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Abstract

Background Diagnosis of Lyme borreliosis (LB) relies on clinical symptoms and detection of Borrelia-specific antibodies.
Guidelines recommend a two-tier testing (TTT) strategy for disseminated LB: serological screening with a sensitive enzyme
immunoassay (EIA) and confirmation with a specific immunoblot. Searching for the most sensitive and specific approach,
this retrospective study evaluated standard (STTT) and modified (MTTT) strategies using a well-defined study population.
Methods Cases included patients with active Lyme neuroborreliosis (LNB; n=29) or Lyme arthritis (LA; n=17). Controls
comprised patients treated for LNB (n=36) or LA (n=28), healthy individuals who were either untreated (n="75) or treated
for LB (n=15) in the past, and patients with potentially cross-reactive diseases (n=16). Sera were subjected to three EIAs
and two immunoblots. Reactive screening results were confirmed by immunoblot (STTT) or EIA (MTTT). Solitary IgM
results in the screening assay and effects of antibiotic treatment on isotype-specific seropositivity rates were also assessed.
Results Sensitivities of STTT strategies ranged from 90%-97% for LNB and were 100% for LA. MTTT strategies were
100% sensitive. Specificities ranged from 89%-95% for STTT and from 88%-93% for MTTT strategies. Differences between
STTT and MTTT strategies were not statistically significant. Solitary IgM reactivity was common among controls. Antibiotic
treatment significantly reduced IgM/IgG positivity for LNB patients; for LA patients, a decline was only observed for IgM.
Conclusion In conclusion, MTTT strategies showed a slightly higher sensitivity and similar specificity compared to STTT
strategies. Since EIAs are more time- and cost-efficient, MTTT strategies seem more favorable for clinical use. IgG testing
enhances specificity with minimal sensitivity loss.
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Introduction

Lyme borreliosis (LB) is caused by infection with Ixodes-
transmitted spirochetes of the Borrelia burgdorferi sensu
lato (s.l.) complex, and is the most prevalent tick-borne
disease in the Northern Hemisphere. In North America, B.

< B.J. A. Hoeve-Bakker
Dieneke.Hoeve @rivm.nl

Department of Medical Microbiology and Immunology,
Diakonessenhuis Hospital, Utrecht, The Netherlands

Centre for Infectious Disease Control, National Institute
for Public Health and the Environment (RIVM), Bilthoven,
The Netherlands

Department of Medical Microbiology and Infectious
Diseases, Erasmus University Medical Center, Rotterdam,
The Netherlands

burgdorferi sensu stricto (s.s.) is the predominant genotype,
and erythema migrans (EM) and Lyme arthritis (LA) are the
most frequently observed manifestations. In Europe, how-
ever, the B. burgdorferi s.1. population is more heterogenic
and dissemination seems dependent on the tropism of the
infecting species: B. afzelii is mainly associated with skin
lesions, whereas B. garinii predominantly causes neurologi-
cal syndromes and B. burgdorferi s.s. is generally involved
in joint infections [1].

LB diagnosis largely relies on clinical symptoms and
serology, except for EM, which is a clinical diagnosis.
Guidelines for LB diagnosis and treatment recommend
a standard two-tier testing (STTT) strategy that entails
screening of eligible samples with a sensitive enzyme
immunoassay (EIA) and confirmation of reactive screen-
ing results with a specific immunoblot [2]. The sensitivity
of STTT ranges from 50% for early LB to almost 100%
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for late manifestations such as acrodermatitis chronica
atrophicans (ACA). Specificity varies from 80% in cross-
sectional settings to 95% when healthy populations are
considered [3].

For correct classification of patients, STTT ideally uses
a first-tier EIA with 100% sensitivity and a second-tier
immunoblot with 100% specificity. Due to the subopti-
mal manifestation-dependent sensitivity, STTT is being
debated for some time now, and modifications are being
explored. Contrary to STTT, modified two-tier testing
(MTTT) uses a second EIA for confirmation of reactive
screening results instead of immunoblot. Besides being
more cost-effective, MTTT demonstrated improved sensi-
tivity over STTT while maintaining specificity in a North
American setting [4, 5]. Therefore, the North American
guidelines for serologic testing of LB now recommend
MTTT as an acceptable replacement of STTT [6].

