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Abstract

Lyme borreliosis, the most common vector-borne disease in Europe and North
America, is attracting growing concern due to its expanding geographic range. The
growth in incidence and geographic spread is largely attributed to climate and land-
use changes that support the tick vector and thereby increase disease risk. Despite
a wide range of symptoms displayed by Lyme borreliosis patients, the demographic
patterns in clinical manifestations and seasonal case timing have not been thoroughly
investigated and may result from differences in exposure, immunity and pathogen-
esis. We analysed 25 years of surveillance data from Norway, supplemented by popu-
lation demography data, using a Bayesian modelling framework. The analyses aimed
to detect differences in case seasonality and clinical manifestations of Lyme borre-
liosis across age and sex differentiated patient groups. The results showed a bimodal
pattern of incidence over age, where children (0-9 years) had the highest incidence,
young adults (20-29 years) had low incidence and older adults had a second incidence
peak in the ages 70-79 years. Youth (0-19 years) presented with a higher proportion
of neuroborreliosis cases and a lower proportion of arthritic manifestations compared
to adults (20+ years). Adult males had a higher overall incidence than adult females
and a higher proportion of arthritis cases. The seasonal timing of Lyme borreliosis
consistently occurred around 4.4 weeks earlier in youth compared to adults, regard-
less of clinical manifestation. All demographic groups exhibited a shift towards an
earlier seasonal timing over the 25-year study period, which appeared unrelated to
changes in population demographics. However, the disproportionate incidence of
Lyme borreliosis in seniors requires increased public awareness and knowledge about
this high-risk group as the population continues to age concurrently with disease
emergence. Our findings highlight the importance of considering patient demograph-
ics when analysing the emergence and seasonal patterns of vector-borne diseases

using long-term surveillance data.
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1 | INTRODUCTION

Lyme borreliosis, also known as Lyme disease, is the most com-
mon vector-borne disease in the northern hemisphere (Steinbrink
et al., 2022). There is increasing evidence of the geographic expan-
sion of Lyme borreliosis, particularly into higher latitude and eleva-
tion areas in Europe and North America (Jore et al., 2011; Mysterud
et al.,, 2017; van Oort et al., 2020; Vandekerckhove et al., 2019).
This tick-vectored bacterial (spirochete) infection is caused by sev-
eral genospecies in the Borrelia burgdorferi sensu lato (sl) complex,
with B.burgdorferi sensu stricto most common in North America
and Borrelia afzelii and Borrelia garinii in Europe (Nelder et al., 2016;
Steere et al., 2016). The emergence and geographic expansion of
Lyme borreliosis have primarily been attributed to climate and land-
use changes impacting the tick vector and thereby increasing disease
hazard (Brownstein et al., 2005; Couper et al., 2021; Li et al., 2019;
Lindgren & Jaenson, 2006; Simon et al., 2014). While many studies
focus on spatial changes in Lyme borreliosis cases linked to climate
change, far fewer explore long-term temporal and seasonal changes
in the disease system (Goren et al., 2023; Monaghan et al., 2015;
Moore et al., 2014). Little is known about how human demography
impacts Lyme borreliosis incidence and seasonality through differ-
ences in exposure, immunity and pathogenesis among age and sex
groups. Demographic changes in the population could impact the
future burden of Lyme borreliosis and other vector-borne diseases,
and a deeper understanding of disease demography is necessary for
managing the risk of emerging diseases.

The pathogenesis of Lyme borreliosis is highly variable among
individuals, but the typical presentation of a localized infection is
an initially expanding skin lesion, termed erythema migrans, located
at the site of the bite of an infected tick. The lesion usually appears
around 2-30days after the bite and may be accompanied by flu-
like symptoms (Johnson et al., 2018; Steinbrink et al., 2022). If left
untreated, a localized infection can progress into a disseminated
form of disease (Steere et al., 2016). Early disseminated infections
can result in neurological manifestations involving the central and/
or peripheral nervous systems (Cadavid et al., 2016; MacDonald
et al., 2016; Steere et al., 2016; Steinbrink et al., 2022). Late dis-
semination can result in long-term sequelae and can include arthritis,
acrodermatitis chronica atrophicans and carditis (Cadavid et al., 2016;
Coburn et al.,, 2021). It has been estimated that 15%-20% of un-
treated localized infections progress to the early disseminated form
(Koedel et al., 2015; Ornstein et al., 2001; Strnad & Rego, 2020).
Age- and sex-based differences in immune markers have been found
to impact Borrelia sp. seroconversion and pathogenesis in patients,
but little is known about how this impacts disease trends on a pop-
ulation scale (Carlsson et al., 2018; Steere et al., 2003; Woudenberg
et al., 2020).

