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ABSTRACT Lyme disease is commonly diagnosed by serologic response to Borrelia
burgdorferi and related species, but the relationship between serologic targets and
clinical features is unknown. We developed a multiantigen Luminex-based panel and
evaluated IgG responses in 527 children 1 to 21 years of age assessed for Lyme dis-
ease across 4 Pedi Lyme Net emergency departments, including 127 Lyme cases
defined by either an erythema migrans (EM) lesion or positive C6 enzyme immunoas-
say followed by immunoblotting and 400 patients considered clinical mimics. Of 42
antigens tested, 26 elicited specific reactivity in Lyme patients without marked age-de-
pendent variation. Children with single EM lesions typically lacked Borrelia-specific IgG.
By principal-component analysis, children with early disseminated and late Lyme dis-
ease clustered separately from clinical mimics and also from each other. Neurological
disease and arthritis exhibited distinct serologic responses, with OspC variants overrepre-
sented in neurological disease and p100, BmpA, p58, and p45 overrepresented in arthri-
tis. Machine learning identified a 3-antigen panel (VlsE_Bb, p41_Bb, and OspC_Bafz)
that distinguished Lyme disease from clinical mimics with a sensitivity of 86.6% (95%
confidence interval [CI], 80.3 to 92.1) and a specificity of 95.5% (95% CI, 93.4 to 97.4).
Sensitivity was much lower in early Lyme disease (38.5%; 95% CI, 15.4 to 69.2). Interes-
tingly, 17 children classified as Lyme mimics had a positive 3-antigen panel, suggesting
that more comprehensive serologic analysis could help refine Lyme diagnosis. In conclu-
sion, multiplex antigen panels provide a novel approach to understanding the immune
response in Lyme disease, potentially helping to facilitate accurate diagnosis and to
understand differences between clinical stages.
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Acute Lyme disease is conventionally divided into three clinical stages based on
time from infection (1). Early Lyme disease typically presents as an erythema

migrans (EM) lesion, developing days to weeks after a causative tick bite. Early dissemi-
nated Lyme disease presents weeks to months after a tick bite, with manifestations
such as multiple EM lesions, carditis, meningitis, or cranial nerve palsy. Late Lyme dis-
ease presents months to years after infection, typically with arthritis (2). Although
untreated patients can develop neurological manifestations first and arthritis later (3),
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most patients develop only one clinical manifestation, raising the possibility that differ-
ences in host immune response contribute to disease phenotype.

Multiplexed antigen assays could replace conventional two-tier testing for the diag-
nosis of Lyme disease (4). A panel of 10 surface antigens demonstrated improved sensi-
tivity compared to conventional two-tier testing in adults with Lyme disease compared
to healthy controls (5). In 2019, the Federal Drug Administration approved a 4-antigen
multiplex immunoassay as a first-tier Lyme disease diagnostic (6), and multiantigen
panels have been developed as a point-of-care diagnostics for early Lyme disease (7,
8). In this study of children and young adults evaluated for Lyme disease, we sought to
identify antigens that differentiate patients with Lyme disease from those with similar
symptoms but ultimately determined to have an alternate diagnosis and to determine
whether serologic response differs by age (9, 10).

MATERIALS ANDMETHODS
Study design. We performed a prospective cohort study between June 2015 and October 2016 at

four emergency departments located in Lyme disease areas of endemicity within the Pedi Lyme Net col-
laborative network (11): A. I. Dupont Children’s Hospital (Wilmington, DE), Boston Children’s Hospital
(Boston, MA), Children’s Hospital of Wisconsin (Milwaukee, WI), and Hasbro Children’s Hospital
(Providence, RI). The institutional review board of each participating institution approved the study pro-
tocol, including permission for data and sample sharing.

Patients.We included patients 1 to 21 years of age whose treating clinicians obtained Lyme disease
testing as part of the diagnostic evaluation. Study participation included collection of clinical phenotype
as well as research biosamples. We excluded children who did not have a research serum sample
obtained or who did not have symptoms consistent with acute Lyme disease.

