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Background. The commercially-available C6 Lyme enzyme immunoassay (EIA) has been approved to replace the standard
whole-cell sonicate EIA as a first-tier test for the diagnosis of Lyme disease and has been suggested as a stand-alone diagnostic.
However, the C6 EIA has not been extensively studied in pediatric patients undergoing evaluation for Lyme disease.

Methods. We collected discarded serum samples from children and adolescents (aged ≤21 years) undergoing conventional
2-tiered testing for Lyme disease at a single hospital-based clinical laboratory located in an area endemic for Lyme disease. We per-
formed a C6 EIA on all collected specimens, followed by a supplemental immunoblot if the C6 EIA result was positive but the whole-
cell sonicate EIA result was negative. We defined a case of Lyme disease as either a clinician-diagnosed erythema migrans lesion or
a positive standard 2-tiered serologic result in a patient with symptoms compatible with Lyme disease. We then compared the per-
formance of the C6 EIA alone and as a first-tier test followed by immunoblot, with that of standard 2-tiered serology for the diagnosis
of Lyme disease.

Results. Of the 944 specimens collected, 114 (12%) were from patients with Lyme disease. The C6 EIA alone had sensitivity
similar to that of standard 2-tiered testing (79.8% vs 81.6% for standard 2-tiered testing; P = .71) with slightly lower specificity
(94.2% vs 98.8% 2; P < .002). Addition of a supplemental immunoblot improved the specificity of the C6 EIA to 98.6%.

Conclusions. For children and adolescents undergoing evaluation for Lyme disease, the C6 EIA could guide initial clinical de-
cision making, although a supplemental immunoblot should still be performed.
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Lyme disease is a tick-borne spirochetal infection that affects
hundreds of thousands of persons each year in the United States
alone [1], with a peak in incidence in the school-age and ado-
lescent age groups [2]. Current serologic diagnosis of Lyme dis-
ease consists of a standardized 2-tiered testing protocol: a
whole-cell sonicate (WCS) enzyme immunoassay (EIA) fol-
lowed by supplemental immunoglobulin G (IgG) and immuno-
globulin M (IgM) immunoblots after a positive or equivocal
EIA [3]. Many clinical laboratories send patient specimens to
commercial reference laboratories for immunoblots, often re-
sulting in a several-day delay for results to be available [4].
Thus, standard 2-tiered Lyme disease serology has limited util-
ity in the acute-care setting where real-time clinical manage-
ment decisions must be made for pediatric patients with
suspected Lyme disease.

The C6 Lyme EIA measures antibody reactivity to a synthetic
peptide corresponding to the sixth invariable region of VlsE, a
highly conserved surface protein of the causative Borrelia

burgdorferi bacterium [5]. The currently available commercial
C6 EIA can be run in house in as little as 1 hour [6] and is
cleared by the Food and Drug Administration as a first-tier
test to be followed by a supplemental immunoblot [4, 7–9]. In
adults, the C6 EIA alone has demonstrated superior sensitivity
and comparable specificity compared with standard 2-tiered se-
rology [4, 7–9]. However, its performance has not been rigor-
ously studied in pediatric patients undergoing evaluation for
suspected Lyme disease.

To this end, we conducted a cross-sectional study of children
and adolescents undergoing evaluation for Lyme disease. Our
objectives were to evaluate the performance of the C6 EIA
both as a stand-alone test and as part of several 2-tiered testing
strategies for the diagnosis of Lyme disease in pediatric patients.

METHODS

Study Design
We performed a cross-sectional study of children and adoles-
cents (aged ≤21 years) undergoing serologic evaluation for
Lyme disease between June 2014 and December 2015. Our
study was limited to tests ordered at a single hospital-based lab-
oratory located in an area endemic for Lyme disease. This lab-
oratory receives specimens from a variety of clinical settings,
including inpatient units, the emergency department, and pri-
mary care and subspecialty clinics. The institutional review
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board approved the study protocol with a waiver of informed
consent.

