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Summary
Background Patients treated for Lyme borreliosis (LB) frequently report persistent symptoms. Little is known about
risk factors and etiology.

Methods In a prospective observational cohort study with a follow-up of one year, we assessed a range of
microbiological, immunological, genetic, clinical, functional, epidemiological, psychosocial and cognitive-
behavioral variables as determinants of persistent symptoms after treatment for LB. Between 2015 and 2018 we
included 1135 physician-confirmed LB patients at initiation of antibiotic therapy, through clinical LB centers and
online self-registration. Two reference cohorts of individuals without LB (n = 4000 and n = 2405) served as a
control. Prediction analyses and association studies were used to identify determinants, as collected from online
questionnaires (three-monthly) and laboratory tests (twice).

Findings Main predictors of persistent symptoms were baseline poorer physical and social functioning, higher
depression and anxiety scores, more negative illness perceptions, comorbidity, as well as fatigue, cognitive impair-
ment, and pain in 295 patients with persistent symptoms. The primary prediction model correctly indicated
persistent symptoms in 71.0% of predictions (AUC 0.79). In patients with symptoms at baseline, cognitive-behavioral
responses to symptoms predicted symptom persistence. Of various microbiological, immunological and genetic
factors, only lower IL-10 concentrations in ex vivo stimulation experiments were associated with persistent
symptoms. Clinical LB characteristics did not contribute to the prediction of persistent symptoms.

Interpretation Determinants of persistent symptoms after LB were mainly generic, including baseline functioning,
symptoms and cognitive-behavioral responses. A potential role of host immune responses remains to be investigated.
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Research in context

Evidence before this study
We searched PubMed at the initiation of the study (2014) and
during data analysis (January 2019), using the following
search terms: “Borrelia Infections”, “Borrelia”, “borrelia”,
“borreliosis”, “Erythema Chronicum Migrans”, “Erythema
Migrans”, “lyme”, “Lymes”, “Lyme’s”, “Neuroborreliosis”. We
repeated this search during the writing process, reviewed all
studies on Lyme borreliosis (LB) and persistent symptoms,
and found several studies reporting identification of factors
associated with persistent symptoms. Clinical and
psychological aspects, such as manifestation, duration and
number of symptoms at baseline, as well as anxiety and
depression have frequently been assessed, with divergent
results. This was also true for studies on persistent infection
after LB or (co)-infection with other tick-borne pathogens.
Reports on immunological or genetic parameters have
focused on a number of cytokines, chemokines or
polymorphisms. Study characteristics differed: from
retrospective to prospective, and short (six months) to long-
term (>10 years) follow-up, often with limited power, or
without taking into account the substantial background
prevalence of symptoms. The LymeProspect study was
designed to prospectively explore a wide range of potential
determinants of persistent symptoms, based on all
hypotheses and findings that had been reported before.

Added value of this study
In a large prospective cohort of LB patients, prevalence of
persistent symptoms was assessed during a one-year follow-
up. Comprehensive questionnaires and sequential blood
samples were collected to study potential microbiological,
immunological, genetic, clinical, epidemiological,
psychological, functional, and cognitive-behavioral
determinants, and data were compared to the same
longitudinal assessments in two reference cohorts. This broad,
multi-variable approach resulted in identification of several
generic determinants of persistent symptoms, including
baseline functioning, symptoms and cognitive-behavioral
responses to symptoms, most likely due to the substantial
background prevalence of such symptoms in the reference
cohorts. No evidence was found for microbiological or LB-
specific clinical determinants of persistent symptoms, but an
association of host immune responses with persistent
symptoms was observed.

Implications of all the available evidence
Determinants of persistent symptoms after treatment for LB
are predominantly general, corresponding to determinants of
persistent symptoms in reference cohorts. Findings also
underscore the importance of further prospective studies on
the course of immunological responses and their genetic
bases in relation to tick bites, acute LB and persistent
symptoms after antibiotic treatment.
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Introduction
Lyme borreliosis (LB) is an emerging infectious disease
caused by the tick-borne spirochete Borrelia burgdorferi
sensu lato (s.l.). After antimicrobial therapy, some patients
report long-lasting symptoms, such as fatigue, cognitive
impairment, and pain. This complex of symptoms, that
may persist for months to years, is often referred to as
Post-Treatment Lyme Disease Syndrome (PTLDS), and
may substantially impact quality of life.1–3 We documented
a 27.2% prevalence of persistent symptoms in a prospec-
tive cohort of patients treated for confirmed LB during one
year of follow-up. This prevalence was significantly higher
than in two reference cohorts, although the prevalence of
persistent symptoms in these reference cohorts was sub-
stantial (21.2% and 23.3%).4

Little is known about risk factors for or pathogenesis
of persistent symptoms after LB. Associations with
clinical and patient characteristics, including age,5 sex,6

and duration and number of symptoms at start of
treatment7,8 have been suggested. Microbiological and
immunological hypotheses exist, including the burden
of borrelial infection,9 dysregulated immune re-
sponses,10 persistent infection,11 or (co-)infection with
other tick-borne pathogens.12 Genetic variation, either
related to immunological responses or not, could play a
role in disease outcome as well.13,14 Furthermore,
psychosocial and cognitive-behavioral aspects may be
involved, including psychiatric comorbidity,15 and pa-
tients’ beliefs and behavior in response to symptoms
contributing to persistence of infection-triggered
symptoms, a model that has been applied to explain
persistent symptoms in other conditions.16 Since long-
lasting symptoms have been described after other in-
fectious diseases, such as Epstein–Barr virus, Q-fever
and COVID-19, existence of a general post-infectious
syndrome or shared underlying mechanisms for post-
infectious persistent symptoms could also be argued.17–19