Data collection. We collected the following clinical data at enrollment: demographics, tick bite and
Lyme disease history, clinical symptoms and duration, and physical examination findings. We classified a
patient as pretreated if any antibiotics were administered within the 72 h preceding research biosample
collection (12). One month after enrollment, study staff abstracted laboratory test results and clinical
outcome through medical record review and direct patient contact. We used clinical history and physical
examination to determine Lyme disease stage: early (single EM lesion), early disseminated (multiple EM
lesions, fever, headache, facial palsy, or carditis), or late (arthritis) (13). Research serum samples collected
at the time of enrollment were processed as soon as possible, typically within 12 h, and kept frozen at
280°C until research testing was performed.

Outcome measures. We defined a case of Lyme disease based either on a physician-diagnosed EM
rash or a positive two-tier Lyme disease serology: a first-tier C6 enzyme immunoassay (EIA) with an index
value of $0.91 (Oxford Immunotec, Marlborough, MA) followed by a positive immunoblot (MarDx IgG/
IgM Marblot; Trinity Biotech), interpreted using standardized criteria (2). We considered a positive IgM
alone to indicate Lyme infection only if symptom duration was ,30 days (14). Symptomatic patients
who did not meet the Lyme disease case definition were classified as “clinical mimics.”

Multiplex antigen testing. Patient serum was tested for antibodies against 42 antigens (22 antigens
from Borrelia burgdorferi, 9 from other Borrelia species, 9 from other tick-borne pathogens, and 2 from
Ixodes species ticks; see Table S1 in the supplemental material) using a Luminex 200 instrument with
standardized dilution and plate incubation procedures (5). The string “mV” indicates linkage to a modi-
fied short sequence of the C6 peptide (15, 16). Biotinylated antigen was purchased from Bio-Rad
(Hercules, CA, USA) and bound to streptavidin-coated beads. Pooled beads were incubated with serum
followed by anti-human IgG-phycoerythrin. Mean fluorescence intensity (MFI) minus fluorescence back-
ground was quantified (5).

Selection of potentially informative antigens. Antigens were excluded from further analysis if no
meaningful overall variance was detected (standard error of MFI of ,50 over all samples; n = 14) or if
Luminex failed to calculate a fluorescence in fewer than 90% of samples (n = 1). The remaining 27 anti-
gens were further considered. For all subsequent analyses except the assessment of diagnostic test per-
formance, only patients with results in all 27 antigens were analyzed.

Variation of serological reactivity. We explored antigen expression in two a priori comparisons, (i)
age of patient and (ii) disease stage (early versus early disseminated versus late Lyme disease). For age
of patient, reactivity was assessed by Pearson’s r (unadjusted P values), and patients were divided into
three age groups: 1 to 7, 8 to 12, and 13 to 21 years. An expression score was calculated as the MFI of
the 27-antigen panel. Distribution differences in the expression scores of different age ranges were
assessed by a 3-sample Anderson-Darling test. For disease stage, expression was separated by stage,
and the Kruskal-Wallis test was then used per antigen, followed by post hoc Dunn’s test for the pairwise
comparisons; P values were adjusted by Holm’s correction. h 2

H was used as an estimate of effect size for
the Kruskal-Wallis test: h 2

H ¼ H 2 k 1 1
N 2 k (k, number of groups; N, number of observations; H, H statistic)

(17). Stage dependency was further assessed by principal component (PC) analysis with reactivity
against the 27 antigens calculated and plotted in both 2 and 3 dimensions. Quality of representation
(cos2) was calculated for the 2-dimension scenario and compared with the 3-dimension scenario.
Intercorrelation of variables with PC1 and PC2 was visualized in a correlation circle, and the relative con-
tribution of variables to each PC was calculated as cos2 divided by the total cos2 of each PC.
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Contributions of antigens to the first three PCs were compared with a hypothetical uniform variable con-
tribution scenario. Nonnormality was confirmed by Shapiro-Wilk. We then used the Mann-Whitney U
test with P value adjustment by Holm’s correction, followed by a calculation of r ¼ Z=

ffiffiffiffi

N
p

(Z, Z statistic;
n, number of observations), as a measure of effect size (18) for significant comparisons.

