algorithms. Patients were assigned unique identifiers by MPRDR, which prevented the risk of double 
counting. If individuals met more than one algorithm definition during the selection period, they were indexed on the ear-
liest day they met any of the algorithm definitions. If individuals met more than one algorithm definition on the same day, 
they were indexed on the algorithm per following order of precedence: emergency room or inpatient algorithm, primary 
care-algorithm, serology-based algorithm, to register the most severe outcome. Patients were excluded if key demograph-
ics (e.g., sex, age) were missing, or age was ≥ 105 years.

Demographic and clinical variables

The demographic and clinical variables of interest included age, sex, area of residence, neighborhood income quintile, 
seasonality, year of diagnosis, and clinical stage. The calculated age at index was presented as a categorical variable with 
the following categories: ≤ 10, 11–20, 21–30, 31–40, 41–50, 51–60, 61–70, 71–80, and ≥ 81 years. The area of residence 
refers to five regional health authorities (RHA) in Manitoba: Northern Regional Health Authority (NRHA), Interlake-Eastern 
Regional Health Authority (IERHA), Prairie Mountain Health (PMH), Winnipeg Regional Health Authority (WRHA), and 
Southern Health – Santé Sud (SHSS). The neighborhood income quintile was derived using the Statistics Canada Postal 
Code Conversion File. LD cases were classified into one of four clinical staging categories based on symptoms occurring 
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within 90 days before or after the index date: early localized stage, early disseminated stage, late disseminated stage, and 
undefined (S6–S9 Tables in S1 File) [18].

Data privacy and ethics statement

The data used for this study were extracted by the MPRDR, under the stewardship of the University of Manitoba and 
Manitoba Centre for Health Policy (MCHP), in compliance with data management and data privacy policies, as per 
MPRDR internal protocols. All data outputs received were at an aggregate level, using pre-submitted table shells provided 
to MPRDR. All data were fully anonymized before we accessed them. The ethics committee waived the requirement for 
informed consent. To protect patient privacy and potential de-identifying of data, any data cell values with a count of less 
than 6 patients were suppressed, along with the second smallest group to prevent back-calculation. No individual-level 
data were transferred outside of MPRDR data servers. This study underwent ethics approval by the University of Mani-
toba, Health Research Ethics Board (#HS25991).

Data analysis

LD incidence was defined as the number of claims-based LD cases per 100,000 population per year using mid-year 
census population estimates from Statistics Canada [19]. The incidence per 100,000 population per year of surveillance 
reported LD cases was calculated for 2010–2021. Where possible, analyses were stratified by age group, RHA, and sex. 
All calculation and analyses were conducted using Microsoft Excel, SAS version 9.4 or higher (SAS Institute Inc., Cary, 
NC, USA) or R, version 4.2.0 or later (The R Foundation for Statistical Computing, Vienna, Austria).

Results

Claims-based LD cases

A total of 2,976 medically-attended LD cases were identified in the claims database from 2010–2021, of which 2912 had 
complete demographic data; 1364 (46.9%) LD cases were female and 1548 (53.2%) male (Table 1). The median age of 
the medically-attended LD cases was 51.0 years, interquartile range (IQR) 29.5–64.0 years (Table 1). By income strata, 
24.5% of medically-attended LD cases were in the highest income quintile (Table 1). The proportion of claims-based LD 
cases indexed by algorithm were as follows: primary care algorithm (80.1%), diagnostic serology (13.6%), and EDs or 
hospitalizations (6.3%) (Table 1). Clinical staging of LD cases could not be assessed, as between 90–100% of the claims-
based LD cases were categorized as “undefined” (S10 Table in S1 File).

The average incidence of medically-attended LD cases was 18.4 cases per 100,000 population per year during 
2010–2021, with an increase from 8.4 cases per 100,000 population in 2010 to 28.5 cases per 100,000 population in 2019 
(Table 2). The average incidence of medically-attended LD during 2010–2021 was 17.0 cases per 100,000 population per 
year for females and 19.7 cases per 100,000 population per year for males (Table 2). Medically-attended LD cases were 
primarily diagnosed from May to August (Fig 1).