Besides optimization efforts for STTT, the role of IgM
in LB diagnosis is being debated. IgM antibodies are by
nature less specific than IgG antibodies and may last for
years to decades after successful antibiotic treatment of
LB, possibly maintained by non-borrelial antigens [7, 8].
Compared to IgG assays, IgM assays have lower sensitiv-
ity and specificity, and contribute to the screening for IgG
antibodies for disseminated LB only to a limited extent [9].

The heterogenic B. burgdorferi s.l.-population in
Europe demands the use of immunoblots with genotype-
specific recombinant antigens, which makes immunoblot
more expensive in comparison to the B. burgdorferi s.s.-
specific Western blots used in North America. Moreo-
ver, immunoblot is labor-intensive and often susceptible
to subjective interpretation. Therefore, the performance
of MTTT was also evaluated in a European setting, and
demonstrated improved sensitivity for MTTT over STTT
without loss of specificity [10]. The focus of this study,
however, was on GP-diagnosed EM patients, for whom
serology is not recommended for diagnosis, and dissemi-
nated LB manifestations were not included. Moreover,
three of the evaluated EIAs are no longer commercially
available, and only one immunoblot was included in the
study [10].

Despite various attempts to optimize LB serology,
still no direct or indirect detection method is able to
differentiate between active and past infection, or pro-
vide a measure of treatment efficacy. However, a strong
association was observed between antibiotic treatment
and the level of disagreement among the compared
EIAs and strategies in a previous study from our group
[11]. Building on these results, the present study evalu-
ated the diagnostic performance of STTT and MTTT
strategies using a well-defined study population of
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European disseminated LB cases and multiple control
groups. To this end, two commercially available EIAs
and the now-discontinued C6 Lyme ELISA, and two
commercially available immunoblots were included in
the study. Furthermore, the role of solitary IgM results
on test performance and the effect of antibiotic treat-
ment on isotype-specific seropositivity were evaluated.

Materials and methods
Study design

This study was set up using a modified two-gate study design
[12], in which cases and controls are typically selected from
different study populations. The study results were reported
in adherence to the Standards for Reporting Diagnostic
Accuracy [13].

Study population

The sera used in this study were obtained from participants
included in the prospective study “T-cell response in Lyme”
that was described in detail by Van Gorkom et al. [11]. In
short, the population of LB patients consisted of active
LNB (aNB: n=29) and active LA (aLA; n=17) patients,
and patients treated in the past for LNB (tNB; n=36) or
LA (tLA; n=38). For nine of the patients included in the
aNB group a follow-up serum was included in the tNB
group. Similarly, follow-up sera from five alLA patients were
included in the tLA group. The control group comprised
healthy individuals, with (tHI; n=15) or without (uHI;
n=175) a history of treated LB, and who were recruited from
the same endemic area as the included LB patients.

Additionally, anonymized left-over sera from patients
with possibly cross-reactive diseases (CR; n=16) were
selected from the Diakonessenhuis hospital serum
repository.

Participants were included if sufficient serum was avail-
able to perform all selected assays. The sociodemographic
and clinical characteristics of the included study participants
are summarized in Table 1.