Diagnostic marker optimization. To identify the optimal diagnostic biomarker panel, we excluded
children who had been pretreated with antibiotics prior to enrollment. We used penalized regression
analysis using Least Absolute Shrinkage and Selection Operator (LASSO) to select predictors. For regula-
rization, l was tuned by machine learning (with caret version 6.0–86) (19), using 10-fold cross-validation
with a high area under the receiver operating characteristic (ROC) curve as the target metric. Internal va-
lidity was assessed by repeating the 10-fold cross-validation 100 times. The Youden’s J statistic (J = sensi-
tivity 1 specificity – 1) was employed as the optimal cut point for the estimated probability to maximize
both sensitivity and specificity. Sensitivity and specificity were reported on the cohort that received valid
results in the antigens that were not dropped by the regression. Confidence intervals were calculated
with 2,000 stratified bootstrap replicates.

We used Fisher’s exact test to compare proportions. We used R (v4.0.4) and BioRender.com for statis-
tical analyses and visualization (19–28).

RESULTS
Patient population. We enrolled 583 children across the 4 Pedi Lyme Net sites

between June 2015 and October 2016, of whom 527 (90%) met initial study inclusion crite-
ria (Table 1). Overall, 127 (24%) had Lyme disease and 400 (76%) were clinical mimics.
Among the 127 children with Lyme disease, 13 had a single EM lesion and were consid-
ered early Lyme, whereas 55 had early disseminated and 59 late Lyme disease.

Application of a multiplex antigen Luminex panel. The overall design of the multi-
plex Luminex assessment of Lyme patients and controls is depicted in Fig. 1a. We limited
the remainder of our analyses to the 468 patients (89% of enrolled) with data for all anti-
gens. For the 27 informative antigens, we performed hierarchical clustering of raw MFI val-
ues (Fig. 1b), observing clear separation of cases from symptomatic controls. Further, by k-
means clustering (k = 2), we observed that 27/55 (49%) of early disseminated Lyme
patients and 46/59 (78%) of late Lyme disease patients clustered together.

Serologic discrimination of patients from clinical mimics. Corrected for multiple
comparisons, we observed differential expression of the MFI for 26 of the 27 antigens for
children with Lyme disease compared to clinical mimics (Fig. 2). A large effect size (r$ 0.50)
was observed for 15 antigens (pFlaBmV_Bb, VlsE_Bb, p41_Bb, pOspFmV_Bb, OspC_Bb,

TABLE 1 Clinical characteristics of enrolled children with and without Lyme disease

Parameter

Value(s) for children with or without Lyme
disease

With (N = 127) Without (N = 400)
Median age, yr (interquartile range) 9 (6, 14) 9 (6, 13)
Male gender [no./total no. (%)] 86/127 (68) 202/400 (51)
Female gender [no./total no. (%)] 41/127 (32) 198/400 (49)

Race [no./total no. (%)]
White 118/126 (93) 313/388 (81)
Black 5/126 (4) 44/388 (11)
Asian 2/126 (2) 12/388 (3)
Other 1/126 (1) 19/388 (5)
Hispanic 11/126 (9) 68/397 (17)

Presentation during peak Lyme seasona

[no./total no. (%)]
103/127 (81) 320/400 (80)