To better understand the causes of population-level trends in
Lyme borreliosis over time, we need a deeper understanding of the
role of patient demography. The goal of this study is to investigate
demographic differences in clinical manifestations, as well as in tem-

poral trends of annual incidence and seasonal case timing. We take

Impacts

e Analysis of 25years of Lyme borreliosis surveillance data
from Norway revealed differences across age and sex
groups in annual incidence, seasonal timing and clinical
manifestations.

e Youth (0-19years old) exhibited a 4.4 weeks earlier sea-
sonal timing of cases compared to adults (20+ years),
irrespective of clinical manifestation. There was a higher
proportion of neuroborreliosis and a lower proportion
of arthritis cases among youth compared to adults.

e There was a bimodal incidence pattern across age, with
children (0-9years) having the highest incidence, low
incidence in young adults (20-29 years) and a second in-
cidence peak in older adults aged 70-79 years. In adults
(20+ years), males had a higher overall incidence com-
pared to females and a higher proportion of arthritic

manifestations.

advantage of a unique dataset encompassing 25 years of Norwegian
Lyme borreliosis surveillance data, at the expanding northern limit of

the disease's biogeographical range in Europe.

2 | METHODS
2.1 | Surveillance data

This study is based on Lyme borreliosis surveillance data from
Norway, which is curated by the Norwegian Institute of Public Health
through the Norwegian Surveillance System for Communicable
Diseases (MSIS). Since 1991, Lyme borreliosis has been a notifiable
disease in Norway, with consistent notification criteria since 1995
(MacDonald et al., 2016). For this reason, this analysis covers the
25 year period from 1995 to 2019. There have been a few changes
in case reporting and diagnostic testing methods for Lyme borre-
liosis during this time. Only disseminated forms of Lyme borreliosis
are notifiable in Norway, by both clinicians and medical laboratories.
Notification is based on a clinically compatible case with labora-
tory confirmation of B.burgdorferi sl by isolation, polymerase chain
reaction (PCR) nucleic acid test or enzyme-linked immunosorbent
assay (ELISA) antibody test (Mysterud et al., 2019; Norwegian Public
Health Institute, 2023). Some notable changes in diagnostics over
the study period include the introduction of improved ELISA meth-
ods in 2005-2008 and the introduction of standardized use of spi-
nal puncture for diagnosis in children under 9years old since 2011
(Berstad et al., 2017; Hunfeld et al., 2005; Mysterud et al., 2019).
These changes in diagnostics, combined with increased disease
awareness, could have resulted in higher overall detection rates as
these new methods were implemented. A more detailed account of
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reporting criteria can be found elsewhere (MacDonald et al., 2016;
Mysterud et al., 2019).

The timing of cases in this study is determined by the date of
diagnostic testing, which is available for every patient. This date
usually occurs several weeks after the tick bite when symptoms of
2021). Clinical

manifestations were grouped into three categories: neuroborrelio-

disseminated disease have emerged (Coburn et al.,

sis, arthritis or other. Neuroborreliosis was defined as any neurolog-
ical manifestation of the disease, while arthritis was categorized as
all clinical manifestations affecting the joints. Any other manifesta-
tions, such as acrodermatitis chronica atrophicans, carditis and mul-
tiple erythema migrans, were categorized as ‘other’. The incidence
comparisons among demographic groups were based on cases per
100,000 persons (per year or week, depending on the model) in
the population, where population data (Statistics Norway, 2022)
were differentiated by sex and age. Initial explorations of Lyme
borreliosis incidence trends across age and sex groups were based
on 10-year age intervals for ages 0-80, with the oldest individuals
pooled into the ‘80-99years’ group (Figure 1). Because of the bi-
modal incidence distribution over age (Figure 1c), temporal trends
in incidence were analysed by comparison of three demographic
groups: youth, adult males and adult females, with youth defined
as individuals aged 0-19years old and adults as individuals aged
20vyears old or more.

