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ABSTRACT Modified two-tiered testing (MTTT) algorithms for Lyme disease (LD),
which involve the sequential use of orthogonal enzyme immunoassays (EIAs) without
immunoblotting, are acceptable alternatives to standard two-tiered testing (STTT; EIA
followed by immunoblots) provided the EIAs have been FDA-cleared for this
intended use. We evaluated four Zeus Scientific LD ElAs used in two distinct MTTT
algorithms for FDA review. MTTT 1 used a VIsE1/pepC10 polyvalent EIA followed by
a whole-cell sonicate (WCS) polyvalent EIA. MTTT 2 used the same first-tier EIA fol-
lowed by separate IgM and IgG WCS ElAs. In a retrospective phase, we compared
each MTTT algorithm to STTT using archived samples from LD patients or control
subjects. In a prospective phase, we used the same algorithms to analyze consecu-
tive excess samples submitted for routine LD serology to three clinical laboratories.
For the retrospective phase, MTTTs 1 and 2 were more sensitive (56% and 74%) than
STTT (41%; P = 0.03) among 61 patients with acute erythema migrans (EM). In LD
patients with neuroborreliosis, carditis, or arthritis (n = 75), sensitivity was compara-
ble between algorithms (96 to 100%; P = 1.0). Among 190 control subjects without
past LD, all algorithms were highly and comparably specific (=99%, P = 0.48). For
the prospective phase, (n = 2,932), positive percent-agreement (PPA), negative per-
cent-agreement (NPA), and overall agreement of MTTT 1 with STTT were 93%, 97.7%
and 97.4% (kappa 0.80). MTTT 2 yielded higher PPA (98%) but lower NPA (96.1%)
and overall agreement (96.2%, kappa 0.74; all P < 0.05). Compared with STTT, both
MTTT algorithms provided increased sensitivity in EM patients, comparable sensitivity
in later disease and non-inferior specificity.

KEYWORDS Borrelia, Borrelia burgdorferi, Lyme disease, diagnostics,
immunodiagnostics, serology

yme disease is a multisystem infection caused by the tick-transmitted spirochete

Borrelia burgdorferi sensu lato. Serologic testing is the mainstay laboratory diagnos-
tic approach, and two-tiered testing is required to optimize specificity (1).

Standard two-tiered testing (STTT) for Lyme disease involves a first-tier enzyme im-
munoassay (EIA) followed (if the first-tier test is reactive) by IgM- and IgG-specific im-
munoblots interpreted according to specified criteria (2). Recently, several studies have
demonstrated the clinical validity, advantages and limitations of an alternative
approach termed modified two-tiered testing (MTTT) (3-5). Importantly, we and others
have shown that MTTT for Lyme disease often is more sensitive in early infection com-
pared with STTT, and specificity is non-inferior (5-13).
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In basic MTTT algorithms, two orthogonal polyvalent ElAs (IgM/IgG) are applied
sequentially, without the use of immunoblots. In this context, “orthogonal” tests are
those that are different enough in their antigen targets or test principles that applying
them sequentially in a two-tiered algorithm significantly improves specificity compared
with the individual tests alone. Other MTTT algorithms use immunoglobulin class-spe-
cific EIAs in one tier of the two-tiered algorithm, allowing separate determination of
IgM and IgG reactivity (4).

The U.S. Centers for Disease Control and Prevention (CDC) recently updated its
Lyme disease serologic testing recommendations, which now advise that MTTT is an
acceptable alternative to STTT if the first- and second-tier assays employed have been
cleared by the FDA with an indication for use in a MTTT algorithm (14).

Here, we report the findings of a multicenter clinical evaluation for FDA review of
four commercial Lyme disease ElAs and their use in 2 distinct MTTT algorithms.

MATERIALS AND METHODS

The study was approved by the Institutional Review Board at each institution and consisted of a ret-
rospective and a prospective phase. In the retrospective phase, two MTTT algorithms were evaluated in
comparison with STTT using archived serum samples obtained from well-characterized Lyme disease
patients and control subjects. In the prospective phase, consecutive residual samples submitted to three
clinical laboratories for routine Lyme disease serology were analyzed using the same MTTT algorithms
and the results were compared with those of the STTT.