Laboratory analysis

All sera were subjected to the assays summarized in Table 2.
The assays were performed and interpreted according to the
manufacturer’s instructions. The test results were reported as
negative, equivocal or positive, except for the Euroline IgG
immunoblot, for which the outcome could either be negative
or positive.
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Table 1 Sociodemographic and clinical characteristics of the study participants

LNB patients LA patients Healthy individuals Cross-reactive
active treated active treated untreated treated patients
(n=29) (n=36) (n=17) (n=38) (n=175) (n=15) (n=16)
Sex; no. of males (%) 17 (59) 18 (50) 14 (82) 7 (88) 15 (20) 3 (20) 6 (38)
Age, years; median (range) 57 27—77) 59 21—77) 45 (19—71) 47 (28—59) 46 (20—72) 52 (23—68) 45.5 (16—83)
Time of sampling after start 0 (0—0.1) 39(1.4—-93) 0(0.1—0.3) 2.1(1.0—6.0) 42 (2.1—12.2)
of antibiotic treatment,
years; median (range)
Positive PCR result; n (%)* 4 (17) 5(26) 17 (100) 8 (100)
Definite LNB®; n (%) 21 (72) 30 (83)

Possible LNB based on clinical symptoms and

intrathecal Borrelia 1(3) 3(8)
burgdorferi s.l.-
specific antibody
synthesis; n (%)

pleocytosis; n (%) 7(24) 3(8)

LNB, Lyme neuroborreliosis; LA, Lyme arthritis

2 PCR on cerebrospinal fluid (LNB patients) or synovial fluid (LA patients) at time of diagnosis. For 6 active and 17 treated LNB patients PCR

was not performed

® LNB was diagnosed according to guidelines from the European Federation of Neurological Societies [14]. LNB was classified as definite based
on clinical symptoms, combined with intrathecal Borrelia burgdorferi s.l.-specific antibody synthesis and pleocytosis, or as possible based on
clinical symptoms, combined with either intrathecal Borrelia burgdorferi s.1.-specific antibody synthesis or pleocytosis

Table 2 Overview of the assays included in this study and the type of antigens used

Assay (manufacturer)

Antigens

EIA
Serion IgM Serion ELISA classic Borrelia burgdorferi IgM (Institute Virion\Serion
GmbH, Wiirzburg, Germany)
Serion IgG Serion ELISA classic Borrelia burgdorferi IgG (Institute Virion\Serion
GmbH, Wiirzburg, Germany)
Liaison IgM Liaison® Borrelia IgM Quant (DiaSorin S.p.A, Saluggia, Italy)
Liaison IgG Liaison® Borrelia IgG (DiaSorin S.p.A, Saluggia, Italy)
C6 1gM/1gG C6 Lyme ELISA™ (Immunetics, Boston, USA)
Immunoblot

recomLine IgM  recomLine Borrelia IgM (Mikrogen, Wiirzburg, Germany)

recomLine 1gG  recomLine Borrelia IgG (Mikrogen, Wiirzburg, Germany)

Euroline IgM Anti-Borrelia EUROLINE-RN-AT-adv IgM (Euroimmun AG, Liibeck,
Germany)

Euroline IgG Anti-Borrelia EUROLINE-RN-AT IgG (Euroimmun AG, Liibeck, Ger-
many)

Whole cell lysate (Ba, Bg)
Whole cell lysate (Ba, Bg), VISE (Bg)

OspC (Ba), VISE (Bg)
VIsE (Bg)
Synthetic C6 peptide (derived from VISE)

p100, VISE (Bsl fusion protein), p58, p41, p39,
OspA, OspC (Bss, Ba, Bg, Bsp), p18 (Bsl,
Ba, Bbav, Bg, Bsp)

Identical to recomLine IgM

VISE (Bss), p41, p39, OspC (Ba, Bss, Bg, Bsp)

VISE (Ba, Bss, Bg), lipid (Ba, Bss), p83
(=p100), p41, p39, OspC (Bsl mixture), p58,
p21, p20, p19, p18

Ba: B. afzelii, Bbav: B. bavariensis, Bg: B. garinii, Bsl: B. burgdorferi sensu lato, Bsp: B. spielmanii, Bss: B. burgdorferi sensu stricto, EIA:
enzyme immuno assay, VISE: variable major protein-like sequence, expressed, Osp: outer surface protein

Test strategies

The three included EIAs (Serion, Liaison and C6) were
used as screening test in STTT and MTTT strategies. In

STTT, reactive screening results were confirmed with
either recomLine or Euroline immunoblots. In MTTT,
reactive Serion results were confirmed with either Liaison
or C6, and reactive Liaison results were confirmed with C6.
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Data analysis

Data management and analyses were conducted in R version
4.3.1.[15].