After having determined the prevalence of persistent
symptoms after treatment for LB in a large prospective
study in the Netherlands, in the current manuscript we
explored a broad range of pre-defined potential de-
terminants of persistent symptoms in those patients
after treatment for physician-confirmed LB.4,20 Multi-
variable prediction analyses and association studies
were carried out with data on LB patients and data on
two reference cohorts of individuals without LB.
Methods
Study design
The LymeProspect study is a prospective, observational
cohort study of LB patients with a follow-up of one year.
www.thelancet.com Vol 98 December, 2023
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We consecutively included 1076 adults with erythema
migrans (EM) and 59 with disseminated LB between
April 2015 and October 2018. Patients with a new
diagnosis of physician-confirmed LB were included
through self-registration online or through the partici-
pating clinical LB centers by the researchers involved
(HDV, JU, SAG, MEB, FRvdS, TPZ), either before or
within seven days after initiation of antibiotic therapy.
Inclusion and exclusion criteria are shown in Table S1,
and were verified with the threating physician. Partici-
pating clinical LB centers were Amsterdam UMC
(Amsterdam, the Netherlands), Gelre hospitals (Apel-
doorn, the Netherlands), and Radboudumc (Nijmegen,
the Netherlands), and patients visiting these clinical LB
centers because of a suspicion of LB were approached
for participation by the clinical researchers. At baseline
and every three months thereafter, patients completed a
comprehensive set of online questionnaires consisting
of standardised and validated questionnaire systems that
are considered best-of-class in this area of research, as
listed in Table 1 and Table S2. Blood was collected at
baseline and six weeks thereafter. In a subset of patients
with EM or acrodermatitis chronic atrophicans (ACA),
baseline skin biopsies were taken. In addition, we
included a cohort of patients who already had chronic
(≥six months) symptoms of unknown origin that were
attributed to LB without clinical or laboratory confir-
mation, to assess the presence of determinants of
Microbiological B. burgdorferi s.l. serology
Serology ‘other’ tick-borne pathogens (Anaplasma
borne encephalitis virus)
Whole blood qPCR Rickettsia helvetica
Skin biopsy culture
Skin biopsy qPCR

Immunological Cytokine concentrations (IL-1β, IL-6, IL-10, IL-Ra)
Cytokine concentrations (IL-1β, IL-6, IL-10) upon
Experimental diagnostic test results (Lyme iSpot,

Genetic Genotypes for 13 polymorphisms described in lite

Clinical, functional,
epidemiological
and psychosocial

LB manifestation, EM size and central clearing, dur
healthcare consumption, baseline symptoms (incl
Region
Anxiety and depression scores, pre-existent anxie

Cognitive-behavioral Brief-Illness perception questionnaire (B-IPQ), Cog
Catastrophizing Scale (PCS)
Attribution of symptoms to LB
International Physical Activity Questionnaire (IPA

Potential confounders/other Age
Sex
Educational level
Number of baseline comorbidities
Number of completed time points
Laboratory processing variables

Summary of all variables considered in the multivariable and univariable analyses. Detaile
and immunological also after six weeks. Some variables were only available for a subg
association studies, and were included as potential determinants in random forest pred
MELISA = Lymphocyte Transformation Test - Memory Lymphocyte Immunostimulation
polymerase chain reaction, s.l. = sensu lato.

Table 1: Overview of variables considered in the prediction analyses and ass
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persistent symptoms as identified in the prospective
confirmed LB cohort. Major amendments to the study
design during the study were: extension of the
maximum duration of pre-inclusion antibiotic therapy
by EM patients at online inclusion from zero to four
days, collection of skin biopsies in all LB skin mani-
festations (not only EM), both from June 2015 onwards;
online inclusion of patients with disseminated LB
manifestations (not only through clinical LB centers),
and inclusion of EM patients through clinical LB centers
at a maximum of seven days after start of antibiotic
treatment, similar to online inclusion and to patients
with disseminated LB (from December 2015).

Outcome measures
Primary outcomes of this study were determinants of
persistent symptoms, as identified by prediction ana-
lyses and association studies including all variables
assessed (Table S2). Persistent symptoms were defined
as scoring in the impaired range on one or more
questionnaires for fatigue (Checklist Individual
Strength (CIS), subscale fatigue, score ≥35), cognitive
impairment (Cognitive Failures Questionnaire (CFQ),
score ≥44), or pain (RAND SF-36 Health Status In-
ventory (SF-36), subscale bodily pain, score ≤55) during
at least six months, with onset within six months after
initial antibiotic treatment, aligning with the PTLDS
definition.1,4 Potential determinants were derived from
phagocytophilum, Babesia microti, B. miyamotoi, Candidatus Neoehrlichia mikurensis, Rickettsia conorii, Tick-

upon ex vivo PBMC stimulations
ex vivo whole blood stimulations
LTT-MELISA, SpiroFind)19

rature to have a role in B. burgdorferi s.l. host immune response or persistent symptoms

ation of symptoms at start of treatment, previous LB, tick bite history, antibiotic treatment, comorbidity,
uding PHQ-15), medication use, daily occupation and absenteeism from work

ty and depression, physical and social functioning

nitive and Behavioral Responses Questionnaire (CBRSQ), Self–Efficacy Scale fatigue (SES-F), Pain

Q)

d overview and description are provided in Table S2. Most of the variables were assessed at baseline; microbiological
roup of LB patients. Age, sex, educational level and comorbidity were predefined as potential confounders for
iction analyses. Abbreviations: EM = erythema migrans, IL = interleukin, LB = Lyme borreliosis, LTT-
Assay, PBMC = peripheral blood mononuclear cell, PHQ-15 = Patient Health Questionnaire, qPCR = quantitative

ociation studies.
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questionnaires and laboratory measurements as speci-
fied below. Additional analyses were performed to
assess robustness of, and to elaborate on the primary
outcomes (Table S3).

Reference cohorts
As with the data obtained in LB patients, a subset of the
longitudinal questionnaire variables was available for
two reference cohorts of individuals without LB, for
whom inclusion criteria have been published.4 One
cohort (population cohort) comprised participants who
were randomly selected from the general population
database and were frequency matched (age, sex, mu-
nicipality, month of inclusion) to the LB cohort. The
other included individuals who had reported a tick bite
online, without evidence for LB during follow-up (tick
bite cohort). The recruitment and inclusion methods of
this tick bite cohort were similar to patients treated for
physician-confirmed LB. Subjects in the tick bite cohort
with subsequent evidence or suspicion of LB or other
tick-borne disease at baseline or during follow-up were
excluded. Part of the laboratory tests performed in the
LB cohort was also available in 190 individuals from the
population cohort.21