Study Patients
We collected a convenience sample of available discarded serum
samples from patients in whom standard 2-tiered Lyme disease
testing was ordered by their treating clinician. We required a
minimum of 25 µL of available serum. We included multiple
tests from the same patient if obtained ≥30 days apart. To
serve as an asymptomatic control group, we also included a con-
venience sample of discarded serum specimens from patients
undergoing allergy testing with clinical radioallergosorbent test-
ing (RAST) who did not have symptoms compatible with Lyme
disease.

Data Collection
We abstracted the following data points from the hospital elec-
tronic medical record: patient demographics, duration of symp-
toms (≤30 vs >30 days) [3], results of standard 2-tiered Lyme
disease serology, and clinical indication for testing. When clini-
cal history was not available in the medical record, we contacted
the ordering provider to determine the duration of symptoms as
well as the clinical indication for testing. If we were unable to
determine the clinical indication for testing, we excluded the
specimen from our analysis.

Routine Clinical Testing
Our institution sends clinical specimens to a single commercial
laboratory (ARUP National Laboratories). According to clinical
protocol, a standard WCS Lyme EIA (MarDx; Trinity Biotech)
had been previously performed for each clinical specimen.
All specimens with Lyme EIA index values ≥1.2 (positive) or
1.0–1.19 (equivocal) were reflexively evaluated using both IgG
and IgM Western immunoblots (MarDx; Trinity Biotech). Im-
munoblots were scored as positive or negative by the diagnostic
laboratory, according to Centers for Disease Control and Pre-
vention recommendations for interpretation [3].

Research Testing
After collection, we labeled study specimens with study num-
bers and stored them at −80°C. We performed the commercial-
ly available C6 Lyme EIA test (Immunetics) in the Branda
Laboratory (Massachusetts General Hospital). The C6 assay
provides a quantitative result, which we interpreted according
to a priori cut points provided by the manufacturer: C6 EIA
index value ≥1.10 (positive), 0.91–1.09 (equivocal), or ≤0.90
(negative). We classified both positive and equivocal tests as
positive in our analysis. For specimens with positive or equivo-
cal C6 EIA but negative WCS EIA, we performed Lyme disease
IgG and IgM immunoblots (MarDx, Trinity Biotech) at the same
commercial laboratory (ARUP National Laboratories), using
standardized interpretation criteria [3]. For a single serum
specimen with insufficient remaining volume to perform the
ARUP immunoblot, we performed a ViraStripe Lyme immunoblot

(Viramed Biotech) in the Steere Laboratory (Massachusetts Ge-
neral Hospital).

Outcome Measure
We defined a case of Lyme disease as a clinician-diagnosed er-
ythema migrans (EM) lesion or a positive 2-tiered serologic re-
sult in the presence of a Lyme disease-associated clinical
syndrome [3, 10].A positive 2-tiered serologic result was defined
as a positive or equivocal WCS EIA result followed by a positive
IgG or IgM immunoblot. Patients with a positive IgM immuno-
blot alone were considered to be serologically positive only if the
duration of symptoms was ≤30 days [3, 11–13]. The following
were considered clinical syndromes compatible with Lyme dis-
ease by stage: early (single EM lesion), early disseminated (mul-
tiple EM lesions, cranial neuritis, meningitis, carditis), and late
(arthritis).

Control Groups
We defined 3 control groups: symptomatic, nonspecific symp-
toms, and asymptomatic. “Symptomatic” control subjects had
clinical symptoms compatible with Lyme disease but did not
meet our Lyme disease case definition (ie, no EM lesion and
negative serologic results). “Nonspecific symptoms” control
subjects had Lyme disease testing ordered by their treating cli-
nician in the absence of a Lyme disease–associated clinical syn-
drome, as defined above, and thus did not meet our Lyme
disease case definition, regardless of serologic test results. Typ-
ically, these subjects had nonspecific constitutional symptoms,
such as fever or fatigue. “Asymptomatic” control subjects had
RAST ordered by their treating clinician to assess for environ-
mental or food allergies.