2.2 | Statistical analysis

The statistical R package INLA (http://www.r-inla.org) was used to
fit Bayesian models to investigate differences in case timing, inci-
dence, and clinical manifestations across demographic groups, as
well as explore differences in temporal trends within and between
2009). We first fitted a set of models to annual
incidence rates stratified by demographic groups. We then fitted

years (Rue et al.,

another set of models to annual values for the proportion of cases
in each demographic group presenting with neurological, arthritic

weekly incidence rates, accounting for seasonal effects. Incidence
rates were defined as the number of cases per 100,000 persons in
the selected demographic group for the specified time period (week
or year). The R code for fitting the models and defining priors is
provided as Appendix S2, without the underlying data as these are
restricted.

To estimate differences in clinical manifestation (neuroborrelio-
sis, arthritis or other) within each demographic group (youth, adult
males, and adult females), a Poisson distribution was used to model

the number of cases y; in year j and clinical manifestation type k,

Yix ~ Poisson( i), (1)

where 4 is the expected annual number of cases with manifestation
k. The annual incidence was modelled with a logarithmic link function,
including a population offset (size of demographic group) and year as
an autoregressive term:

In(/ljk) =ﬂ0+Gk+|n(N]) +Yj+6jk‘ (2)

Here f, is the intercept (reference level representing neuroborreliosis),
and G, is a fixed effect factor representing the effect of clinical man-
ifestation (arthritis or other, compared to the reference), In( ) is the
population offset, Y; is the year effect, and ¢ is a Gaussian random
effect used to account for overdispersion (Bakka et al., 2019; Goren
et al., 2023). The population offset accounts for any changes in the
number of observed cases due to changes in population size. The year
effects are modelled as random intercepts following an autoregressive
model of order 1 constrained to mean zero to avoid confounding with
the reference level g,. The model was run separately for each demo-
graphic group.

Differences in clinical manifestation were also quantified based
on the proportion of cases within each demographic group. Letting
yix be the number of cases in year j of manifestation type k, this vari-
able has a binomial distribution

- . . . ) ik ~ Binomial(y;, py ), (3)
or other clinical manifestations. A third set of models was fitted to Vik (y] p’k)
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FIGURE 1 (a)Proportion of males and females in each age group in the population data over the study period. (b) Proportion of males

and females in each age group in the Lyme borreliosis surveillance data over the study period. (c) Annual incidence (per 100,000) of Lyme
borreliosis averaged over the study period, for each sex and age group. The numbers above the bars represent average annual case numbers.

85U8017 SUOWILLIOD A1) 3|qeo dde aup Aq peuenob ae Sapiie YO ‘8Sn JO ol 10} Aeiq18UlUO 48] 1M UO (SUORIPUOD-PUR-SLUBILICO" A3 (1M AeIq 1 Ul UO//SdNL) SUORIPUOD pue Swie 1 8y} &8s *[£202/60/92] U0 AriqiTauliuO A8]IM ‘Y eeH 911dnd JO @Ininsu| ueiBemioN Aq €£20£T Ydz/TTTT 0T/I0pAW00 A8 1w ARe.q i jeuljuo//:sdny woly pepeojumod ‘0 ‘8.£2€98T


http://www.r-inla.org

GOREN ET AL.

4—'|—'\VlLEY

where p; is the probability that each of the y; cases in the demographic
group presents with the clinical manifestation k. This probability was

modelled on the logit scale as

logit(py) = Bo + G + Y; + (4)

with the same interpretation and definition of the model components
(Bo Gy, Y €51 as for the model in Equation (2) (defined on another scale).
The model was run separately for each demographic group. Results of
the models are presented as point estimates of incidence or proportion
in each group with the corresponding 95% credible intervals calculated
from the posterior distributions. We consider two point estimates to
be significantly different if each lies outside the credible interval of the
other.