The medically-attended LD cases were distributed by RHA as follows: 1175 (40.6%) in WRHA, 912 (31.3%) in SSHS, 
426 (14.6%) in IERHA, 375 (12.9%) in PMH, and 24 (0.8%) in NRHA (Table 1). In the 2 regions with complete reporting from 
2010–2021, the average incidence of medically-attended LD was 13.4 per 100,000 population per year in WRHA and 38.4 
per 100,000 population per year in SHSS (S12 Table in S1 File). The overall incidence of medically-attended LD cases from 
the claims database was 5.1 to 11.0 times higher than the incidence of surveillance-reported LD cases (Table 2).

Discussion

Our results indicate that for each surveillance-reported LD case in Manitoba, there are between 5.1–11.0 additional 
medically-attended LD cases that are not reported. This was observed in each of the 5 public health regions in the Man-
itoba except NRHA which is the northernmost region in the province. In Manitoba, we observed higher underreporting of 
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LD cases in females, which was also observed in Schwartz et al [11]. This study provides valuable insights into under-
ascertainment of medically attended LD in a province with a low incidence of surveillance-reported LD cases in Canada.

Our findings were consistent with results from other studies using similar methodology. Our study identified a higher 
number of claims-based LD cases from 2010–2018 in Manitoba than was reported in Rusk et al. (2025) [13]. This differ-
ence could partially be accounted for by our additional case-finding algorithm which identified LD cases using diagnostic 
serology results of patients whose medical records did not register a diagnostic Lyme code. This algorithm resulted in an 
additional 406 LD cases over our entire 11-year study period and 266 additional LD cases from 2010–2018, which were 
not captured by using diagnostic Lyme and treatment codes.

A US study by Schwartz et al. (2023), which also used administrative data to estimate the LD incidence, reported 
6–8 times higher LD incidence than was reported to surveillance [11]. Schwartz et al. (2023) observed higher under-
reporting of claims-based LD cases in states that had low surveillance-reported LD incidence, compared to states that 
reported higher LD incidence [11]. We also observed this trend in our RHA analyses which compared the claims-based LD 

Table 1.  Characteristics of Medically-Attended Lyme Disease (LD) Cases.

Category N (%)

Medically Attended LD Cases 2912 (100)

Sex Females 1364 (46.8)

Males 1548 (53.2)

Age Group (years) ≤ 9 309 (10.6)

10 - 19 209 (7.2)

20 - 29 210 (7.2)

30 - 39 304 (10.4)

40 - 49 367 (12.6)

50 - 59 524 (18.0)

60 - 69 538(18.5)

70 - 79 339(11.6)

80 - 89 106 (3.6)

≥90 6 (0.2)

Mean Age (Standard Deviation) 46.2 (22.9)

Median Age (1st Quartile, 3rd Quartile) 51.0 (29.5, 64.0)

Age Range (Minimum – Maximum) 1.0 - 96.0

Regional Health Authorities Northern Regional Health Authority 24 (0.8)

Interlake-Eastern Regional Health Authority 426 (14.6)

Prairie Mountain Health 375 (12.9)

Winnipeg Regional Health Authority 1175 (40.4)

Southern Health – Santé Sud 912 (31.3)

Neighborhood income quintile 1 (lowest) 431 (14.8)

2 487 (16.7)

3 630 (21.6)

4 644 (22.1)

5 (highest) 714 (24.5)

Unavailable 6 (0.2)

Algorithm Primary Care 2383 (80.1)

Serology 406 (13.6)

Hospitalized/Emergency Department 187 (6.3)

https://doi.org/10.1371/journal.pone.0342260.t001
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incidence to surveillance-reported LD cases, where RHAs with the lowest reported LD incidence had the highest under-
reporting. Schwartz et al. (2023) also found higher under-reporting of claims-based LD cases among females, which was 
also observed in our study [11]. In Schwartz et al. (2023), female claims-based LD cases were more likely to be diagnosed 
outside of the Lyme season. This trend was not observed in our study (Fig 1).