Measurements
Table 1 and Table S2 provide an overview of all micro-
biological, immunological, genetic, clinical, functional,
epidemiological, psychosocial, and cognitive-behavioral
variables assessed. At baseline, demographical charac-
teristics including gender, age, and highest educational
level, as well as information on comorbidities (adapted
from the Treatment Inventory of Costs in Patients with
psychiatric disorders, TIC-P),22 pre-existent symptoms
(adapted from PREDIS),23 and previous LB episodes
were reported by all participants. Details on tick expo-
sure, the current LB manifestation and treatment were
collected as well. Photographs of EM lesions were eval-
uated by two infectious diseases specialists and one
dermatologist. New medical diagnoses were registered
during follow-up. Baseline and follow-up questionnaires
included questions on somatic symptoms (Patient
Health Questionnaire, PHQ),24 physical and social
functioning (SF-36, subscales physical and social func-
tioning),25 health care use, absenteeism from work,
illness perception (Brief-Illness Perception Question-
naire, B-IPQ),26 cognitive and behavioral responses to
symptoms (CBRSQ),27 psychological distress (Hospital
Anxiety and Depression Scale, HADS),28 self-efficacy
with respect to pain and fatigue (Self–Efficacy Scale,
fatigue (SES-F), and Pain Catastrophizing Scale
(PCS)),29,30 and levels of physical activity (International
Physical Activity Questionnaire, IPAQ).31 At baseline
and after six weeks, B. burgdorferi s.l.-specific antibodies
were measured with a total Ig C6 ELISA (Immunetics,
Boston, MA, USA), if borderline or positive followed by
IgM and IgG immunoblot analyses (Mikrogen GmbH,
Neuried, Germany). Serology for other tick-borne path-
ogens was performed using immunofluorescence anal-
ysis for detection of Babesia microti, Rickettsia conorii,
and Anaplasma phagocytophilum antibodies (Focus Di-
agnostics, Cypress, CA, USA), IgM and IgG ELISA for
the Tick borne encephalitis (TBE) virus (TestLine Clin-
ical Diagnostics, Brno, Czech Republic). Positive TBE
antibody results were confirmed by using an in-house
virus neutralization assay. B. miyamotoi antibodies
were assessed by an experimental protein array.32,33 Real-
time (multiplex) PCRs, based on various genes specific
for B. burgdorferi s.l., B. miyamotoi, A. phagocytophilum,
Candidatus Neoehrlichia mikurensis, spotted fever Rick-
ettsia’s, Bartonella spp., Spiroplasma ixodetes, TBEV, and
a wide range of Babesia spp., were performed on all
blood samples.34 Skin biopsies were assessed for
B. burgdorferi s.l. culture and PCR, and B. burgdorferi s.l.
isolates from skin biopsies were typed by multilocus
sequence typing (MLST). Whole blood samples and
isolated peripheral blood mononuclear cells (PBMCs)
were ex vivo stimulated with live attenuated
B. burgdorferi s.l. (mix of B. burgdorferi sensu stricto
ATCC strain 35210, B. garinii ATCC strain 51383, and
B. afzelii pKo isolate) at different multiplicities of
infection (MOI), lipopolysaccharide (purified LPS from
E. coli serotype 055:B5; Sigma–Aldrich, St. Louis, MO,
USA), Pam3Cys (EMC microcollections, Tübingen,
Germany), and heat killed Candida albicans blastoconi-
dia (ATCC MYA-3573, UC 820), and RPMI as a medium
control. Concentrations of interleukin (IL)-1ß, IL-6, IL-
1Ra and IL-10 in cell culture supernatants after 24 h of
incubation were measured with commercial ELISA kits
(Sanquin Reagents, Amsterdam, the Netherlands, and
R&D Systems, Minneapolis, MN, USA) in accordance
with the manufacturers’ instructions. In a subset of
patients, three pre-market and commercial cellular tests
were performed, including the Spirofind Revised (Ox-
ford Immunotec, Oxford, UK), the Lyme iSpot (Auto-
immun Diagnostika, Strassberg, Germany), and LTT-
MELISA (InVitaLab, Neuss, Germany). The latter two
are commercially available and were performed at fa-
cilities of their respective manufacturers in Germany.21

DNA was isolated from EDTA whole blood samples
for genome wide association studies (GWAS) using the
DNeasy® Blood & Tissue Kit (Qiagen, Hilden, Ger-
many), in accordance with the manufacturer’s protocol.
The presence of 13 predetermined single-nucleotide
polymorphisms (SNPs, as described in Table S2) was
assessed after genotyping using the Infinium Global
Screening Array MD v1.0 (GSA) BeadChip (Illumina,
San Diego, CA, USA). For the cohort of patients with
chronic symptoms attributed to LB without confirma-
tion, blood was collected at baseline and patients were
subjected to the same measurements as the LB patients,
with the exception of skin biopsies. Extensive ques-
tionnaire data from tick bite and population cohorts,
similar to the LB cohort, were used for comparison.
www.thelancet.com Vol 98 December, 2023
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Statistics
Statistical methods were pre-determined in a statistical
analysis plan, and data handling was covered in a data
management plan (Supplementary Appendix). Data
were collected through a customized secured database at
the online Tekenradar platform (www.tekenradar.nl).
Sample size calculations were based on an assumed 5%
prevalence of persistent symptoms. In a cohort of 1000
patients a 25% lower proportion for a determinant
would be detected in patients without persistent symp-
toms if present in 77% of patients meeting the criteria
for persistent symptoms, with a power of 80% and an
alpha of 5%.20 Confirmed LB patients were included in
the analysis population if they had completed the
symptom questionnaires (CIS, subscale fatigue, CFQ,
and SF-36, subscale bodily pain) at least once. Missing
data for the classification of having persistent symptoms
or not were substituted by linear interpolation of pre-
ceding and following questionnaire scores. If first or
final observations was missing, the first available ques-
tionnaire score was carried backward or the last available
score was carried forward. Three alternative substitution
methods were performed in sensitivity analyses
(Table S3). The relationship of potential determinants
(‘explanatory variables’) with persistent symptoms
(‘response variable’) was studied both with multivariable
analyses (random forest prediction analyses, RF), to
assess collective predictive ability, and with association
studies (AS). The RF algorithm was used to predict
persistent symptoms with a combination of explanatory
variables and possible confounders,35–37 since this
ensemble learning method performs very well when a
large number of potential determinants are included.
The direction and strength of the relation between
explanatory and response variables were represented in
partial dependence plots (PDP). The outcomes of the RF
prediction algorithm were represented in a variable
importance plot. Missing data for the analyses were
substituted by neutral values, i.e. the lowest value in
range minus 1. Variables that were available for only a
minority of individuals were analysed in subgroup an-
alyses. To complement the variable importance ranking,
the relation of each explanatory variable with persistent
symptoms was assessed in association studies. In these
analyses, statistically significant differences were iden-
tified by permutation tests (Kruskal–Wallis tests for
ordinal variables, and Cochran-Mantel-Haenszel for
categorical variables). Potential confounders were taken
into account. Correction for multiple testing was per-
formed with the Benjamini-Hochberg method at a false
discovery rate (FDR) of 10.0%,38 and missing data for
individual variables were not substituted. Finally, pair-
wise analyses of explanatory variables with the highest
ranking or the most significant associations were per-
formed to identify clusters of closely related variables
contributing to persistence of symptoms. Non-
parametric tests blocked by the potential confounders
www.thelancet.com Vol 98 December, 2023
were used (Spearman for two continuous variables,
Kruskal–Wallis for one ordinal or continuous and one
categorical variable, Cochran-Mantel-Haenszel for two
categorical variables, and sum statistics for an ordinal
and an ordinal or continuous variable). The Benjamini-
Hochberg method was used for multiple testing
correction. Age, sex, educational level, and comorbidity
were predefined as potential confounders for association
studies and pairwise analyses, and values were catego-
rized for stratification in blocks.4 Three categories of
educational levels were included in the current analyses:
low (none or primary education), medium, and high
(university of applied sciences and academic university
education). In random forest analyses, these con-
founders were included as potential determinants.
Moreover, four laboratory variables were included as
potential determinants in RF and association studies to
determine the influence of variance in the processing of
blood samples (Table S2). For all analyses, R version
4.1.0 was used. Statistical analyses were performed us-
ing the randomForest and coin packages, and the ggplot2
package was used for data visualization.