Sample Size
We powered our study to compare the sensitivity of the C6 EIA
alone with that of conventional 2-tiered testing. Based on pre-
vious local experience, we assumed that approximately 20% of
collected specimens would be from patients with confirmed
Lyme disease, of whom approximately 25% would have EM.
To demonstrate a 30% difference in sensitivity between C6
EIA and standard 2-tiered testing for the diagnosis of early
Lyme disease [9] with an α of .05 and power of 80%, we estimat-
ed that 840 serum samples would be needed from patients un-
dergoing evaluation for Lyme disease.

Statistical Analysis
First, we compared the clinical characteristics and indications
for testing between patients with captured and those with
missed eligible specimens. We compared medians with the
Mann–Whitney test and proportions with the χ2 test. Second,
we evaluated the performance of the following testing strategies
in the specimens collected from patients undergoing serologic
evaluation for Lyme disease, as well as the specimens from
asymptomatic control patients: (1) C6 EIA alone, (2) C6 EIA
followed by supplemental IgG and IgM immunoblots, (3)
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WCS EIA followed by supplemental C6 EIA, and (4) WCS EIA
alone controls (Figure 1). Finally, we compared the perfor-
mance of these 4 testing strategies with that of standard 2-tiered
Lyme serologic testing using the χ2 test. We used the Statistical
Program for the Social Sciences, version 23.0 (SPSS).

RESULTS

During the study period, 2172 Lyme disease tests were ordered
from patients ≤21 years of age (Figure 2). We excluded 67 tests
without available clinical information. Of the remaining 2105
tests, we were able to collect 944 discarded serum specimens
(45% of eligible tests ordered).

Of the 944 study specimens, 114 (12%) were from patients
with Lyme disease, 532 (56%) were from patients with symptoms

compatible with Lyme disease who tested negative for Lyme dis-
ease (“symptomatic” control group), and 298 (32%) were from
patients with nonspecific symptoms (“nonspecific symptoms”
control group). We also included 101 specimens from unique pa-
tients undergoing RAST (“asymptomatic” control group).

We compared children and adolescents with available study
specimens with those in whom no specimens were collected
(Table 1). Patients with captured specimens were slightly youn-
ger and more likely to be female than those whose serum was
not collected. The distribution of clinical presentations as well
as the proportion of patients with Lyme disease did not differ
between groups.

Of the 114 specimens obtained from patients with Lyme dis-
ease, 16 (14%) were from patients with early Lyme disease, 41

Figure 1. Alternate testing strategies: (1) C6 enzyme immunoassay (EIA) alone, (2) 2-tiered algorithm with C6 EIA as first-tier test followed by supplemental immunoblots,
(3) 2-tiered algorithm with whole-cell sonicate (WCS) EIA followed by supplemental C6 EIA, and (4) WCS EIA alone. Abbreviations: IgG, immunoglobulin G; IgM, immuno-
globulin M.
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(36%) from those with early disseminated disease, and 57 (50%)
from those with late disease. The Lyme disease diagnosis was
made as follows: 21 (18% of Lyme disease cases) based on EM
alone, 84 (74%) based on positive results of standard 2-tiered se-
rology with a Lyme disease–associated clinical syndrome, and 9
(8%) based on both EM and positive results of 2-tiered serology.

We report the performance of the 3 C6 EIA testing strategies
as well as standard 2-tiered serologic testing and WCS EIA
alone (Table 2). All 5 testing strategies had similar overall sen-
sitivity. C6 EIA followed by immunoblot (strategy 2) had overall
specificity similar to that of standard 2-tiered serologic testing.
However, C6 EIA alone (strategy 1) and WCS EIA followed by
C6 EIA (strategy 3) had slightly lower specificity. WCS EIA
alone (strategy 4) had substantially lower specificity than any
of the other testing strategies. Although negative predictive val-
ues did not differ between testing strategies, positive predictive
values were substantially lower in the strategies without supple-
mental immunoblots.

Finally, we report the specificity of the testing strategies in the
control subjects. In all 3 control groups, C6 EIA alone andWCS
EIA alone were significantly less specific than standard 2-tiered
testing (Table 3). Addition of a supplemental immunoblot in-
creased the specificity of the C6-based strategy to a level similar
to that of standard 2-tiered testing.