To compare seasonal case timing between demographic
groups and clinical manifestations, the above models for incidence
(Equations 1 and 2) were expanded to a weekly scale, adding a sea-
sonal component following the approach of Goren et al. (2023). This
weekly model captures changes in seasonality over time by sepa-
rating long term (inter-annual) from seasonal trends (intra-annual).
A Poisson distribution was used to model the number of cases y; in

week i (from 1 to 52) and year j,

y;; ~ Poisson(A;) (5)

where }; is the expected number of cases, described by a logarithmic

link function:

In(4;) = Bo + In(N;) +Y; + W + . (6)

Here f, is the intercept, Y} is the year effect estimated for year j, W is
the seasonal effect modelled using a sinusoidal wave function, In(Nj)
is the population offset and g; is a Gaussian random effect used to ac-
count for overdispersion (Bakka et al., 2019; Goren et al., 2023). By
including the population offset term In(Nj), we are in effect model-
ling the weekly incidence rate (per capita). The sinusoidal wave func-
tion used to model the seasonal effect ensures that case seasonality
is uniquely described by the week in which cases peak. Changes in
within-year case timing are measured by extracting the annual peak
week from the fitted models, and any shifts observed apply to all sea-
sonal features (Goren et al., 2023). The year trend and seasonal effects
were modelled using a first-order random walk to (i) account for auto-
correlations in the time series and (ii) allow for the seasonal pattern to
change (slowly) over the years.

A seasonal model was fit independently to the number of weekly
cases for each demographic group, for weekly cases of all clinical
manifestations together and for neuroborreliosis cases only. The
seasonal model was also fit independently to the total number of
weekly cases for each clinical manifestation. For arthritis cases and
other clinical manifestations, there were too few cases to fit a model
with flexible seasonality. Instead, the seasonal part of the model (Wij
in Equation (6) above) was modelled using fixed effects for the si-
nusoidal wave function so that the seasonality was restricted to be

the same for each year (Goren et al., 2023). The model with fixed
seasonality outperformed the flexible seasonality model by DIC for
arthritis and other clinical manifestations, but not for neuroborreli-
osis (see Appendix S2). All analyses were done using the statistical
software R version 4.0.3 (R Core Team, 2022).

3 | RESULTS

Over the study period, there was a demographic shift towards
an ageing population in Norway (Figure S1). The sex ratio did not
change much across age groups during the study period, except in
the oldest age groups that had an initially high but decreasing pro-
portion of females (Figure S2). Overall, the age groups had slightly
more males in the younger and intermediate age groups and more
females in the older age groups (Figure 1a). The overall Lyme disease
annual incidence distribution, expressed as annual incidence (per
100,000) averaged over the study period, was bimodal over age both
for males and females (Figure 1c), with the highest incidence at age
0-9years (11 per 100,000), and a smaller peak at age 70-79 years (9
per 100,000). Although the 70-79 years group had the highest inci-
dence of adults, the majority of adult cases were in the 50-59 years
group (Figure 1c).

The proportion of youth compared to adults in the population
of Norway showed a minimal decrease during the study period
(Figure S3). Geographic patterns were not investigated in this study,
but the proportions of the youth and adult populations in differ-
ent regions remained relatively unchanged over the study period
(Figure S4). The youth had a higher incidence of Lyme borreliosis
than adults, and adult males had a higher incidence compared to
adult females (Figure 1c). Males had a higher incidence than females
in all except the youngest age group (0-9 years old), where there was
a higher incidence in females (Figure 1c). Compared to the propor-
tion of males in each age group in the underlying population, there
was an excess of male cases in all age groups except the youngest
(Figure S5).