As previously mentioned, test results from all included
assays were obtained for each serum (Table 2). When apply-
ing TTT strategies, the result of the confirmation assay was
disregarded for sera with a negative screening result (Fig. 1).
When sera were reactive in the screening assay, the result of
the confirmation assay was used for further analysis (Fig. 1).
For each assay with separate isotype measurements, two-
tier results were first obtained for each isotype, by applying
the various TTT strategies, followed by the combination of
IgM and IgG results (Fig. 1). The combined IgM/IgG result
from separately measured two-tier [gM and IgG results was
considered positive when IgM and/or IgG was reactive, and
negative when both IgM and IgG were negative (Fig. 1). The
C6 does not distinguish between IgM and IgG; therefore,
both isotypes of the confirmation assay were determined in
case of a reactive screening result.

The sensitivity and 95% confidence intervals (CI) for pro-
portions (Clopper-Pearson) for each of the test strategies
were reported for the aNB and alLA groups. For the tNB and
tLA groups, positivity rates were reported, as these groups
are usually not tested in a clinical setting, nor used for test
evaluations. Likewise, specificity and 95% CI were reported
for the uHI group, and negativity rates were reported for the
tHI and CR groups. For comparison of the different strate-
gies, diagnostic odds ratios (DOR) were determined with R’s
mada package using aNB and alLA as cases and uHI as con-
trols [16, 17]. If no false negatives were observed, the DOR
was approximated using a continuity correction of 0.5 [17].

The observed solitary equivocal and positive IgM results
in the screening EIAs were described for each of the test
strategies. The effect on strategy performance by exclusion
of solitary equivocal or solitary equivocal and positive IgM
results obtained in the screening EIAs, was evaluated using
McNemar’s exact test.
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The association between antibiotic treatment and sero-
positivity rates was evaluated at group level by comparing
the aNB, alLA and uHI groups with the tNB, tLA and tHI
groups, respectively, using Chi-squared test, or Fisher’s
Exact test where appropriate.

Raw P-values <0.05 were considered significant, and
were interpreted after correction for multiple testing using
the Benjamini—-Hochberg procedure accepting a 1% false
discovery rate [18].

Results

In the aNB patient group, confirmation of reactive EIA
results in the STTT strategy using either the recomLine or
the Euroline immunoblot resulted in sensitivities of 90% and
97%, respectively (Table 3). In the MTTT strategy, a second
EIA was used for confirmation and the sensitivity was 100%
for all test combinations. In the tNB group, the positivity
rates of the test strategies was lower. Using STTT, the posi-
tivity rates ranged between 19% and 39%, and for MTTT
strategies this was 28% to 33%. The active and treated LA
patients were detected by all assays and consequently the
sensitivity and positivity rates were 100% for both STTT
and MTTT strategies.

In the uHI group, the specificity ranged from 89% to 95%
for the STTT strategies, and from 88 to 93% for the MTTT
strategies (Table 4). In the tHI group, the overall negativity
rates ranged from 87% to 100% for both the STTT and the
MTTT strategies. In the CR group, negativity rates ranged
from 69% to 100% and from 75% to 94% for STTT and
MTTT, respectively.

The DOR was used to compare the test strategies under
evaluation (Fig. 2). The DORs ranged between 201 and 799
for STTT strategies, and between 651 and 1192 for MTTT
strategies. Irrespective of the evaluated test strategy, high-
est DORs were obtained for test combinations that included
the C6.
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Table3 Sensitivity (active aNB, n=29 (NB, n=36 alA, n=17 (LA, n=8

disease patient groups) and

positivity rates (post-antibiotic Doos  Topos [95% CII - Myog Popos [95% CII - Dpog Topos [95% CLI - Dpog Popos [95% ClI

treatment patient groups) of the

test strategies STTT
Ser-RL 26 90 [73-98]
Lia-RL 26 90 [73-98]
C6-RL 26  90[73-98]
Ser-EU 28 97 [82-100]
Lia-EU 28 97 [82-100]
C6-EU 28  97[82-100]
MTTT