DISCUSSION

We performed a cross-sectional study using discarded serum
samples from children and adolescents tested for Lyme disease
at a single hospital laboratory in an endemic area. To our
knowledge, our study is the first to evaluate the C6 EIA in pe-
diatric patients. We found that the C6 EIA followed by supple-
mental immunoblot, as the assay is currently approved,
performed similarly to standard 2-tiered Lyme disease serologic
testing. The C6 EIA alone had similar sensitivity compared with
standard 2-tiered testing. However, given the lower specificity of
the C6 EIA alone in all control groups, a supplemental immu-
noblot should still be performed for children or adolescents
with a positive or equivocal C6 EIA result.

Several previous studies have evaluated the performance of
the C6 EIA in adults [4, 8, 9, 14, 15]. In the largest study to
date, the C6 EIA was evaluated as a stand-alone test in serum
samples from 528 well-characterized patients with Lyme disease
as well as from healthy blood donors [9]. The C6 EIA had su-
perior sensitivity in patients with early disease (a single EM le-
sion) when compared with standard 2-tiered testing (58% vs
27%, respectively; P < .001), whereas sensitivity was similar for
the 2 approaches in patients with later stages of disease [9].
Overall sensitivity in our study did not differ significantly be-
tween any of the strategies evaluated. However, our study was
inadequately powered to show a sensitivity benefit of the C6
EIA in early Lyme disease, because only 14% of the serum

Table 1. Characteristics of Pediatric Patients With Versus Without
Discarded Serum Samples Obtained

Characteristic

Patients, No. (%)a

P
Value

Samples Obtained
(n = 944)

Samples Not Obtained
(n = 1161)

Age, median (IQR), y 10.9 (6.4–15.2) 11.6 (7.0–15.5) .04

Male sex 421 (45) 571 (49) .04

Stage .21

Early 16 (2) 18 (2)

Early disseminated 223 (23) 283 (24)

Late 407 (43) 541 (46)

Nonspecific symptoms 298 (32) 319 (27)

Lyme disease 114 (12) 152 (13) .51

Abbreviation: IQR, interquartile range.
a Data represent No. (%) of patients, unless otherwise specified.

Figure 2. Study specimens.
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samples from patients with Lyme disease came from those with
solitary EM lesions. In keeping with findings from previous
studies [4, 7, 9, 16], we found that the C6 EIA alone was less spe-
cific than standard 2-tiered testing. The specificity of a 2-tiered
strategy with C6 EIA followed by supplemental immunoblot did
not differ from that of standardWCS EIA based 2-tiered testing.

Several studies have evaluated a 2-EIA strategy for Lyme dis-
ease diagnosis, consisting of WCS EIA as the first-tier test, with
positive and equivocal results followed by supplemental C6 EIA
[4, 8, 15]. This 2-EIA testing strategy offered the sensitivity ben-
efits of EIA-based testing but preserved the specificity of stan-
dard 2-tiered testing. Importantly, the 2-EIA model was found
to be more cost-effective than immunoblot-based testing, owing
to both its lower cost and its increased ability to be performed in
house [8]. In our pediatric study, the sensitivity of the 2-EIA
model was similar to that of other testing strategies. However,
its specificity was slightly lower in the “symptomatic” control
group. Because EIA-based approaches are more sensitive than
immunoblots in early disease [4, 8, 15], this finding may reflect
false-negative conventional 2-tiered test results in children with
true early or early-disseminated Lyme disease (and therefore
miscategorization of these patients as negative control subjects)
rather than false-positive 2-EIA test results [16].