The statistical models fitted to annual data showed that pat-
terns of clinical manifestation were significantly different between
youth and adults, and more similar among adult males and females
(Figure 2). In all demographic groups, neuroborreliosis was the most
common clinical manifestation, with the highest incidence as well as
the proportion of cases. Adult males had a higher annual incidence
(per 100,000) of neuroborreliosis (3.67 [3.47, 3.87]) and arthritis
(1.12 [0.94, 1.30]) compared to adult females (neuroborreliosis: 2.61
[2.45, 2.78]; arthritis: 0.59 [0.48, 0.73]; Figure 2a, Table S1). The
proportion of neuroborreliosis cases was very similar in adult males
(0.55 [0.53, 0.57]) and females (0.56 [0.53, 0.58]), while the propor-
tion of arthritis cases was estimated to be somewhat higher (0.17
[0.14, 0.20]) compared to adult females (0.13 [0.10, 0.16]; Figure 2b,
Table S1). The youth had a higher proportion of neuroborreliosis
(0.79 [0.78, 0.81]) and a lower proportion of arthritis (0.08 [0.06,
0.10]) and other manifestations (0.08 [0.06, 0.10]) compared to adult
males and females (Figure 2b, Table S1).
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FIGURE 3 Temporal trends in Lyme borreliosis cases for demographic groups (youth, adult females, and adult males) based on seasonal
INLA models. (a) Inter-annual trend comparison based on the annual components of the models, with shaded 95% credible intervals. The
annual components describe the relative intensity of cases (not incidence) over the study period. (b) Comparison of changing seasonality
measured by predicted seasonal incidence peak. The ribbons represent the 95% confidence intervals on the fitted splines, while the vertical
lines represent error margins on the estimated peak incidence weeks based on repeated sampling from the posterior distribution.

The inter-annual trends were similar across demographic groups,
with youth exhibiting a slightly greater increase in incidence over
the study period (Figure 3a). The inter-annual trends were also sim-
ilar across clinical manifestations, with neuroborreliosis showing a
slightly greater increase in incidence than arthritis over the study pe-
riod (Figure 4a). Differences in case seasonality were larger between
youth and adults than between adult males and females (Figure 3b),
with the seasonal incidence peak on average 4.4weeks earlier in

youth than adults. The difference in case timing between youth and
adults was also observed when the analysis was restricted to neu-
roborreliosis cases (Figure S6), indicating the difference is not driven
by differences in clinical manifestation. There was limited difference
in case seasonality across clinical manifestations, however, low an-
nual case numbers for arthritis resulted in large error margins for the
seasonal peaks and necessitated the use of a simplified model with
fixed seasonality across years.
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FIGURE 4 Temporal trends in Lyme borreliosis cases for different clinical manifestations (neuroborreliosis, arthritis and other) based on
seasonal INLA models. (a) Inter-annual trend comparison based on annual components of the seasonal models, with 95% credible intervals.
The annual components describe the relative intensity of cases (not incidence) over the study period. (b) Comparison of the seasonality of
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the posterior distribution. Note that due to low case numbers, arthritis and other clinical manifestations were modelled with a fixed seasonal
effect across years, while neuroborreliosis was modelled with a flexible seasonality that can vary across years.

4 | DISCUSSION

Based on long-term surveillance data from Norway, we analysed
demographic differences in incidence, clinical manifestation, and
seasonality of Lyme borreliosis using a Bayesian framework for sta-
tistical analysis. We found that youth (0-19 years) had a higher over-
all incidence, a larger proportion of neuroborreliosis cases, and an
earlier seasonal peak by 4.4 weeks compared to adults. Adult males
had a higher overall incidence of Lyme borreliosis with a higher
proportion of arthritis compared to adult females. The overall de-
mographic trends identified in this analysis, including the bimodal
incidence distribution over age and overrepresentation of males in
most age groups, are predominantly in concordance with prior stud-
ies in Norway and other countries (Berglund et al., 1995; Eliassen
et al.,, 2017; Nygard et al., 2005; Schwartz et al., 2017; Skufca
et al., 2022; Stanek & Strle, 2018; Steere et al.,, 2016; Sundheim
etal,, 2021; Tulloch et al., 2019, 2020; Tveitnes & @ymar, 2015). This
study is the first to provide insight into how the seasonality of Lyme
borreliosis varies among demographic groups.

The bimodal distribution of incidence over patient age suggests
that children and older adults are at higher risk of developing dissem-
inated Lyme borreliosis, compared to young adults in the age range
18-30. The reasons for these differences are not yet clear and may
be due to a combination of factors such as exposure to vectors, care-
seeking behaviour and biological and immunological differences. In
Norway, youth tend to have a higher proportion of neurological
manifestations compared to other forms of the disease (Figure 2),
which is typical in Europe but contrasts with North America, where

arthritis is commonly seen in both youth and adult patients (Christen
et al., 1993; Marques et al., 2021; Stanek et al., 2012).