The retrospective phase included 280 archived serum samples obtained from the CDC Serum Repository
for Lyme Disease Diagnostic Test Development and Evaluation (15). This panel includes samples from
patients with common Lyme disease manifestations, control subjects with “look-alike” illnesses, and healthy
control subjects. The CDC panel was supplemented with a convenience set of 96 archived samples contrib-
uted by one of the authors (A.C.S.) to improve the sample size of true cases in some categories. Table 1 pro-
vides a detailed description of archived samples used in the study (total n = 376).

In the prospective phase, consecutive excess serum samples submitted for routine Lyme disease
serologic testing to three clinical laboratories were collected between July 2018 and August 2018 (total
n = 2,932). The laboratories were in Rochester, MN (Mayo Clinic; 1,042 samples contributed); Marshfield,
WI (Marshfield Clinic Research Institute; 990 samples contributed); and Boston, MA (Massachusetts
General Hospital; 900 samples contributed). Samples were tested as described below.

Serologic testing. In the retrospective phase, all 376 archived samples were assayed using the fol-
lowing four Zeus commercial Lyme EIAs:

Borrelia VIsE1/pepC10 IgG/IgM Test System;

Borrelia burgdorferi 1gG/IgM Test System (polyvalent whole-cell sonicate [WCS] EIA);
Borrelia burgdorferi lgM Test System (monovalent IgM WCS EIA); and

Borrelia burgdorferi 1gG Test System (monovalent IgG WCS EIA).

HwnN =

The sensitivity and specificity of two distinct MTTT algorithms involving different assay combinations
(described below) were then determined by post hoc data analysis. First-tier-reactive samples were sub-
sequently analyzed using MarDx B. burgdorferi IgM and 1gG Marblot tests (STTT), except for the 20 sam-
ples from control subjects with a remote history of Lyme disease, which were analyzed using ViraMed
Biotech Borrelia B31 1gG and IgM ViraStripe tests because the MarDx blots had been discontinued.
Assays were performed by Zeus Scientific employees who were blinded to clinical category for the CDC
panel until all retrospective testing was complete. ViraStripe assays were performed in the laboratory of
A.C.S. Immunoblots were interpreted according to CDC criteria (2), except that the “1-month rule” was
not applied (exclusion of IgM immunoblot results when duration of symptoms at the time of sample col-
lection exceeds 1 month, a rule that is not part of MTTT interpretive criteria). Non-application of the 1-
month rule allows comparison of STTT and MTTT performance without the potential for the rule itself to
affect (reduce) STTT sensitivity compared with MTTT sensitivity, which can occur (7).

In the prospective phase, EIAs were performed on site at the Minnesota and Massachusetts centers;
for the Wisconsin site, samples were shipped frozen to Zeus Scientific for testing. All samples were
assayed using the same first-tier test, the VIsE1/pepC10 lgG/IgM EIA, followed (only when reactive) by
second-tier tests according to the STTT and MTTT algorithms described below, which were followed in
parallel. Immunoblotting for STTT was performed by Zeus Scientific employees after frozen transport of
first-tier-reactive samples. Inmunoblots were interpreted according to CDC criteria, except that the “1-
month” rule was not applied.

Two-tiered testing algorithms. Two distinct MTTT algorithms were evaluated in comparison to one
STTT algorithm (Fig. 1):

e MTTT 1:VIsE1/pepC10 IgG/IgM EIA followed by polyvalent WCS EIA.
e MTTT 2: VIsE1/pepC10 IgG/IgM EIA followed by monovalent IgM and IgG ElAs.
e STTT: VIsE1/pepC10 IgG/IgM EIA followed by IgM and IgG immunoblots.

Statistical analysis. Differences between proportions were considered statistically significant if the two-
tailed P value was <0.05 as determined using McNemar’s test. The modified Wald method was used to calcu-
late 95% confidence intervals (95% Cls). Agreement between two-tiered algorithms was measured using the
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TABLE 1 Archived samples used in the retrospective phase of this study®

Clinical category No. samples Sample description
Lyme disease 166
EM 91
EM, acute- and convalescent- phases 30 each phase, total 60 Paired samples from patients with solitary or multiple EM.