Children and adolescents presenting with potential Lyme
disease often pose diagnostic challenges. Clinical prediction
rules can assist decision making in children with facial palsy
[17], meningitis [18–20], or arthritis [21], but there remains
considerable overlap in clinical presentation between Lyme
disease and its mimics. Thus, a rapid and accurate diagnostic
test for Lyme disease would be an asset in acute-care settings.
Given the high negative predictive value in our study popula-
tion, the C6 EIA could be used to rule out Lyme disease in the
appropriate clinical scenario. For example, C6 EIA should be
performed in a patient with aseptic meningitis. If the patient
appears well, is at low risk for Lyme meningitis by the “Rule of
Sevens” [19], and has a negative C6 EIA, the treating clinician
could consider discharge with supportive care. As always, if
there is persistent clinical concern for Lyme disease, repeated
serologic testing could be considered. In addition, although
the positive predictive value of the C6 EIA alone was substan-
tially lower than that of testing strategies that included supple-
mental immunoblot, a positive C6 EIA result could also be
used to guide initial therapy. For example, a well-appearing
child with monoarticular arthritis and a positive C6 EIA result
could be observed without arthroscopic irrigation or parenteral
antibiotic therapy while awaiting supplemental immunoblots.

Table 2. Test Characteristics of Standard 2-Tiered Serology Versus Alternate Testing Strategies in Patients With Lyme Disease Testing Ordered as Part of
Clinical Care

Testing Strategy

Proportion of Samplesa (%; 95% CI)

Sensitivity Specificity PPV NPV Accuracy

Standard 2-tiered
testing

93/114 (81.6; 73.0–88.0) 820/830 (98.8; 97.7–99.4) 93/103 (90.3; 82.5–95.0) 820/841 (97.5; 96.1–98.4) 913/944 (96.7; 95.4–97.7)

C6 EIA alone 91/114 (79.8; 71.1–86.5) 782/830 (94.2; 92.3–95.7)b 91/139 (65.5; 56.9–73.2)b 782/805 (97.1; 95.7–98.1) 873/944 (92.5; 90.6–94.0)b

C6 EIA with
immunoblot

89/114 (78.1; 69.2–85.1) 818/830 (98.6; 97.4–99.2) 89/101 (88.1; 79.8–93.4) 819/843 (97.0; 95.6–98.0) 907/944 (96.1; 94.8–97.2)

WCS EIA with C6 EIA 91/114 (79.8; 71.1–86.5) 801/830 (96.5; 95.0–97.6)b 91/120 (75.8; 67.0–83.0)b 801/824 (97.2; 95.8–98.2) 892/944 (94.5; 92.9–95.8)b

WCS EIA alone 100/114 (87.7; 79.9–92.9) 670/830 (80.7; 77.8–83.3)b 100/260 (38.5; 32.6–44.7)b 670/684 (98.0; 96.5–98.8) 770/944 (81.2; 79.0–83.9)b

Abbreviations: CI, confidence interval; EIA, enzyme immunoassay; NPV, negative predictive value; PPV, positive predictive value; WCS, whole-cell sonicate.
a Proportions represent the following: sensitivity, true-positives/total with disease; specificity, true-negatives/total without disease; PPV, true-positives/total positive results; and
NPV, true-negatives/total negative results.
b P < .05 for comparison with standard 2-tiered testing.

Table 3. Specificity of Each Testing Strategy Among 3 Control Groups: Symptomatic, Nonspecific Symptoms, and Asymptomatic

Testing Strategy

Specificity by Control Group, Proportion of Samplesa (%; 95% CI)

Symptomatic Controls Controls With Nonspecific Symptoms Asymptomatic Controls

Standard 2-tiered testing 532/532 (100; 99.1–100) 288/298 (96.6; 93.7–98.3) 99/101 (98.0; 92.3–99.7)

C6 EIA alone 505/532 (94.9; 92.6–96.6)b 277/298 (93.0; 89.3–95.5)b 88/101 (87.1; 78.6–92.7)b

C6 EIA with immunoblot 529/532 (99.4; 98.2–99.9) 289/298 (97.0; 94.1–98.5) 98/101 (97.0; 90.9–99.2)

WCS EIA with C6 EIA 519/532 (97.6; 95.7–98.6)b 282/298 (94.6; 91.3–96.8) 98/101 (97.0; 90.9–99.2)