The incidence of medically-attended LD in our study increased steadily from 2010 (8.4 per 100,000 population) 
to 2019 (28.5 per 100,000 population), followed by a decline in 2019−2021. This pattern was also observed with the 
surveillance-reported LD incidence in Manitoba [2,21–24]. During the same period, surveillance-reported LD cases 
increased in the neighbouring province of Ontario [25]. Provincial LD surveillance reports were unavailable in Manitoba 
from 2019−2021, nor were clinical LD reports reported to the LD enhanced surveillance program [4]. LD surveillance 
may have been impacted by the SARS-CoV-2 pandemic, by lack of access to primary care services for diagnoses and 

Table 2.  Incidence of Medically-Attended Lyme Disease Compared to Notifiable Disease Surveillance.

Category 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

Overall incidence

Medically-attended 8.4 8.2 12.5 16.0 16.3 18.2 19.8 23.3 26.1 28.5 24.0 19.4

Surveillance [2,5,20] 1.0 1.0 1.5 2.3 2.7 2.4 3.9 3.2 4.0 4.8 2.2 3.0

Incidence male sex

Medically-attended 7.7 9.1 13.7 18.1 18.7 19.8 20.3 24.0 27.9 32.0 25.3 20.0

Surveillance [21–24] 2.1 2.1 2.1 2.1 2.1 3.2 4.8 3.4 5.0 † † †

Incidence female sex

Medically-attended 9.1 7.4 11.3 13.9 13.9 16.6 19.4 22.5 24.2 25.0 22.6 18.7

Surveillance [21–24] 1.5 1.5 1.5 1.5 1.5 1.2 3.0 2.9 2.9 † † †

† – Not Reported. Shaded cells represent average LD incidence reported for period 2010–2014.

https://doi.org/10.1371/journal.pone.0342260.t002

Fig 1.  Seasonality of Medically-Attended Lyme Disease.

https://doi.org/10.1371/journal.pone.0342260.g001
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reporting due to the diversion of public health resources. A US study found that the SARS-CoV-2 pandemic was associ-
ated with underreporting of LD cases, despite the increased utilization of green spaces while under lockdown [26]. Missed 
diagnoses and treatment in the early localized clinical stage during the COVID-19 lockdown, may lead to an increase in 
disseminated LD cases in 2022 [3].

Underreported LD incidence may have public health policy implications. The peak surveillance-reported LD incidence in 
Manitoba was 4.8 per 100,000 population in 2019 [2]. The claims-based LD incidence suggest that Manitoba LD incidence 
in each of the health regions except NRHA, have much higher incidence than reported.

An increase in LD incidence over time was observed in surveillance-based LD cases, Rusk et al (2025), and in the 
present study [13]. The increase may reflect the impact of climate change, environmental factors, and urbanization into 
forested areas, which favour tick habitat expansion, as well as increases in tick density in established areas, that increase 
opportunities for human-tick interaction [27]. A Canadian modeling analysis that evaluated the impact of various climate 
change scenarios on LD incidence, accounting for under-reporting of cases to public health, projected that the annual LD 
case count in Canada could increase to between 120,000 and 500,000 by 2050, compared to the approximately 3,000 
cases currently reported annually [5,9].

There were several strengths to our study. The seasonal distribution of claims-based LD cases exhibited an expected 
pattern based upon peak tick activity, which has been linked to increases in human cases [27]. The inclusion of diagnostic 
serology results increased the overall claims-based LD case ascertainment by 15.8%. LD cases identified by this method 
may represent a higher risk of disseminated disease, since diagnostic and treatment codes were not identified at or before 
index, possibly indicating missed early diagnoses or patients who did not seek care. Sensitivity of diagnostic serology is 
low during the early localized stage and thus not generally recommended to diagnose LD at that stage [28].

Additionally, separating medically-attended LD cases by public health region allowed us to assess the distribution of LD 
across the province. Finally, the use of administrative data within a publicly funded healthcare system provides a compre-
hensive population-level assessment of LD diagnoses, with a large sample size that represents over 95% of the popu-
lation. This reduces the risk of selection bias and exclusion of vulnerable populations, when compared to sample-based 
assessments within a healthcare system that has substantial private funding, as in the US.