Early (single EM lesion) [no./total no. (%)] 13/127 (10) NAb

Early disseminated [no./total no. (%)] 55/127 (44) 212/400 (53)
Multiple EM lesions (no.) 2 NA
Facial palsy (no.) 21 28
Meningitis (no.) 26 181
Carditis (no.) 6 3
Late (arthritis) [no./total no. (%)] 59/127 (46) 167/400 (42)
Nonspecific symptoms [no./total no. (%)] NA 21/400 (5)
aPeak Lyme season defined as June to October.
bNA, not applicable.
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pErp59mV_Bb, p58_Bb, pC6_Bb, pp35mV_Bb, BmpA_Bafz, BmpA_Bb, OspC_Bafz, p100_Bb,
p58_Bgar, and p45_Bb), and a small to moderate effect size (0.10 # r, 0.50) was observed
for the remaining 11 antigens (OspC_Bmayo_11, pOspC_K_Bb, NapA_Bb, AipA_Aph_13,
p32_Babesia, p37_Erlch_17, OspA_Bafz, OspA_Bb, GlpQ_miyamotoi, OspB_Bb, and pOppA2_
comb_Bb). Findings from uninformative antigens excluded from further analysis are shown in
Fig. S1 in the supplemental material.

Serologic reactivity to Borrelia antigens does not differ by age. To assess
whether patient age correlated with antigen response, we calculated Pearson’s r for
each antigen and observed no significant bivariate correlation with age (Fig. S2a). After
separating positive cases into three age groups (1 to 7, 8 to 12, and 13 to 21 years), the

FIG 1 Multiplexed determination of serologic reactivity to Lyme disease in children. (a) Overview of case definition and the diagnostic procedure. (b)
Hierarchical clustering of MFI among the 468 patients. Heatmap columns were partitioned by k-means clustering (k = 3). Row annotation indicates antigens
that were part of the derived diagnostic panel (Fig. 5).
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calculated MFI scores were similar across age groups (Fig. S2b). Finally, we represented
the distribution of expression frequencies in a density plot (Fig. S2c and d) and calcu-
lated a 3-sample Anderson-Darling test, finding no significant difference with age.
Taken together, these data identified no marked age-specific differences in seroreactiv-
ity to Borrelia antigens in children with Lyme disease, allowing us to pool data for sub-
sequent comparisons.

Serological response varies with disease stage. Since hierarchical clustering had
suggested clustering not only by Lyme versus clinical mimic but also within Lyme dis-
ease by clinical stage (Fig. 1b), we examined the association between serologic
response and clinical presentation in more detail. Plotting reactivity against each anti-
gen against disease stage, we found that patients with early Lyme disease were nega-
tive for most antigens, likely because serologic expansion had not had time to occur,
while serologic responses increased progressively from early disseminated to late
Lyme disease (Fig. 3a). Intriguingly, not all antigens varied in parallel across stages (Fig.
3b). By principal component (PC) analysis, clinical mimics largely clustered with early
Lyme disease, while early disseminated and late Lyme patients formed distinct clusters
(Fig. 4a). PC1 differentiated cases from mimics, whereas PC2 distinguished early disse-
minated from late disease. These two PCs explained ;59% of the total variance in
seroreactivity among Lyme patients (Fig. S3a). A third PC contributed a further ;8%,
resolving the apparent overlap of several late Lyme patients with controls (Video S1,
Fig. S3b). Two patients considered clinical mimics by our Lyme disease definition clus-
tered with early disseminated disease and 3 clustered with late Lyme disease (Fig. 4a
and Video S1); the clinical presentations of these 5 potentially misclassified patients
are further described in Table S2.

To examine the contribution of each antigenic target to the first 2 PCs, we com-
pared the contribution of each antigen to that expected for a hypothetical uniform

FIG 2 Capability of Borrelia antigens to discriminate Lyme patients from clinical mimic. Uninformative antigens (Fig. S1) were filtered as stated in Materials
and Methods. Asterisks indicate significance. Early diss., early disseminated. Distribution of antigen expression as a function of case definition. For
significant comparisons (P # 0.05) in the Mann-Whitney U test, r is shown as a measure of effect size. Asterisks indicate statistical significance according to
the respective P value (*, P # 0.05, **, P # 0.01; ***, P # 0.001; ****, P # 0.0001).
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FIG 3 Stage-dependent expression. Uninformative antigens were filtered as stated in Materials and Methods. Asterisks indicate significance. (a) Distribution
of antigen expression as a function of the clinical stage. Patients were filtered for positivity in the case definition. Only patients who did not receive
antibiotics prior to the assay are shown. Kruskal-Wallis test followed by post hoc Holm’s-corrected Dunn’s test. For significant comparisons, indicated by
asterisks (P # 0.05), effect size is indicated by h2, based on Kruskal-Wallis’ H statistic (see Materials and Methods, “Statistical analysis”). (b) Scatterplot of
effect size versus negative log of P value, obtained as described in panel a. Effect sizes that were considered large (h2 $ 0.14) were labeled. Asterisks
indicate statistical significance according to the respective P value (*, P # 0.05; **, P # 0.01; ***, P # 0.001; ****, P # 0.0001).