Ser-Lia 29 100 [88—100]
Ser-C6 29 100 [88—100]
Lia-C6 29 100 [88—100]

11 31[16-48] 17 100 [81-100] 8 100 [63 —100]
10 28[14-45] 17 100 [81-100] 8 100 [63 —100]
7 19 [8 —36] 17 100 [81-100] 8 100 [63 —100]
14 39[23-57] 17 100[81-100] 8 100 [63 —100]
14 39[23-57] 17 100[81—-100] 8 100 [63 —100]
11 31[16-48] 17 100[81—-100] 8 100 [63 —100]
12 33[19-51] 17 100[81—-100] 8 100 [63 —100]
10 28[14-45] 17 100[81-100] 8 100 [63 —100]
11 31[16-48] 17 100[81—-100] 8 100 [63 —100]

aNB: active Lyme neuroborreliosis, tNB: treated Lyme neuroborreliosis, aLA: active Lyme arthritis, tLA:
treated Lyme arthritis, Ser: Serion, Lia: Liaison, C6: C6 Lyme ELISA, RL: recomLine, EU: Euroline,

STTT: standard two-tier testing, MTTT: modified two-tier testing.

Table 4 Specificity (untreated

S uHI tHI CR
healthy individuals) and
negativity rates (treated healthy n=175 n=15 n=16
STTT
Ser-RL 5 93 [85—-98] 2 87 [60—98] 0 100 [80—100]
Lia-RL 5 93 [85—-98] 2 87 [60—98] 0 100 [80—100]
C6-RL 4 95 [87—-99] 0 100 [78 —100] 0 100 [80—100]
Ser-EU 8 89 [80—95] 2 87 [60—98] 5 69 [41—-289]
Lia-EU 8 89 [80—-95] 2 87 [60—98] 4 75 [48—-93]
C6-EU 4 95 [87—-99] 0 100 [78 —100] 1 94 [70-100]
MTTT
Ser-Lia 9 88 [78 —94] 2 87 [60—98] 4 75 [48-93]
Ser-C6 5 93 [85—-98] 0 100 [78 —100] 94 [70-100]
Lia-C6 93 [85—98] 0 100 [78 = 100] 2 88 [62— 98]

uHI: untreated healthy individuals, tHI: treated healthy individuals, CR: cross-reactivity controls, Ser:
Serion, Lia: Liaison, C6: C6 Lyme ELISA, RL: recomLine, EU: Euroline, STTT: standard two-tier testing,

MTTT: modified two-tier testing

The contribution of solitary equivocal and positive IgM
results in the screening assay (Serion or Liaison) to the final
test result was evaluated for each of the strategies (Fig. 3).
Solitary equivocal IgM results were obtained with the Serion
as screening assay in the tNB (n=1), uHI (n=35) and tHI
(n=1) groups. In the tNB group, the solitary equivocal IgM
result was confirmed by the Euroline only. In the uHI group,
two and three of the five solitary equivocal IgM results were
confirmed by Euroline and Liaison, respectively. The soli-
tary equivocal IgM result observed in the tHI group was
not confirmed by any second-tier assay. Using the Liaison
for screening, solitary equivocal IgM results were obtained
in the tNB (n=1) and uHI (n=3) groups. Of these, only
the solitary equivocal IgM result in the tNB group was

confirmed by Euroline and C6. No solitary IgM results were
obtained for any of the assays and test strategies in the aLA
and tLA groups.