There were several limitations of our study. The use of diagnostic codes and antibiotic dispensations could result in 
misclassification of LD. We were only able to identify medically-attended cases for which LD was investigated as a poten-
tial diagnosis which creates the risk of over-capturing cases that have been misdiagnosed, as well as missing cases that 
never underwent clinical investigation for LD. In addition, we were unable to assess the clinical stage of LD cases at index 
using administrative data, which limits our ability to assess the clinical impact of LD. It also limits our interpretation of the 
impact on vulnerable populations or to explain the impact of differential underreporting in women. We were unable to 
report LD cases by race, as we did not have demographic data on race. Difficulty diagnosing LD and the clinical impact of 
late diagnoses in patients with darker skin colour has been studied in the US. In both adults and children, African Amer-
icans were less likely to be diagnosed with EM, and more likely to be diagnosed with Lyme-related arthritis than white 
comparator groups [29,30]. Studies using other methods, such as electronic health records or active surveillance studies, 
should be conducted to evaluate the impact of race on diagnosis of LD in Canada. Prior to 2015, Manitoba used a 3-digit 
ICD-9-CA code for LD that also included other tick-borne diseases. To assess the validity of using the ICD-9-CA to identify 
LD cases before 2015, we conducted an assessment which determined that 95.6% of the cases previously identified by 
the 3-digit code, during the period April 1, 2015 – December 31, 2021, were LD (S11 Table in S2 File).

Underreporting cases of LD to public health surveillance was a substantial issue observed in our study. Causes of 
underreporting need further investigation but may be due to LD misdiagnoses, failure to seek health care, lack of report-
ing to public health surveillance due to systemic issues around administration of reporting or indifference/perceived lack 
of importance, or health care system failures, as may have occurred during the SARS-CoV-2 pandemic [31]. The clinical 
implications of missed or delayed LD diagnoses may cause substantial health burden to individuals and the healthcare 
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system [4,32]. Our study demonstrated that administrative data is an effective source to characterize the incidence of 
medically attended Lyme disease.

Supporting information

S1 File. Appendix A: S1-S10 Tables. 
(DOCX)

S2 File. Appendix B: S11-S12 Tables. 
(XLSX)

S3 File. Appendix C: List of Databases. 
(DOCX)

Author contributions

Conceptualization: Maria Major, Kate Halsby, Frederick J. Angulo, Sarah J Willis.

Data curation: Maria Major, Susan Horton, Natalie Nightingale, Holly Yu, Irene Wang, Saranya Nair, Calum S. Neish, 
Doneal Thomas.

Formal analysis: Maria Major, Susan Horton, Natalie Nightingale, Kate Halsby, Doneal Thomas.

Funding acquisition: Maria Major, Frederick J. Angulo, Ana G Grajales.

Investigation: Maria Major, Sarah J Willis.

Methodology: Maria Major, Susan Horton, Natalie Nightingale, Kate Halsby, Frederick J. Angulo, James Stark, Holly Yu, 
Mark Loeb, Irene Wang, Saranya Nair, Calum S. Neish, Doneal Thomas, Sarah J Willis.

Project administration: Natalie Nightingale, Irene Wang.

Resources: Natalie Nightingale.

Supervision: Frederick J. Angulo, Ana G Grajales, Sarah J Willis.

Validation: Mark Loeb, Calum S. Neish.

Visualization: Chloe McDonald, Samuel Torres-Florez.

Writing – original draft: Maria Major.

Writing – review & editing: Susan Horton, Natalie Nightingale, Kate Halsby, Frederick J. Angulo, James Stark, Holly Yu, 
Mark Loeb, Irene Wang, Saranya Nair, Calum S. Neish, Doneal Thomas, Chloe McDonald, Ana G Grajales, Sarah J 
Willis.

References
	1.	 Burgdorfer W, et al. Lyme disease-a tick-borne spirochetosis? Science. 1982;216(4552):1317–9.