Radtke et al. Journal of Clinical Microbiology

November 2021 Volume 59 Issue 11 e01344-21 jcm.asm.org 6

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

cm
 o

n 
16

 F
eb

ru
ar

y 
20

22
 b

y 
17

1.
65

.4
5.

76
.

https://jcm.asm.org


FIG 4 Stage dependency of serological response. Uninformative antigens (Fig. S1) were filtered as stated in Materials and Methods.
Asterisks indicate significance. (a) Principal-component analysis of 27-antigen panel in 468 children (354 symptomatic controls, 13 early,

(Continued on next page)
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variable, finding that 14 antigens contributed significantly to PC1 and 10 to PC2 (Fig.
S3c). This finding is illustrated in vector format in Fig. S3d, with the relative contribu-
tion of each antigen to PC1 and PC2 depicted in Fig. 4b. Serologic response to antigens
such as p41_Bb, p58_Bb, and VlsE_Bb mainly distinguished cases from controls,
whereas p37_Erlch_17, AipA_Aph_13, OspC_Bafz, and others mainly distinguished dis-
ease stage. PC3 reflected three antigens (OspB_Bb, OspA_Bafz, and p35_Bb) that other-
wise contributed minimally to PC1 and PC2 (Fig. S3b and c).

Inspection of the differences between early disseminated and late Lyme disease with
respect to PC2 antigens disclosed three patterns. For 4 antigens, responses in early disse-
minated disease were lower than in late disease (p58_Bgar, BmpA_Bb, BmpA_Bafz, and
p100_Bb); 4 antigens exhibited more robust responses in early disseminated disease than
late disease, although the magnitude of difference typically was modest (p37_Erlch_17,
OspC_Bafz, pOppA2_comb_Bb, and pOspC_K_Bb); in a third group, no clear difference in
reactivity was observed across stages (AipA_Aph_13 and OspC_Bmayo_11) (Fig. 3a).

Based on these findings, we examined whether distinct antibodies correlated with
neurological or arthritic Lyme manifestations, focusing on the most unambiguous
cases: neurological Lyme disease defined as cranial neuritis on exam or cerebrospinal
fluid pleocytosis on lumbar puncture (n = 33) and arthritic Lyme disease manifested as
overt joint swelling on physician examination (n = 59). Using the clinical mimics to
define the upper limit of normal for each antigen at 98%, and after correction for multi-
ple hypothesis testing, we found that the fraction of patients positive for certain anti-
gens differed between neurological and arthritis groups for 10 antigens (Fig. 4c and d).
Four antigens were overrepresented in patients with neurological Lyme, and 6 were
overrepresented in arthritis; for example, seroreactivity for p100_Bb, p45_Bb, p58_Bb,
and BmpA_Bb was present in over 70% of patients with arthritis symptoms but fewer
than 50% of patients with neurological symptoms. The antigen with greatest ability to
discriminate Lyme patients from clinical mimics, VlsE_Bb, was equally represented in
both populations, as were related (mV) antigens.