Most patients were culture or PCR positive for B. burgdorferi.
Time between development of an EM rash and collection of
acute-phase sera was <30 days in all cases. Samples
obtained from CDC repository (15).

Acute EM with hematogenous dissemination 31 Samples from patients with solitary EM plus a positive blood
PCR for B. burgdorferi (n = 23) or multiple EM (n = 2) or
multiple EM plus a positive blood PCR test (n = 6). Time
between development of an EM rash and collection of
acute-phase sera was <30 days in all cases. Samples were
obtained from one of the authors (A.C.S.).

Lyme neuroborreliosis or carditis 25 Samples from patients with cranial nerve palsy, lymphocytic
meningitis, radiculopathy, or heart block. Samples were
obtained from CDC repository (n = 10) (15) and one of the
authors (A.C.S., n = 15). Time between symptom onset and
sample collection was =30 days in most cases; in other
cases, the IgG antibody response was sufficiently expanded
to meet IgG immunoblot criteria for a positive result (15).

Lyme arthritis 50 Samples were obtained from CDC repository (n = 20) (15) and
one of the authors (A.C.S., n = 30). Time between symptom
onset and sample collection was >30 days in most cases; in
all cases, regardless of symptom duration, the IgG antibody
response was sufficiently expanded to meet IgG
immunoblot criteria for a positive result (15).

Control subjects 210
With a remote past history of LD and another 20 Current illnesses included psoriatic arthritis (n = 4),
current illness fibromyalgia (2), rheumatoid arthritis (2), degenerative
arthritis (2), arthralgia (2), inflammatory bowel arthritis (1),
spondyloarthropathy (1), polymyalgia rheumatica (1),
fatigue (1), psychiatric iliness (1), multiple sclerosis (1),
peripheral neuropathy (1), and osteoarthritis (1). Samples
obtained from one of the authors (A.C.S.).
With “look-alike” illnesses but no past history of 90 Subjects had fibromyalgia (n = 15), multiple sclerosis (15),
LD mononucleosis (15), periodontitis (15), rheumatoid arthritis
(15), or syphilis (15). Samples obtained from CDC repository
(15).
Healthy and no past history of LD 100
Residing in region where LD is endemic 50 All resided in New York. Obtained from CDC repository (15).
Residing in region where LD is non-endemic 50 All resided in Texas. Obtained from CDC repository (15).

aNo., number; EM, erythema migrans; LD, Lyme disease.

kappa statistic, with the level of agreement classified based on published standards: 0.81 to 1.00 (almost per-
fect), 0.61 to 0.80 (substantial), 0.41 to 0.60 (moderate), 0.21 to 0.40 (fair), and 0 to 0.20 (slight) (16). All analy-
ses were performed using publicly available software (GraphPad QuickCalcs).

RESULTS

Retrospective phase. Using the panel of archived samples, MTTT algorithms 1 and
2 produced significantly higher specificity compared with each individual EIA alone,
showing that the tests have sufficient orthogonality for use together (Tables 2 and 3).
Moreover, when these tests were used sequentially, both MTTT algorithms were signifi-
cantly more sensitive in patients with EM (N = 61) compared to STTT (56% and 74%
versus 41%, P = 0.03 and 0.0001, respectively) (Table 4). MTTT 1 was less sensitive in
this cohort than MTTT 2 (56% versus 74%, P = 0.003). The difference was greatest in
the subset of patients with EM and hematogenous dissemination. In this group, MTTT
2 was 71% sensitive, whereas MTTT 1 was 39% sensitive (P = 0.004).

Nearly all samples collected from patients with non-cutaneous manifestations of
Lyme disease (early neuroborreliosis, carditis, or arthritis) were positive using any of
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FIG 1 Flowcharts illustrating the two-tiered serologic testing algorithms evaluated in this study.
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TABLE 2 Specificity of individual EIAs used in this study®

No. of negative results (specificity [%])

VIsE1/pepC10
Control subject category No. in cohort 1gG/IgM EIA WCS IgG/IgM EIA WCS IgM EIA WCS IgG EIA WCS IgM or IgG
“Look alike” illnesses 20 83(92) 79 (88) 78 (87) 80 (89) 70 (78)
Healthy
From area of endemicity 50 50 (100) 50 (100) 46 (92) 50 (100) 46 (92)
From area of non-endemicity 50 47 (94) 48 (96) 45 (90) 50 (100) 45 (90)
All control subjects 190 180 (95) 177 (93) 169 (89) 180 (95) 161 (85)

aEIA, enzyme immunoassay; WCS, whole-cell sonicate.

the MTTT or STTT algorithms; there were no significant differences in sensitivity (Table
4). Minor differences in sensitivity between MTTT and STTT algorithms were also not
significant using convalescent-phase samples from patients with recent EM (83 to 90%
versus 77%, P =0.13 to 0.48).