Solitary positive [gM results were observed for the Serion
and the Liaison, and especially contributed to seropositivity
in the tHI and CR groups (Fig. 3). In the aNB group, one
patient had a solitary positive IgM result in both screening
assays that was confirmed by all second-tier assays, except
the recomLine. Furthermore, solitary positive IgM results
were obtained with the Serion as screening assay in the tNB
(n=3), tHI (n=2) and CR (n=4) groups. In the tNB group,
one of these was confirmed by recomLine and C6, and two
by Euroline or Liaison. In the tHI group, both solitary posi-
tive IgM results were confirmed by recomLine, Euroline

@ Springer



2402 European Journal of Clinical Microbiology & Infectious Diseases (2024) 43:2397-2406

STTT MTTT
10000
© 1000+
s
[a'
%]
©
©
3 100
@
o
c
(o)}
S
D 'IO,
" ° (o (O
NS b
(OQ} \>'z> (/‘o \/{b (_/Co ‘_)?} (‘)Q‘,\ F

Fig.2 Diagnostic odds ratios (DORs) of the test strategies under
evaluation, determined using active Lyme neuroborreliosis and Lyme
arthritis patients as cases and untreated healthy individuals as con-
trols. The DORs of the MTTT strategies were approximated using a
continuity correction. Whiskers indicate 95% confidence intervals.
Ser: Serion, Lia: Liaison, C6: C6 Lyme ELISA, RL: recomLine, EU:
Euroline, STTT: standard two-tier testing, MTTT: modified two-tier
testing

and Liaison, but not by C6. In the CR group, none of the
four solitary positive IgM results were confirmed by recom-
Line, whereas one, three and four were confirmed by C6,
Euroline, and Liaison, respectively. Using the Liaison for
screening, solitary positive IgM results were obtained in the
tNB (n=1), uHI (n=2), tHI (n=2) and CR (n=4) groups.
The solitary positive IgM result in the tNB group was con-
firmed by recomLine and Euroline, but not by C6. Of the
two solitary positive IgM results in the uHI group, one was
confirmed using Euroline. The two solitary positive IgM
results in the tHI group were confirmed by recomLine and
Euroline, but not by C6. None of the four solitary positive
IgM results in the CR group were confirmed by recomLine,
whereas one and three of these were confirmed by C6 and
Euroline, respectively.

Overall, solitary equivocal IgM results were observed in
the tNB patient group, and in the uHI and tHI control groups
(Fig. 3). Exclusion of these solitary equivocal IgM results
resulted in a minor gain in specificity (not significant) with-
out loss in sensitivity. Solitary positive IgM results were
obtained in the aNB and tNB patient groups and all three
control groups. Exclusion of both solitary equivocal and pos-
itive IgM results resulted in a minor gain in specificity and a
minor loss in sensitivity, both of which were not significant.

The effect of antibiotic treatment on the seropositiv-
ity rate was evaluated for LNB patients, LA patients and
healthy individuals, by comparing the positivity rates of
the untreated groups and the treated groups for each test
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strategy. For LNB patients, antibiotic treatment resulted in
a significant decrease (p <0.001, FDR < 1%) in positivity
rates for all test strategies (Fig. 3, Table 3), primarily due
to a significant decrease in the proportion of patients with
detectable IgM and IgG antibodies (p <0.001, FDR < 1%).
Conversely, the proportion of solitary IgM results and soli-
tary IgG results did not change significantly after antibi-
otic treatment. For LA patients, antibiotic treatment did not
result in a decrease in positivity rates for any of the test
strategies. However, post-antibiotic treatment, IgM sero-
positivity decreased, while IgG remained positive. These
changes were only significant for strategies that used the
Serion as screening assay (p=0.028, FDR > 1%). Among
healthy individuals, the positivity rates for all test strate-
gies were comparable among untreated and treated healthy
individuals (Fig. 3, Table 4). Interestingly, the response was
dominated by solitary IgG and combined IgM/IgG responses
in the untreated group, whereas only solitary IgM responses
were observed in the treated group.

Discussion

In this study, the performance of multiple STTT and MTTT
strategies was evaluated using a well-defined study popula-
tion of patients with early and late disseminated LB and
multiple control groups. Furthermore, the contribution of
solitary IgM results in the screening EIA to the final strategy
result, and the impact of antibiotic treatment on serorever-
sion were evaluated.