	2.	 Gasmi S, et al. Surveillance for Lyme disease in Canada, 2009-2019. Can Commun Dis Rep. 2022;48(5):219–27.

	3.	 Lantos PM, Rumbaugh J, Bockenstedt LK, Falck-Ytter YT, Aguero-Rosenfeld ME, Auwaerter PG, et al. Clinical Practice Guidelines by the Infectious 
Diseases Society of America (IDSA), American Academy of Neurology (AAN), and American College of Rheumatology (ACR): 2020 Guidelines for 
the Prevention, Diagnosis and Treatment of Lyme Disease. Clin Infect Dis. 2021;72(1):e1–48. https://doi.org/10.1093/cid/ciaa1215 PMID: 33417672

	4.	 Murison K, Wilson CH, Clow KM, Gasmi S, Hatchette TF, Bourgeois A-C, et al. Epidemiology and clinical manifestations of reported Lyme disease 
cases: Data from the Canadian Lyme disease enhanced surveillance system. PLoS One. 2023;18(12):e0295909. https://doi.org/10.1371/journal.
pone.0295909 PMID: 38100405

	5.	 Public Health Agency of Canada. Lyme disease surveillance report: Annual Edition, 2021. Ottawa, Canada: Public Health Agency of Canada; 2023.

	6.	 Robinson EL, Jardine CM, Russell C, Clow KM. Comparing Canadian Lyme disease risk area classification methodologies. Zoonoses Public Health. 
2023;70(4):294–303. https://doi.org/10.1111/zph.13023 PMID: 36628930

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0342260.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0342260.s002
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0342260.s003
https://doi.org/10.1093/cid/ciaa1215
http://www.ncbi.nlm.nih.gov/pubmed/33417672
https://doi.org/10.1371/journal.pone.0295909
https://doi.org/10.1371/journal.pone.0295909
http://www.ncbi.nlm.nih.gov/pubmed/38100405
https://doi.org/10.1111/zph.13023
http://www.ncbi.nlm.nih.gov/pubmed/36628930


PLOS One | https://doi.org/10.1371/journal.pone.0342260  April 13, 2026 9 / 9

	 7.	 Kelly PH, Tan Y, Yan Q, Shafquat M, Davidson A, Xu Q, et al. Borrelia burgdorferi sensu lato prevalence in Ixodes scapularis from Canada: A 
thirty-year summary and meta-analysis (1990-2020). Acta Trop. 2024;256:107268. https://doi.org/10.1016/j.actatropica.2024.107268 PMID: 
38782109

	 8.	 Lloyd VK, Hawkins RG. Under-Detection of Lyme Disease in Canada. Healthcare (Basel). 2018;6(4):125. https://doi.org/10.3390/health-
care6040125 PMID: 30326576

	 9.	 Ogden NH, Dumas A, Gachon P, Rafferty E. Estimating the Incidence and Economic Cost of Lyme Disease Cases in Canada in the 21st Century 
with Projected Climate Change. Environ Health Perspect. 2024;132(2):27005. https://doi.org/10.1289/EHP13759 PMID: 38349724

	10.	 Kugeler KJ, et al. Estimating the frequency of Lyme disease diagnoses, United States, 2010-2018. Emerg Infect Dis. 2021;27(2):616–9.

	11.	 Schwartz AM, et al. Use of commercial claims data for evaluating trends in Lyme disease diagnoses, United States, 2010-2018. Emerg Infect Dis. 
2021;27(2):499–507.

	12.	 Cocoros NM, et al. Validation of claims-based algorithm for Lyme disease, Massachusetts, USA. Emerg Infect Dis. 2023;29(9):1772–9.

	13.	 Rusk R, et al. Perspective: Incidence of clinician-diagnosed Lyme disease in Manitoba, Canada 2009-2018. Vector Borne Zoonotic Dis. 2025.

	14.	 Katz A, Enns J, Wong ST, Williamson T, Singer A, McGrail K, et al. Challenges Associated with Cross-Jurisdictional Analyses using Administrative 
Health Data and Primary Care Electronic Medical Records in Canada. Int J Popul Data Sci. 2018;3(3):437. https://doi.org/10.23889/ijpds.v3i3.437 
PMID: 34095523

	15.	 University of Manitoba. The Manitoba Population Research Data Repository. University of Manitoba; 2024.

	16.	 Government of Canada. Population estimates, quarterly. Ottawa, ON: Statistics Canada; 2021.

	17.	 Center for Disease Control and Prevention. CDC, Lyme Disease (Borrelia burgdorferi): 2022 Case Definition. 2022.

	18.	 Johnson KO, et al. Clinical manifestations of reported Lyme disease cases in Ontario, Canada: 2005-2014. PLoS One. 2018;13(6):e0198509.