Among archived samples collected from control subjects with other illnesses and no
history of Lyme disease (n = 90), negative results were obtained in 88/90 (98% specificity)
using either MTTT 1 or MTTT 2, compared with 90/90 cases (100% specificity) using the
STTT algorithm (P = 0.48; Table 5). The same two-control subject sera were falsely positive
in both MTTT algorithms; each of the two subjects had acute infectious mononucleosis.

Using samples collected from healthy subjects living in New York, an area of ende-
micity for Lyme disease (n = 50), or Texas, an area of non-endemicity (n = 50), 100%
specificity was obtained using any of the STTT or MTTT algorithms. When results
obtained using samples from all control subjects with no history of Lyme disease were
considered in aggregate (n = 190), each MTTT algorithm was 99% specific (188/190
negative), whereas the STTT algorithm was 100% specific (P = 0.48).

Among subjects with a remote history of Lyme disease and another current illness
(n = 20), STTT was negative more frequently (9/20, 45%) than either MTTT 1 (6/20, 30%;
P =0.25) or MTTT 2 (7/20, 35%; P = 0.48).

Prospective phase. Across the three clinical sites, 2,932 consecutive samples were
collected prospectively. In most cases, the investigators did not have access to clinical
information, and classification of subjects into case and control groups was not possi-
ble. Thus, clinical sensitivity and specificity of the two-tiered algorithms could not be
determined in this phase. Instead, MTTT algorithms were evaluated by assessing agree-
ment with the reference method, STTT.

STTT was positive in 179/2,932 samples (6%) and negative in 2,753/2,932 samples
(94%). Positive percent agreement (PPA), negative percent agreement (NPA), and over-
all agreement determinations for MTTTs 1 and 2 are reported in Table 6. MTTT 1 had
higher overall agreement with STTT compared to MTTT 2 (97.4%, kappa 0.80 versus
96.2%, kappa 0.74; P = 0.00001), although both kappa values fell into the category of
“substantial agreement” (16). MTTT 2 was more balanced in its performance, with PPA
and NPA of >95% (98% and 96.1%, respectively) whereas MTTT 1 met that standard
only for NPA (97.7%) and not for PPA (93%).

Because both STTT and MTTT 2 use separate IgM- and IgG-specific tests in the sec-
ond tier, we also assessed agreement with immunoglobulin class-specific reactivity

TABLE 3 Specificity of individual EIAs compared with MTTT algorithms?

First-tier test Second-tier test(s)
MTTT algorithm Specificity (%) P Specificity (%) P° MTTT algorithm specificity (%, 95% Cl)
1 (VISE1/pepC10 IgG/IgM EIA f/b WCS 1gG/IgM EIA) 180/190 (95) 0.01  177/190 (93) 0.003 188/190 (99, 96-100)

2 (VIsE1/pepC10 IgG/IgM EIA f/b WCS IgM and IgG EIAs)  180/190 (95) 0.01 161/190 (85) 0.0001  188/190 (99, 96-100)

aMTTT, modified two-tiered testing; Cl, confidence interval; f/b, followed by; WCS, whole-cell sonicate; EIA, enzyme immunoassay.
bP values refer to the comparison between the individual EIA and the relevant MTTT algorithm.
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TABLE 6 Prospective evaluation of modified two-tiered testing algorithms for Lyme disease?
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Agreement
PPA (95% Cl), no. NPA (95% Cl),
results (test/ no. results Overall (95%
Test method Reference method reference) (test/reference) Cl), no. results® k (range)
MTTT 1 (VIsE1/pepC10 STTT (VIsE1/pepC10 IgG/ 93 (89-96), 167/179 97.7 (97.1-98.2), 97.4 (96.8-98.0), 0.80 (0.76-0.85)
IgG/IgM EIA f/b WCS IgM EIA f/b IgM and 2,690/2,753 2,857/2,932