The sensitivity of STTT with recomLine immunoblot as a
second-tier assay was slightly, though not significantly, lower
compared to the Euroline immunoblot, while the oppo-
site was observed for specificity. One previous study that
compared recomLine and Euroline immunoblots, reported
equal sensitivity and specificity for [gM and IgG separately
[19]. Unfortunately, the combined IgM/IgG results were
not reported, which complicated comparison to the present
study’s observations. In our study, MTTT strategies showed
slightly higher sensitivities, with specificities comparable
to those of STTT strategies. However, in contrast to pre-
vious MTTT evaluations in both early localized and dis-
seminated LB patients in various epidemiological settings,
the observed differences among STTT and MTTT strategies
were not statistically significant in our study [4, 10, 20]. This
may be due to the relatively small study population.

The specificities observed here were comparable to those
reported previously [3], and reflect the background sero-
prevalence of 5.3% in the endemic region where the hospi-
tal is located, which is comparable to the 4.4% seropreva-
lence observed in the general population of the Netherlands
[21]. Participants who reported treatment for LB in the past
were grouped separately and, therefore, the seropositivity
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Fig. 3 Distribution of the results per isotype for the two-tier test strat-
egies using Serion and Liaison as screening assay, stratified by study
group. aNB: active Lyme neuroborreliosis, tNB: treated Lyme neu-
roborreliosis, aLA: active Lyme arthritis, tLA: treated Lyme arthritis,

observed in the uHI group is likely the result of a previous
(asymptomatic) Borrelia infection. Cross-reactivity seems
less probable, as IgG was the dominant isotype in this group,
whereas IgM positivity dominated the CR group, consistent
with previous findings [9, 10].

The role of IgM testing for LB diagnosis has been debated
for some time [9, 22]. In the present study, solitary IgM
results were predominantly observed in the control groups,
and disregarding them could possibly improve specificity
for all strategies with minor loss of sensitivity. Due to the
small sample size in the present study, this observation was
not statistically significant, and should be confirmed in a
larger cohort. The observed trend, however, underscores the
recommendation that IgM testing should only be considered
when clinical symptoms are suggestive for active LB with
symptom duration until six to ten weeks [23, 24].

In our study, isotype-specific seropositivity in post-treat-
ment sera seemed dependent on the disease stage in which
antibiotics were administered. The solitary IgM responses
observed among healthy individuals that were treated
for early localized manifestations up to 6.2 years prior to

uHI: untreated healthy individuals, tHI: treated healthy individuals,
CR: cross-reactivity controls, Ser: Serion, Lia: Liaison, C6: C6 Lyme
ELISA, RL: recomLine, EU: Euroline

inclusion suggest that seroconversion was abrogated before
the isotype switch from IgM to IgG had taken place. For
the disseminated manifestations LNB and LA, combined
IgM/IgG seropositivity was predominantly observed among
active patients, indicating that the isotype switch preceded
initiation of antibiotic treatment. After antibiotic treatment,
a significant decrease in seropositivity was observed among
LNB patients, which was attributable to decreased IgM and
IgG levels, consistent with previous findings [25]. Among
treated LA patients, no seroreversion was observed; how-
ever, decreased IgM antibody levels resulted in increased
solitary IgG seropositivity. As pre- and post-treatment sera
were only available for some of the LB patients, associations
with antibiotic treatment were made on group level. In future
studies, pairwise comparisons should determine whether the
observations in this study also apply to patient level.