	19.	 Government of Canada. Population estimates on July 1st, by age and sex. Ottawa, Canada: Statistics Canada; 2021.

	20.	 Public Health Agency of Canada. Lyme disease surveillance report: Annual edition, 2020. Ottawa, Canada: Public Health Agency of Canada; 2023.

	21.	 Government of Manitoba. Manitoba Annual Tick-Borne Disease Report 2015. Manitoba Health, Seniors and Active Living; 2016.

	22.	 Government of Manitoba. Manitoba Annual Tick-Borne Disease Report 2016. Manitoba Health, Seniors and Active Living; 2017.

	23.	 Government of Manitoba. Manitoba Annual Tick-Borne Disease Report 2017. Manitoba Health, Seniors and Active Living; 2019.

	24.	 Government of Manitoba. Manitoba Annual Tick-Borne Disease Report 2018. Manitoba Health, Seniors and Active Living; 2020.

	25.	 Public Health Ontario. Infectious diseases trends in Ontario, 2023. Toronto, ON: King’s Printer for Ontario; 2024.

	26.	 Jones BS, DeWitt ME, Wenner JJ, Sanders JW. Lyme Disease Under-Ascertainment During the COVID-19 Pandemic in the United States: Retro-
spective Study. JMIR Public Health Surveill. 2024;10:e56571. https://doi.org/10.2196/56571 PMID: 39264291

	27.	 Gasmi S, Ogden NH, Ripoche M, Leighton PA, Lindsay RL, Nelder MP, et al. Detection of municipalities at-risk of Lyme disease using passive sur-
veillance of Ixodes scapularis as an early signal: A province-specific indicator in Canada. PLoS One. 2019;14(2):e0212637. https://doi.org/10.1371/
journal.pone.0212637 PMID: 30779789

	28.	 Hatchette T, Lindsay L. Modified two-tiered testing algorithm for Lyme disease serology: the Canadian context. Can Commun Dis Rep. 
2020;46(5):125–31. https://doi.org/10.14745/ccdr.v46i05a05 PMID: 32558809

	29.	 Hunt KM, et al. Racial differences in the diagnosis of Lyme disease in children. Clin Infect Dis. 2023;76(6):1129–31.

	30.	 Fix AD, Peña CA, Strickland GT. Racial differences in reported Lyme disease incidence. Am J Epidemiol. 2000;152(8):756–9. https://doi.
org/10.1093/aje/152.8.756 PMID: 11052554

	31.	 Hill A. Indifferent reporting of notifiable diseases. CMAJ. 2012;184(10):E513–4. https://doi.org/10.1503/cmaj.109-4193 PMID: 22619339

	32.	 Steere AC, et al. Treatment of Lyme arthritis. Arthritis Rheum. 1994;37(6):878–88.

https://doi.org/10.1016/j.actatropica.2024.107268
http://www.ncbi.nlm.nih.gov/pubmed/38782109
https://doi.org/10.3390/healthcare6040125
https://doi.org/10.3390/healthcare6040125
http://www.ncbi.nlm.nih.gov/pubmed/30326576
https://doi.org/10.1289/EHP13759
http://www.ncbi.nlm.nih.gov/pubmed/38349724
https://doi.org/10.23889/ijpds.v3i3.437
http://www.ncbi.nlm.nih.gov/pubmed/34095523
https://doi.org/10.2196/56571
http://www.ncbi.nlm.nih.gov/pubmed/39264291
https://doi.org/10.1371/journal.pone.0212637
https://doi.org/10.1371/journal.pone.0212637
http://www.ncbi.nlm.nih.gov/pubmed/30779789
https://doi.org/10.14745/ccdr.v46i05a05
http://www.ncbi.nlm.nih.gov/pubmed/32558809
https://doi.org/10.1093/aje/152.8.756
https://doi.org/10.1093/aje/152.8.756
http://www.ncbi.nlm.nih.gov/pubmed/11052554
https://doi.org/10.1503/cmaj.109-4193
http://www.ncbi.nlm.nih.gov/pubmed/22619339