WCS EIA alone 442/532 (83.1; 79.6–86.1)b 228/298 (76.5; 71.2–81.1)b 88/101 (87.1; 78.6–92.7)b

Abbreviations: CI, confidence interval; EIA, enzyme immunoassay; WCS, whole-cell sonicate.
a Proportions for specificity represent true-negatives/total without disease.
b P < .05 for comparison with standard 2-tiered testing.
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Although the C6 EIA may be useful in making initial man-
agement decisions, we do not recommend its use as the sole de-
finitive diagnostic test for Lyme disease. A recent study of 7
large commercial laboratories in the United States found that
3.4 million serologic tests for Lyme disease were sent annually
from 2.4 million patients [1]. Thus, even a small decrement in
specificity would lead to an unacceptable increase in the num-
ber of false-positive results. For the patients tested by the labo-
ratories included in the above-mentioned study, the observed
4.6% decrease in specificity between the C6 EIA and standard
2-tiered testing would result in >100 000 additional false-
positive Lyme disease test results annually. Overdiagnosis of
Lyme disease may result in unnecessary antibiotic administration
as well as other adverse events [22–24]. For this reason, we still
recommend that a supplemental immunoblot be performed for
all children and adolescents with a positive C6 EIA result.

Our study has several limitations. First, not all patients tested for
Lyme disease had discarded serum samples available. However,
the differences between the captured and missed eligible patients
were clinically insignificant. Secondly, as mentioned previously, we
obtained a lower than expected number of specimens from pa-
tients with solitary EM lesions, in whom the C6 EIA has shown
the greatest increase in sensitivity over 2-tiered testing. Third,
although exposure history is required for the diagnosis of Lyme
disease, we were unable to ascertain patients’ potential exposure
from available medical records. However, because the study labo-
ratory was located in an area endemic for Lyme disease, we as-
sumed that most patients had potential exposure. Fourth,
although interpretation of Lyme disease immunoblots can vary
between diagnostic laboratories [25], all but 1 were performed in
the same laboratory. Next, our asymptomatic control patients were
being evaluated clinically for food or environmental allergies, and
we cannot exclude the possibility that the frequency of false-pos-
itive Lyme disease serologic results might differ in these patients.

Most importantly, our study was limited by our comparison of
testing strategies to a flawed diagnostic reference standard. First,
because the appearance of an EM lesion is not always classic
and overlaps with many other non–Lyme disease diagnoses [26],
some patients’ lesions may have been misdiagnosed as early Lyme
disease. Second, 2-tiered serologic testing can be falsely negative in
early and early-disseminated disease [16]. Approximately 20% of
study specimens categorized as having a falsely positive C6 EIA
were from patients with suspected early-disseminated Lyme dis-
ease in whom results of conventional 2-tiered testing were nega-
tive. Although we were unable to obtain convalescent serum
samples in these patients, some of them may have had early dis-
seminated Lyme disease and thus a true-positive C6 EIA result.
Third, Lyme disease serologic findings may remain positive after
previous exposure to Borrelia spp., even after adequate treatment,
and thus some patients categorized as having Lyme disease on this
basis may have had past infection [12]. However, even considering
the above limitations, our Lyme disease case definition represents

the best available diagnostic standard and replicates current clini-
cal practice. Further investigations should focus on novel ap-
proaches to improve the diagnosis of Lyme disease.

In summary, the C6 Lyme EIA alone has equivalent sensitiv-
ity with a modest decrease in specificity when compared with
standard 2-tiered testing for the diagnosis of Lyme disease in
children and adolescents. A testing strategy based solely on
the C6 EIA would lead to overtreatment if used on a national
level but could be useful to guide initial management of a
child or adolescent presenting with signs or symptoms consis-
tent with potential Lyme disease. Although supplemental im-
munoblots are still required to confirm a Lyme disease
diagnosis, our study supports using the C6 EIA as a first-line
diagnostic test in pediatric patients undergoing evaluation for
Lyme disease. In the appropriate clinical scenario, the C6 EIA
could limit unnecessary procedures and allow for prompt initi-
ation of appropriate therapy.
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