Ethics
Written informed consent was obtained from all par-
ticipants. The study was performed in accordance with
the Declaration of Helsinki, approved by the human
subject review board Noord-Holland (NL50227.094.14).

Role of funders
The funding sources (ZonMw, Dutch Ministry of
Health, Welfare and Sport) had no role in data collec-
tion, analysis and interpretation, report writing, or de-
cision to submit for publication. All authors have full
access to all data and take responsibility for submitting
for publication.
Results
In total, 1135 patients with physician-confirmed LB were
included in the analysis population, of whom 295 met the
predefined criteria for persistent symptoms in one year of
follow-up.4 The majority of patients were included online
through online questionnaires, enabling patients from all
over the country to participate, and about 10% were
included through clinical LB centers. Table 2 shows
baseline patient characteristics. Data from 4000 in-
dividuals in the population cohort and 2405 individuals
in the tick bite cohort were available for comparison
(Figure S1). In addition, 65 patients were included in the
cohort of patients with chronic symptoms attributed to
LB without clinical or laboratory confirmation (Table S4).

Determinants of persistent symptoms in patients
treated for physician-confirmed LB
Fig. 1 shows the variable importance plot of the 30 most
predictive variables of persistent symptoms in LB
5
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LB patients not meeting
the criteria for persistent
symptoms (n = 789)a

LB patients meeting the
criteria for persistent
symptoms (n = 295)a

All LB patients in the
analysis population
(n = 1135)a

Sex—no. F/M (%) 438/351 (55.5/44.5) 200/95 (67.8/32.2) 670/465 (59.0/41.0)

Age (years) 56 [46–64] 54 [44–61] 55 [45–63]

LB manifestation—no. (%)

EM 751 (95.2) 275 (93.2) 1076 (94.8)b

ACA 15 (1.9) 13 (4.4) 30 (2.6)

LNB 13 (1.6) 3 (1.0) 16 (1.4)

Lyme arthritis 9 (1.1) 3 (1.0) 12 (1.1)

Borrelial lymphocytoma 1 (0.1) 0 (0.0) 1 (0.09)

Early symptoms other than EM 0 (0.0) 1 (0.3) 1 (0.09)

LB duration (days) 6 [3–18] 6 [3–18] 6 [3–18]

Educational level—no. (%)

Low 39 (4.9) 17 (5.8) 61 (5.4)

Medium 300 (38.0) 133 (45.1) 455 (40.1)

High 450 (57.0) 145 (49.2) 619 (54.5)

Number of comorbiditiesc 0 [0–1] 1 [0–2] 1 [0–1]

Baseline fatigue, cognitive impairment and pain scores

Fatigue (CIS fatigue) 18 [11–30] 41 [34–48] 26 [14–28]

Cognitive impairment (CFQ) 24 [16–33] 37 [26–49] 27 [18–37]

Pain (SF-36 bodily pain) 89.8 [77.55–100] 67.35 [44.9–89.8] 89.8 [67.35–100]

Data are medians with interquartile ranges (IQR) for continuous values. Sex, age, educational level and number of comorbidities at baseline were predefined confounders in
association studies. Differences in sex and number of comorbidities between both groups were significant, based on p-values as determined by chi-squared tests for
categorical variables and student’s t-test for continuous variables (p < 0.001). The significant difference for proportion of male/female was not relevant in the multivariable
prediction analysis. CIS subscale fatigue scores ranged 8–56 (norm <35), a higher score indicating more fatigue. CFQ scores ranged 0–100 (norm <44), a higher score
indicating more impaired cognitive functioning. SF-36 (subscale bodily pain) scores ranged 0–100 (norm >55), a higher score indicating less pain. Abbreviations:
ACA = Acrodermatitis Chronic Atrophicans, EM = erythema migrans, LB = Lyme borreliosis, LNB = Lyme neuroborreliosis, no. = number, TIC-P = Treatment Inventory of
Costs in Patients with psychiatric disorders. aThe first two columns do not add up to n = 1135, since in the primary scenario for substitution of missing data, allocation of 51
patients was missing as they had completed less than two questionnaires. bThe sum of manifestations exceeds the total number of patients in the analysis population, as
one patient was diagnosed with two concurrent manifestations. cSelf-reported comorbidities (using the TIC-P).