While it is known from prior studies that the seasonal timing of
Lyme borreliosis cases has shifted significantly over the study period
(Goren et al., 2023), this analysis demonstrated consistent differ-
ences in case seasonality between demographic groups (Figure 3b).
The current analysis demonstrated that the overall shift in case sea-
sonality observed prior was unlikely to be caused by changes in pa-
tient or population demography. The 4.4weeks earlier case timing
in youth compared to adults was not attributable to adults having
a higher incidence of arthritis and other late disseminated clinical
manifestations compared to youth (Stanek & Strle, 2018), as the dif-
ference persisted even when restricting the analysis to only neurob-
orreliosis cases (Figure 3, Figure Sé). The difference in case timing
between youth and adults could indicate that youth have more
rapid pathogenesis of Lyme borreliosis than adults. While there is
evidence of some differences in pathogenesis between adults and
children (Feder Jr, 2008), there is yet insufficient clinical evidence
to determine if more rapid pathogenesis actually occurs in youth.
Differences in Lyme borreliosis trends between adults and children
could also be related to behavioural factors resulting in differential
tick exposure (Cull et al., 2020). A combination of other factors could
also impact case timing, such as differences in healthcare-seeking
behaviour between youth and adults and patient handling in hos-
pitals. Demographic differences in healthcare-seeking behaviour
and patient handling have not been sufficiently investigated for
Lyme borreliosis, in particular, but have been broadly acknowledged
in public health literature (Giasson & Chopik, 2020; Thompson

85U8017 SUOWILLIOD A1) 3|qeo dde aup Aq peuenob ae Sapiie YO ‘8Sn JO ol 10} Aeiq18UlUO 48] 1M UO (SUORIPUOD-PUR-SLUBILICO" A3 (1M AeIq 1 Ul UO//SdNL) SUORIPUOD pue Swie 1 8y} &8s *[£202/60/92] U0 AriqiTauliuO A8]IM ‘Y eeH 911dnd JO @Ininsu| ueiBemioN Aq €£20£T Ydz/TTTT 0T/I0pAW00 A8 1w ARe.q i jeuljuo//:sdny woly pepeojumod ‘0 ‘8.£2€98T



GOREN ET AL.

Wi LEYJ—7

et al., 2016). Further investigation into infection dynamics between
the Borrelia genospecies and the immune system across ages could
yield deeper insight into the observed trends.

This study found an overrepresentation of males in the Lyme bor-
reliosis surveillance data, which is expected because only dissemi-
nated cases are reported in the national surveillance data in Norway.
Gender differences in accessing healthcare are well recognized (Dias
et al., 2022; Govender & Penn-Kekana, 2008). For Lyme borreliosis,
females typically represent a higher proportion of localized infec-
tions and erythema migrans, whereas males comprise a higher pro-
portion of disseminated disease cases (Eliassen et al., 2017; Nygéard
et al., 2005; Skufca et al., 2022; Tulloch et al., 2019, 2020). A prior
study in an overlapping time period in Norway used general practi-
tioner data instead of surveillance data and found an overrepresen-
tation in females presenting with erythema migrans, indicating early
localized Lyme borreliosis infection (Eliassen et al., 2017). This trend
has been attributed to gender-related differences in healthcare-
seeking behaviour (Bennet et al., 2007; Doyal, 2001; Eliassen
et al., 2017), but insufficient investigation has been conducted into
whether there could also be a biological explanation for the increased
incidence of disseminated Lyme borreliosis in males (Schwarzwalder
et al., 2010; Strle et al., 2013). In this study, some of the elevated
overall incidence in adult males compared to females was attribut-
able to a higher incidence of Lyme arthritis. More research is needed
to confirm this pattern and disentangle the causes. It is known that
females have a higher incidence of auto-immune rheumatoid arthri-
tis than males (Kvien et al., 2006), but little research has been done
into sex differences in non-rheumatoid arthritides to determine if
other types of septic arthritis show a similar trend as Lyme arthritis
of elevated incidence in males.

This study explores demographic patterns in Lyme borrelio-
sis clinical manifestation and is the first study to investigate dif-
ferences in the seasonality of Lyme borreliosis case timing across
demographic groups. Further research into disease pathogenesis is
needed to understand the causal explanations of the demographic
patterns observed in surveillance data.
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