This study was conducted on a well-defined population
of patients diagnosed with early and late disseminated LB
patients and various control groups. The LNB patients in
our study were diagnosed based on clinical symptoms with
pleocytosis and/or intrathecal B. burgdorferi s.1.-specific
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antibody production. For the diagnosis of LNB patients, the
detection of intrathecal B. burgdorferi s.1.-specific antibody
production is preferred over serology, because up to 20% of
the LNB patients with intrathecal antibody synthesis had not
seroconverted (yet) at the time of diagnosis [26, 27]. The
LA patients in this study were diagnosed based on clinical
symptoms and positive Borrelia PCR on synovial fluid, con-
firmed by serology. This selection bias could be considered
a limitation that is difficult to resolve as serology is part of
the diagnosis, and as shown here antibodies persist at least a
year post-treatment. Furthermore, exclusion of EM patients
in this study likely has resulted in an overestimation of the
sensitivity. EM is, however, a clinical diagnosis, for which
laboratory testing should not delay treatment — even with
improved sensitivity of MTTT [10].

Most MTTT evaluations tested the off-market C6 Lyme
ELISA as second-tier assay [4, 10, 20]. As reflected by the
high DORs in this study, all test strategies that included this
assay demonstrated the best performance in terms of sen-
sitivity and specificity. As the C6 Lyme ELISA assay was
discontinued, we also evaluated the Liaison as a second-tier
EIA, and this MTTT strategy also outperformed commer-
cially available STTT strategies. One could argue, however,
that the antigens used in the Liaison might also be part of
the screening assay, which could introduce bias. This could
partially be overcome using a peptide-based and/or multi-
plex second-tier assay, such as the recently introduced Zeus
VIsE1/pepC10 IgM/IgG ELISA (Zeus ELISA) or the Bio-
Plex 2200 Lyme IgG and Lyme IgM assays.

The Zeus ELISA has previously been evaluated as a sin-
gle-tier or first-tier assay, and performed comparably to the
C6 Lyme ELISA in both single-tier and STTT strategies [9,
28]. In North America, the FDA-approved MTTT strategy
uses Zeus ELISA as first-tier assay with Zeus’ whole cell
sonicate (WCS)-based IgM/IgG ELISA as second-tier assay.
This strategy outperformed STTT and MTTT strategies with
second-tier C6 Lyme ELISA in terms of sensitivity, espe-
cially in early LB, without loss of specificity [29, 30]. How-
ever, these WCS ELISAs use inactivated B. burgdorferi B31
antigen, and might therefore be suboptimal for detection of
the heterogenic B. burgdorferi s.1. population in Europe. The
Bioplex, on the other hand, was also evaluated on European
patient and control populations, and demonstrated com-
parable sensitivity, but inferior specificity to the C6 Lyme
ELISA in a STTT strategy [31]. Also, the Bioplex requires
specific equipment and expertise and is therefore less suit-
able for use in routine clinical settings. Hence, future assay
developments should focus on accessible, low-cost assays for
improved performance of TTT or to replace TTT altogether.

Both STTT and MTTT strategies do not discrimi-
nate active from past disease, and offer no measure for
therapeutic success or reinfection. Here, dynamics in
isotype-specific immune responses among different LB

@ Springer

manifestations were demonstrated that should be explored
further to ameliorate these shortcomings of TTT. More-
over, the output of TTT is currently categorical (i.e.,
positive or negative) and provides no detailed informa-
tion about the type and magnitude of the antigen-specific
immune responses. Preliminary data from our research
group have shown promising results regarding antigen-
specific immune responses. We are in the process of con-
firming these findings in a larger cohort of LB patients,
including paired sera from active and treated patients
diagnosed with EM, LA and LNB. Also, the relationship
between antibody levels and predictive values has already
been demonstrated for some assays [32, 33], and could be
explored further to improve LB diagnostics.

In conclusion, this study showed that for disseminated
LB, MTTT strategies demonstrated a slightly higher sen-
sitivity, although not statistically significant, while main-
taining similar specificity compared to STTT strategies.
Since solitary IgM reactions were predominantly observed
among healthy individuals, the use of IgM assays for the
diagnosis of LB should be carefully considered based on
disease duration and manifestation. Lastly, although anti-
biotic treatment does not always result in seroreversion,
decline of isotype-specific antibody levels was observed,
and could possibly be used to assess disease status for dif-
ferent Lyme manifestations.
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