Table 2: Baseline patient characteristics.
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patients as identified by random forest analysis. At the
best overall performance, 71.0% of predictions in the
primary analysis correctly indicated persistent symp-
toms, with a sensitivity of 73.0% and a specificity of
70.0%, and an area under the receiver operating char-
acteristics (ROC) curve (AUC) of 0.79 (Figure S2). Of
the 30 highest ranking variables, one was genetic
(TLR10 polymorphism, ranked 30), and none were
microbiological. Various immunological variables were
predictive, although importance was at most moderate
(ranked ≥12). Clinical characteristics of the current LB
manifestation did not contribute substantially. Most
important baseline predictors of persistent symptoms
were impaired physical and social functioning (SF-36),
higher depression and anxiety scores (HADS), higher
brief-IPQ scores (reflecting more negative illness per-
ceptions), and daily occupation (i.e., incapacity for work:
Figure S3). Furthermore, number of baseline comor-
bidities, use of medication (categories of anti-
inflammatory or anti-rheumatic drugs, and analgetics
in particular), healthcare consumption, pre-existent
anxiety and depression, and increase in number of so-
matic diagnoses other than LB during follow-up were
general clinical predictors of persistent symptoms
(Figure S4).

The relationship of each of the individual potential
determinants with persistent symptoms was assessed in
association studies. As with the RF results, baseline
functional, psychosocial, and general clinical factors
were particularly associated with persistent symptoms
(FDR<0.10) (Table 3). Significant immunological vari-
ables were lower IL-10 production upon peripheral
blood mononuclear cell (PBMC) stimulation with
B. burgdorferi s.l. at six weeks (FDR<0.05), and a higher
ratio between IL-10 production upon PBMC stimulation
with lipopolysaccharide (LPS) relative to B. burgdorferi
s.l. at six weeks (FDR 0.05–0.10). In line with the pre-
diction results, the majority of microbiological, immu-
nological and genetic variables, and clinical
characteristics directly related to the LB manifestation,
were not significantly associated with persistent symp-
toms. Some variables were not predictive in multivari-
able analyses, but were significantly associated
individually, including less physical activity and longer
antibiotic treatment for LB (FDR 0.05–0.10, RF: ranked
118 and 84, respectively). A higher number of missing
www.thelancet.com Vol 98 December, 2023
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Fig. 1: Random forest variable importance plot. Ranking of the 30 variables (out of a total of 159 variables) that were most important in the
algorithm prediction process for persistent symptoms after treatment for LB in 1084 patients (who had completed the primary outcome
questionnaires at ≥2 time points, and of whom 295 met the definition for persistent symptoms), as indicated by random forest analysis. For
71.0% of patients the presence of persistent symptoms was predicted correctly (sensitivity 73.0%, specificity 70.0%, ROC AUC 0.79). Mean
decrease accuracy: how much the model accuracy decreases by excluding a given variable. Partial dependence plots are in Figure S4. Abbre-
viations: AUC = area under the curve, Bb = Borrelia burgdorferi s.l., B-IPQ = Brief-Illness Perception Questionnaire, HADS = Hospital Anxiety and
Depression Scale, IL = interleukin, PBMC = peripheral blood mononuclear cell, ROC = receiver operating characteristic, SF-36 = SF-36 item Health
Survey, TLR = Toll-like receptor.

Articles
observations (FDR<0.05, RF: ranked 62) suggested that
patients with persistent symptoms completed fewer
follow-up questionnaires than patients without persis-
tent symptoms, although absolute numbers were small
(Table S5). C6 IgM/IgG ELISA sero-reversion (a positive
baseline result turning negative) was found only in 48
LB patients, and was significantly associated with not
having persistent symptoms (FDR 0.05–0.10, RF:
ranked 123).

Sensitivity and additional analyses in patients
treated for physician-confirmed LB
Both results of sensitivity analyses using alternative
scenarios for substitution of missing data, and sensi-
tivity analyses in predefined subgroups of patients were
comparable with those of the primary analyses
(Table S3). In addition, when continuous severity scores
for fatigue, cognitive impairment, or pain at six months
were used as response variables, outcomes were largely
similar to those based on persistent symptoms
www.thelancet.com Vol 98 December, 2023
according to the definition. These sensitivity analyses
confirmed robustness of the primary outcomes.

To rule out that the predictive value of healthcare
visits in the three months pre-inclusion in the primary
analysis was related to LB symptoms already existing
before inclusion, a subgroup analysis in 525 patients
with short duration of EM (≤5 day at treatment start)
was performed. The number of healthcare visits in the
past three months remained predictive of persistent
symptoms.

Additional data were collected in the subgroup of
patients who reported fatigue, cognitive impairment, or
pain at baseline. These patients completed question-
naires on cognitive-behavioral responses to their symp-
toms (CBRSQ, PCS, and SES-F). Higher CBRSQ
subscale scores (i.e., “all or nothing behavior”, “fear
avoidance”, “avoidance/resting”, and “catastrophizing”),
higher pain catastrophizing (PCS) scores and lower self-
efficacy with respect to fatigue (SES-F) predicted, and
were associated with, persistent symptoms.
7
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AS ranking Variable RF ranking FDR level FDR p-value (95% CI) Spearman’s rank
correlation coefficient