Optimization of a Lyme serologic biomarker panel. To determine the optimal
combination of serological markers to employ in the diagnosis of Lyme disease in chil-
dren, we examined differences in expression of the 27 candidate antigens, beginning
with the 420 children who had not been pretreated with antibiotics, given the poten-
tial effect of such pretreatment on serologic response (5). With 100 repeats of 10-fold
cross-validation of a LASSO logistic regression model (Fig. S4), we found that 3 anti-
gens provided the best discriminative ability, VlsE_Bb, p41_Bb, and OspC_Bafz (Fig.
5a), and determined a probability cutoff in our model using Youden’s J statistic. We
applied the modified 3-antigen panel to our pediatric population (Table 2). In the full
cohort, this panel had a sensitivity of 86.6% (95% confidence interval [CI], 80.3 to 92.1)
and specificity of 95.5% (95% CI, 93.4 to 97.4) (Fig. 5b and c). Concordant with the PC
analysis, these test characteristics were stage dependent. In the 55 patients presenting
with symptoms compatible with early disseminated Lyme disease, sensitivity was
90.9% (95% CI, 83.6 to 98.2). In the patients presenting with symptoms compatible
with late disease, sensitivity was 93.2% (95% CI, 86.4 to 98.3). The sensitivity of the 3-
antigen panel in children with a single EM lesion (n = 13) was only 38.5% (95% CI, 15.4
to 69.2) (Table 2). Of the 17 Lyme mimics with a positive 3-antigen panel, 12 had clini-

FIG 4 Legend (Continued)
47 early disseminated, and 54 late-stage patients), colored by stage. To avoid overplotting, mimics were plotted first. Expression score
was calculated as the mean MFI of the 27-antigen panel per patient. (b) Relative contribution of antigens per principal component. Pie
charts and colors indicate the contribution to each individual principal component. Circle outline was colored in shades of red if
expression was higher than in a hypothetical uniform variable contribution scenario with expression i (PC1, n = 14; PC2, n = 10), and
brightness indicates rank position (Fig. S3c). (c) Antigen positivity was defined as described in Materials and Methods. Shown is the
percentage of patients with arthritis (defined by swollen joint) and neurological symptoms (defined by cranial neuritis on exam or
meningitis on LP [cerebrospinal fluid white blood cells, $10 cells/mm3]). Results were sorted by Holm’ adjusted P value of Fisher’s exact
test, first increasing for antigens which were positive in more patients with arthritis than with neurological symptoms. The remaining
antigens were sorted by decreasing level. (d) Quotient of patients with arthritis divided by patients with neurological symptoms per
antigen versus adjusted P value. Dashed line indicates an adjusted P value of 0.05. Asterisks indicate statistical significance according to
the respective P value (*, P # 0.05; **, P # 0.01; ***, P # 0.001; ****, P # 0.0001).
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FIG 5 Optimizing a multiplexed antigen panel for Lyme diagnosis. (a) Relative importance of the predictors in the final logistic regression
model. The regression coefficients were plotted relative to the strongest predictor. (b) Overall sensitivity and specificity as a function of
probability cutoff. 95% CI was obtained by 2,000 stratified bootstrap replicates. The reported specificity and sensitivity were obtained by
selecting the highest Youden’s J statistic as the probability cutoff. (c) ROC (receiver operating characteristic) curve of the logistic model using
l � 0.042 after model tuning (Fig. S4a). (d) Principal component analysis from Fig. 4, colored by classification using the original case
definition as the gold standard.
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cal features suggestive of early disseminated and 5 of late Lyme disease (Fig. 5d and
Table S2, Video S2).

DISCUSSION

We evaluated multiplex serology in children and young adults undergoing evalua-
tion for Lyme disease, finding that seroreactivity against multiple antigens can effec-
tively discriminate Lyme disease from its clinical mimics while also resolving differen-
ces across the clinical spectrum in a manner previously possible only through clinical
and historical features of the presentation.