1 Pre-existent depression 9 <0.05 <0.0001 <0.0001 1

2 Physical functioning at baseline (SF-36) 1 <0.05 <0.0001 <0.0001 −1

3 Social functioning at baseline (SF-36) 3 <0.05 <0.0001 <0.0001 −1

4 B-IPQ sum score at baseline 4 <0.05 <0.0001 <0.0001 1

5 New somatic comorbidities during follow-up 13 <0.05 <0.0001 <0.0001 1

6 Anxiety score at baseline (HADS) 5 <0.05 <0.0001 <0.0001 0.263

7 Depression score at baseline (HADS) 2 <0.05 <0.0001 <0.0001 0.323

8 Healthcare consumption three months pre-baseline 10 <0.05 0.0002 <0.0001 1

9 Use of analgetics 8 <0.05 0.0008 <0.0001 1

10 Number of completed time points 62 <0.05 0.0012 <0.0001 −1

11 Use of anti-inflammatory or anti-rheumatic drugs 7 <0.05 0.0044 0.0003 (0.0003–0.0003) 1

12 Use of corticosteroids 19 <0.05 0.0118 0.0009 (0.0009–0.001) 0.237

13 IL-10 upon Bb stimulation PBMC at 6 weeks 28 <0.05 0.0215 0.0018 (0.0017–0.0019) −0.086

14 Pre-existent anxiety 21 <0.05 0.0411 0.0037 (0.0036–0.0039) 0.095

15 Use of psycholeptics 16 0.05–<0.10 0.0507 0.0049 (0.0048–0.0051) 0.138

16 Daily occupation 11 <0.05 0.0483 0.005 (0.0049–0.0052) NAa

17 Total number of drugs used 18 0.05–<0.10 0.0804 0.0087 (0.0087–0.0091) 0.075

18 IPAQ Metabolic minutes at baseline 118 0.05–<0.10 0.0796 0.0093 (0.0091–0.0095) −0.074

19 ABX duration 84 0.05–<0.10 0.0872 0.0108 (0.0106–0.011) 0.056

20 IL-10 upon positive control PBMC at 6 weeks 27 0.05-<0.10 0.0921 0.012 (0.0117–0.0122) 0.073

21 Sero-reversion Bb C6 (IgM/IgG) ELISA 123 0.05–<0.10 0.0961 0.0131 (0.0129–0.0133) 0.124

35 IL-10 upon Bb stimulation PBMC 6 weeks/baseline 12 NS 0.3592 0.0816 (0.0811–0.0822) -NA

42 IL-10 upon positive control PBMC at baseline 24 NS 0.4068 0.1109 (0.1103–0.1116) NA

58 rs11096955 (TLR10 polymorphism) 30 NS 0.7751 0.292 (0.29–0.293) -NA

69 IL-6 upon Bb stimulation PBMC 6 weeks/baseline 15 NS 0.8256 0.37 (0.369–0.3709) NA

70 IL-1β upon Bb stimulation PBMC 6 weeks/baseline 17 NS 0.8262 0.3756 (0.3746–0.3765) NA

83 IL-1β upon Bb stimulation PBMC at 6 weeks 22 NS 0.86 0.4635 (0.4625–0.4645) NA

124 IL-1Ra upon Bb stimulation PBMC 6 weeks/baseline 25 NS 0.9687 0.78 (0.7792–0.7808) NA

125 IL-6 upon positive control PBMC at baseline 29 NS 0.9725 0.7894 (0.7886–0.7902) NA

127 IL-1Ra upon positive control PBMC at 6 weeks 20 NS 0.9791 0.8075 (0.8067–0.8082) NA

128 IL-1Ra upon Bb stimulation PBMC at 6 weeks 23 NS 0.9765 0.8117 (0.8109–0.8124) NA

136 IL-1β upon Bb stimulation PBMC at baseline 26 NS 0.9883 0.8728 (0.8721–0.8734) NA

140 IL-1Ra upon positive control PBMC at baseline 16 NS 0.9918 0.9016 (0.901–0.9022) NA

NA Number of comorbidities at baseline 6 NA NA NA NA

Variables significantly associated with persistent symptoms (variables 1 to 21), and p-values (for association studies of the variables that were in the 30 most important in the algorithm prediction process
for persistent symptoms being not significant in association studies (remaining variables). AS ranking is based on the p-value (Kruskal–Wallis tests for ordinal variables, and Cochran-Mantel-Haenszel for
categorical variables), and the Benjamini-Hochberg method for correction for multiple testing at the nominal false discovery rate (FDR) of 0.10 was applied. Spearman’s rank correlation coefficient indicates
a quantification and direction of the significant relationship between the explanatory variable and persistent symptoms. Number of baseline comorbidities was included as confounder in association
studies, but not in RF. Abbreviations: ABX = antibiotic therapy, AS = association studies, Bb = Borrelia burgdorferi, B-IPQ = Brief-Illness Perception Questionnaire, CI = confidence interval, ELISA = Enzyme-
Linked Immunosorbent Assay, FDR = false discovery rate, HADS = Hospital Anxiety and Depression Scale, IL = interleukin, IPAQ = International Physical Activity Questionnaire, NA = not applicable, NS = not
significant, PBMC = peripheral blood mononuclear cell, RF = random forest, SF-36 = SF-36 item Health Survey, TLR = Toll-like receptor. aSpearman’s rank correlation coefficient was not available because of
>two categories; see Figure S3.

Table 3: Variables significantly associated with persistent symptoms.
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When including baseline severity of fatigue, cogni-
tive impairment, and pain as potential determinants,
these were the strongest predictors of persistent symp-
toms after treatment for LB. When including all symp-
toms assessed at baseline as potential determinants,
most were predictive, and associated with, persistent
symptoms, including fatigue, concentration disorder,
and arthralgia. Also, fever was significantly associated
with persistent symptoms, although reported by only
69/451 patients, of whom 66 with EM.
The eight linear single-item B-IPQ subscale scores
were included separately in an additional analysis, to
further assess the meaning of illness perceptions in the
primary analysis. Baseline scores for subscales Identity
(“How much do you experience physical symptoms from
LB”), Consequences (“How much does LB affect your
life”), and Emotions (“How much does LB affect you
emotionally”) were mostly predicting and significantly
associated with persistent symptoms after treatment for
LB. When taken as the response variable, baseline B-IPQ
www.thelancet.com Vol 98 December, 2023
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subscale Identity scores were predicted by lower baseline
physical and social functioning and higher depression
scores. Larger EM diameter, disseminated manifesta-
tions, and longer antibiotic treatment were predictors of
B-IPQ Identity scores as well (Figure S5). For individuals
in the tick bite cohort, who had not experienced LB and
whose B-IPQ questions referred to their tick bite instead,
subscales Emotions (ranked 15, FDR <0.05), Concern
(ranked 17, NS), and Consequences (ranked 25, FDR
<0.05) contributed to the prediction of persistent symp-
toms, but less prominently than in LB patients.

Determinants of persistent symptoms in reference
cohorts in relation to patients treated for
physician-confirmed LB
Predictors of persistent symptoms in the reference co-
horts were largely similar to predictors in confirmed LB
patients. Indeed, having a confirmed LB, as assessed in
an analysis based on the LB and reference cohorts, was
significantly associated with persistent symptoms, but
only moderately predictive in multivariable prediction
analysis (ranked 17).

Since themain determinants of persistent symptoms in
patients treated for physician-confirmed LB in the primary
analyses were rather generic and overlapping with de-
terminants of persistent symptoms in reference cohorts,
we performed additional analyses in LB patients trying to
identify variables specifically related to B. burgdorferi s.l.
infection. First, prediction analysis with only biometric
variables (i.e., serological, genetic and immunological) did
not predict persistent symptoms. Second, we assessed
determinants of lower (first quartile) IL-10 production at
six weeks in patients with persistent symptoms (n = 59),
since lower IL-10 production upon B. burgdorferi s.l. stim-
ulation of PBMCs at six weeks was predictive in the pri-
mary analysis. This resulted in a prediction model in which
impaired social functioning and higher depression score
were important, as well as polymorphisms for IL-1β,
TLR10 and IL-10, and negative B. burgdorferi s.l. skin bi-
opsies (PCR and culture). Third, we looked for de-
terminants of attributing persistent symptoms during
follow-up to LB. Of 295 patients with persistent symp-
toms, 188 (63.7%) did not attribute symptoms during
follow-up to LB, potentially because of another explanation
for these symptoms. By excluding patients with persistent
symptoms due to other, known reasons, we hypothesized
that findings would be more LB-specific. Baseline poorer
physical and social functioning and higher B-IPQ scores
were most predictive, as well as longer antibiotic treatment.
Polymorphisms in MBL and two IL-1β promotor genes,39,40

and disseminated LB were significantly associated with
attribution of persistent symptoms to LB (Figure S6).

Pairwise associations in patients treated for
physician-confirmed LB
Mutual dependencies were examined in patients treated
for LB by testing the pairwise associations of the 15
www.thelancet.com Vol 98 December, 2023
variables with the highest ranking (RF) and the 15 most
significantly associated variables, of which 11 were
overlapping, and of the attribution of symptoms to LB
(Figure S7). Poorer baseline social and (to a lesser
extent) physical functioning were associated with higher
anxiety scores, more negative illness perception (B-IPQ),
and more healthcare consumption in the three months
before inclusion. Attributing symptoms during follow-
up to LB was highly associated with higher depression
scores and poorer social functioning at baseline.

Determinants of persistent symptoms in patients
with chronic symptoms attributed to LB without
confirmation
Determinants identified in patients treated for
physician-confirmed LB were assessed in a separate
cohort of 65 patients who at baseline reported chronic
(≥six months) symptoms of unknown origin that were
attributed to LB, without clinical or laboratory confir-
mation. Criteria for persistent fatigue, cognitive
impairment or pain in the one year after enrollment
were met by 80.7% (46/57) of patients. Random forest
analysis in this cohort lacked a clear ranking of impor-
tance (pmc 0.47, sensitivity 0.48, specificity 0.73),
probably due to low numbers. The only significant as-
sociation with persistent symptoms was absenteeism
from paid work at baseline. Therefore, comparison with
the primary analysis in patients with confirmed LB was
deemed inappropriate.
Discussion
We assessed a wide range of factors potentially predic-
tive of, or associated with, persistent symptoms after
treatment for Lyme borreliosis. Both random forest
analysis and association studies were performed in a
prospective cohort of 1135 patients with confirmed LB,
and in two reference cohorts of individuals without LB.
Most important determinants were poorer social and
physical functioning, more negative illness perceptions,
and higher anxiety and depression scores at start of
antibiotic treatment. B. burgdorferi s.l. infection-specific
microbiological, immunological and genetic factors
had at most limited predictive value for persistent
symptoms. Clinical characteristics related to LB did not
substantially contribute. More severe fatigue, cognitive
impairment or pain at baseline were highly predictive.
In patients with symptoms at baseline, cognitive-
behavioral responses to symptoms contributed to the
prediction of symptom persistence as well.

Previously, we reported a prevalence of persistent
fatigue, cognitive impairment, or pain of 27.2% in this
same LB cohort, being 3.9% and 6.0% higher than in
two reference cohorts of individuals without LB.4 Thus,
although symptoms were significantly more prevalent
after treatment for LB, in the majority of LB patients
these symptoms are likely explained by background
9
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prevalence rather than by B. burgdorferi s.l. infection. In
the current study, this was supported by an additional
analysis combining LB and reference cohorts: being
diagnosed with LB was only a moderate predictor of
persistent symptoms, whereas main determinants were
generic.

Of the five most important predictors of persistent
symptoms in LB patients, the Brief Illness Perception
Questionnaire (B-IPQ) score was the only variable spe-
cifically focusing on LB. This questionnaire covers daily
and emotional consequences, expected timelines, per-
sonal control, expected treatment effect, symptoms,
concerns, and understanding of illness (i.e., LB). More
negative scores predicted persistent symptoms after LB.
Additional analysis revealed that the Identity subscale
(“How much do you experience physical symptoms
from LB”) was most important. To interpret its predic-
tive value, we zoomed in on the Identity subscale and
found that predictors of this scale itself included larger
EM size and disseminated LB. Both of these reflect
more obvious symptoms due to LB, but were not pre-
dictive of persistent symptoms in the primary analyses.
In the tick bite cohort, i.e., in individuals without LB,
this subscale was not predictive of persistent symptoms.
Altogether, to what extent the predictive value of B-IPQ
in the primary analysis reflected more negative illness
perceptions, perhaps being more pronounced in pa-
tients with more obvious LB symptoms, or the actual
burden of the LB manifestation, remained indecisive.

Mechanisms underlying development of persistent
symptoms may have been heterogeneous, including
infection-specific and transcending factors. This may be
one of the reasons why trans-diagnostic, more generic
factors, such as depression, anxiety, comorbidity, and
beliefs and behavior in response to symptoms, have
been associated with long-lasting fatigue in previous
studies as well.41 The association of depression and
anxiety scores with persistent symptoms after LB does
not prove a direct relation, but rather indicates that
psychological distress from any origin may be accom-
panied by long-lasting symptoms. Nevertheless, associ-
ations between baseline anxiety or depression and long-
term outcomes have been suggested for various ill-
nesses, including COVID-19, although they have not
been confirmed in all studies.42,43 Beliefs and behavior,
as reflected by CBRSQ subscales, have been described to
mediate change by behavioral interventions in several
long-term medical conditions,44 and our findings may
give rise to careful evaluation of potential beneficial ef-
fects of interventions focusing on cognitive-behavioral
responses to symptoms in some patients with persis-
tent symptoms after treatment for LB. Similar to the LB
cohort, impaired physical and social functioning, and
comorbidity were determinants of persistent symptoms
in the reference cohorts, indicating an infection-
independent mechanism. Altogether, the finding of
trans-diagnostic factors as main determinants of
persistent symptoms after LB corresponds with litera-
ture on chronic illnesses, and may relate to the consid-
erable prevalence of these symptoms in general, or
indicate shared underlying mechanisms.