We identified a 3-antibody diagnostic panel that was reactive for Borrelia antigens
(VlsE, p41, and OspC). Each of these synthetic antigens, derived from Borrelia surface
proteins, have been included in previously derived multiplex Lyme disease antigen
panels (5–8). The variable antigen VlsE is a surface lipoprotein from B. burgdorferi impli-
cated in bacterial infection and immune evasion (29, 30). The C6 peptide, our first-tier
Lyme disease diagnostic test, targets part of the VlsE protein, contributing to the ability
of this antigen to discriminate between cases and mimics (15, 16). The p41 antigen
forms part of the Borrelia flagellum. OspC (outer surface protein C) is a heterogenic
class of lipoproteins in the outer membrane of spirochetes such as B. burgdorferi and B.
afzelii that plays an important role during infection (31, 32). Although our antigen
panel included recombinant OspC proteins from both Borrelia species, only B. afzelii’s
OspC emerged from our unsupervised approach. However, Borrelia OspC exhibits an
average homology of 74% between species, likely accounting for this serological
response (33). Although these antigens may recognize an overlapping set of antibod-
ies, the VslE-related antigens did not contribute substantially to the discrimination of
specific disease manifestations compared to OspC antigens.

Of particular interest were the 17 children classified as clinical mimics but with a positive
3-antigen test. Twelve patients had symptoms compatible with early disseminated and 5
with late disease, raising concerns for false-negative two-tier Lyme disease serology for some
children. Particularly intriguing are the 5 patients who clustered by PC analysis with early dis-
seminated or late Lyme disease patients. These children exhibited reactivity to many Lyme
antigens in characteristic patterns shared with confirmed Lyme patients but not observed in
clinical mimics and, therefore, could represent misclassified Lyme disease cases. Since long-
term follow-up was unavailable and cross-reactivity to antigens from non-Lyme organisms
remains a possibility, we conclude only that multiantigen panels could prove a promising
approach to improve the accuracy of conventional two-tier serology.

The serologic differences across clinical presentations of Lyme disease in children
were especially intriguing. Early disseminated and late Lyme disease formed distinct
serologic clusters. In part, this difference reflects the generally lower level of pathogen-
specific IgG earlier in the disease course. However, comparison of neurologic and ar-
thritic Lyme disease showed that some serological responses were strongest in
patients with early disseminated disease, showing that reactivity differs in kind as well
as in degree, suggesting that the host immune response could contribute to differen-
ces in clinical presentation (34–36).

Our study has several important limitations. First, our current Lyme disease diagnos-
tic standard has well-described limitations, including false negatives in early infection.

TABLE 2 Test performance of the modified 3-antigen panel for the diagnosis of Lyme disease overall and by clinical stage

Parameter N

Performancea [n/N (%; 95% CI)]

Sensitivity Specificity NPV PPV
All patients 506 110/127 (86.6; 80.3, 92.1) 362/379 (95.5; 93.4, 97.4) 362/379 (95.5; 93.5, 97.3) 110/127 (86.6; 81.5, 92)
Clinical stage

Early 13 5/13 (38.5; 15.4, 69.2) NA NA NA
Early disseminated 267 50/55 (90.9; 83.6, 98.2) 199/212 (93.9; 90.6, 96.7) 199/204 (97.6; 95.6, 99.5) 50/63 (79.4; 71.2, 88.3)
Late 226 55/59 (93.2; 86.4, 98.3) 163/167 (97.6; 95.2, 99.4) 163/167 (97.6; 95.3, 99.4) 55/59 (93.2; 87.1, 98.3)

aNA, not applicable.
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Second, the small number of children in clinically important subgroups limited our
power to make comparisons. Third, we did not perform long-term follow-up for en-
rolled patients, and some children may have had Lyme disease or other conditions
diagnosed more than 30 days after enrollment. Lastly, the specific 3-antigen panel
remains to be validated in an independent population prior to clinical application.

In summary, we evaluated a multiplex antigen panel in a prospective cohort of chil-
dren undergoing evaluation for Lyme disease that includes both confirmed Lyme cases
and clinical mimics, the control population most relevant for clinical practice. We show
that multiple antigens elicit serological responses in these patients, without marked
age effect, and that serologic responses differ not only by Lyme disease status but also
by clinical Lyme disease stage. A panel containing as few as 3 antigens is promising for
diagnosis of early disseminated and late Lyme disease and might improve the current
diagnostic standard. Differential serologic correlates of Lyme disease stage suggest a
role for host immune response in clinical presentation.
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