We hypothesized that there possibly is a direct rela-
tion of persistent symptoms with the B. burgdorferi s.l.
infection in some patients. Because of potential thera-
peutic, preventive or prognostic consequences, we per-
formed additional analyses attempting to identify these
patients and LB-specific determinants of persistent
symptoms. We analysed a subgroup of patients who
self-attributed symptoms during follow-up to LB, and
found association with a MBL polymorphism, a C-type
lectin involved in complement activation after pathogen
recognition. MBL2-deficiency in mice has been associ-
ated with a more severe course of various infectious
diseases, and with a higher number of B. burgdorferi
spirochetes in the skin and higher IgG antibody re-
sponses.40 Considering that longer antibiotic treatment
and disseminated LB also associated with self-
attributing long-term symptoms to LB, persistent
symptoms could have related with more severe
B. burgdorferi s.l. infection in this patient subgroup.
Additionally, we zoomed in on lower IL-10 responses,
since we found that lower IL-10 production in stimula-
tion experiments at six weeks predicted, and associated
with, persistent symptoms. IL-10, an anti-inflammatory
cytokine, plays an important role in balancing pro-
inflammatory and anti-inflammatory immune re-
sponses. In acute B. burgdorferi s.l infection, lower IL-10
responses may relate to higher pro-inflammatory re-
sponses and increased B. burgdorferi s.l. clearance.45 This
aligns with the associations we found with negative
baseline skin biopsies and polymorphisms in TLR1 and
TLR10 that have been associated with higher pro-
inflammatory responses in LB.13,46 Whether IL-10 re-
sponses actually play a role in mechanisms involved in
persistent symptoms after treatment for LB remains to
be elucidated in future studies.

Part of the determinants reported here have previ-
ously been described in LB, including anxiety47 and
illness perceptions (particularly B-IPQ subscales Iden-
tity and Consequences).48 In accordance with previous
studies, EM size,47 disseminated LB,49 number of
symptoms at initiation of antibiotic therapy,49 and
seropositivity49 were not contributing. Likewise, as in
another study,50 we found no association of persistent
symptoms with other tick-borne diseases, which could
however be due to small numbers of test positives. For
that reason, the association of baseline fever with
persistent symptoms, may particularly have related to
LB itself. We found no predictive value of LB symptom
duration before antibiotic treatment, with a short me-
dian duration of five days (range 0–2978 days), due to a
majority of EM patients. Whereas duration of
symptoms > six weeks was associated with persistent
symptoms in a prospective study in Lyme
www.thelancet.com Vol 98 December, 2023

www.thelancet.com/digital-health


Articles
neuroborreliosis,51 other studies found no association as
well.47,49 Specific SNPs that have previously been asso-
ciated with persistent symptoms were not confirmed in
the current study (Table S2). Unlike our observation,
prevalence of sero-reversion was not significantly
different between PTLDS and non-PTLDS patients in a
previous study.47 Differences may relate to study design
(prospective versus retrospective), statistical methods
(univariable versus multivariable), numbers of potential
determinants assessed, definition of determinants,
population differences (e.g., Europe versus North
America), cohort sizes, and case definitions.

Our study has several limitations. First, results were
based on intrinsically self-reported symptoms and thus
subjective rather than objective. However, assignment
to persistence was based on scoring in the impaired
range of standardised and validated questionnaire sys-
tems that are considered best-of-class in this research
area. Sensitivity analyses on various scenarios for sub-
stitution of missing data revealed similar results. Sec-
ond, we pre-defined potential determinants based on
literature. Results are restricted to included factors,
whereas a role for other factors cannot be excluded.
Based on recent literature, measurement of serum cy-
tokines or chemokines,49,52,53 and metabolomic path-
ways54 could have had additional value. Third, the
relationship between determinants and persistent
symptoms, i.e., cause and effect, and the interpretation
remains uncertain. Our study design and the high
prevalence of such symptoms in the reference cohorts
prevents us from drawing firm conclusions regarding
this. Additionally, based on the current explorative
study, the absence of an association does not imply that
the association does not exist. We interpreted the find-
ings in light of existing background knowledge and
consider these to be hypothesis-generating. Fourth,
because the number of patients with disseminated LB
was relatively small, determinants described particularly
relate to patients with EM. Last, our criteria for persis-
tent symptoms did not include functional disability, in
contrast to the formal PTLDS criteria, although, we
observed that physical and social functioning was
impaired in substantial part of those patients.4

Enrollment in this study was possible through online
self-registration after physician-confirmed diagnosis of
LB, and through the participating clinical LB centers for
all patients with a physician-confirmed LB diagnosis.
One could hypothesize that online self-registration of
patients may be prone to selection bias. However, pri-
mary outcome in terms of the prevalence of persistent
symptoms after treatment for LB was comparable for
patients who had self-registered and patients who were
consecutively included by physicians. Strength of the
study was augmented by the comparison with reference
cohorts, one of which was recruited similarly through
the online study platform. Furthermore, robustness of
results was confirmed by sensitivity analyses. And
www.thelancet.com Vol 98 December, 2023
finally, the cohort of patients treated for physician-
confirmed LB reflected the nationwide incidence of
LB, in terms of the distribution of age, sex, and
physician-reported LB manifestations (3–6% dissemi-
nated LB).55,56

In summary, determinants of persistent symptoms
after LB were mostly generic, including baseline func-
tioning, comorbidity, and baseline symptom severity.
This might well be explained by the substantial preva-
lence of these symptoms in reference cohorts, indi-
cating that persistent symptoms could not be attributed
to B. burgdorferi s.l. infection in a large part of the LB
cohort. We did observe that cognitive-behavioral factors
may have a role in persistence of symptoms, and re-
ported immunological and genetic factors that predict,
and might contribute to the development of, persistent
symptoms in a subset of patients. As many patients with
persistent symptoms experience disabling symptoms
and at current we can only offer supportive care, our
findings might provide direction to further research on
potential underlying mechanisms of persistent symp-
toms after treatment for LB, particularly immunological
responses.
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