IgG/IgM EIA)

MTTT 2 (VIsE1/pepC10
IgG/IgM EIA f/b WCS
IgM and IgG ElAs)

MTTT 2 IgM (VISE1/
pepC10 IgG/IgM EIA f/
b WCS IgM EIA)

MTTT 2 IgG (VIsE1/
pepC10 IgG/IgM EIA f/
b WCS IgG EIA)

1gG immunoblots)

STTT (VIsE1/pepC10 IgG/
IgM EIA f/b IgM and
1gG immunoblots)

STTT IgM (VIsE1/pepC10
IgG/IgM EIA /b IgM
immunoblot)

STTT IgG (VIsE1/pepC10
IgG/IgM EIA /b 1gG
immunoblot)

98 (95-100), 176/
179; P = 0.008¢

96 (90-99), 101/105

92 (86-96), 115/125;
P=0.27¢

96.1 (95.3-96.8),
2,646/2,753;
P < 0.000001¢

95.5 (94.7-96.3),
2,701/2,827

97.3 (96.6-97.8),
2,730/2,807;
P = 0.0006

96.2 (95.5-96.9),
2,822/2,932;
P =0.00001¢

95.6 (94.8-96.2),
2,802/2,932

97.0 (96.4-97.6),
2,845/2,932;
P =0.004¢

0.74 (0.70-0.79)

0.59 (0.53-0.65)

0.71(0.65-0.77)

aCl, confidence interval; PPA, positive percent agreement; NPA, negative percent agreement; MTTT, modified two-tiered testing; EIA, enzyme immunoassay; f/b, followed by;

WCS, whole-cell sonicate; STTT, standard two-tiered testing.

bCombined positive and negative results in agreement, divided by total number of prospectively collected samples (n = 2,932).

<P values refer to the Comparison between MTTT 1 and MTTT 2.
9P values refer to the Comparison between MTTT 2 IgM and MTTT 2 IgG.

(Table 6). MTTT 2-IgM (VIsE1/pepC10 polyvalent EIA followed by WCS IgM EIA only)
was in moderate agreement with IgM-only STTT based on the kappa statistic (95.6%,
kappa 0.59), and MTTT 2-IgG (VIsE1/pepC10 polyvalent EIA followed by WCS IgG EIA
only) was in substantial agreement with IgG-only STTT (97.0%, kappa 0.71).

DISCUSSION

In this study, we evaluated two distinct MTTT algorithms, a polyvalent VIsE1/pepC10
EIA followed by a polyvalent WCS EIA (MTTT 1) and the same VIsE1/pepC10 EIA followed
by separate monovalent IgM and IgG WCS EIAs (MTTT 2). Both MTTT algorithms were sig-
nificantly more sensitive in patients with acute EM compared with STTT. The difference
was most pronounced with MTTT 2; using this approach, the number of EM cases detected
nearly doubled in comparison with STTT (74% versus 41%; P = 0.0001). However, by conva-
lescence, after treatment with antibiotic therapy, the differences between the two-tiered
algorithms had narrowed and were no longer significantly different. Moreover, sensitivity
in patients with later manifestations of the infection (Lyme neuroborreliosis, carditis, or ar-
thritis) was equal or non-inferior between the MTTT and STTT algorithms.

In healthy subjects or those with “look-alike” (non-Lyme) illnesses but no history of
Lyme disease, both MTTT algorithms were significantly more specific than any of the indi-
vidual assays alone, indicating a useful degree of orthogonality between the first- and sec-
ond-tier assays. However, each MTTT algorithm produced two false-positive results among
control subjects with heterophile-reactive mononucleosis that STTT did not, although the
difference in overall specificity between the two approaches was nonsignificant (99% ver-
sus 100%; P = 0.48). Such cross-reactivity is well-described in WCS Lyme disease ElAs (17).
Because heterophile antibody cross-reactivity affected all EIAs used in this study except for
the IgG-specific WCS EIA, the MTTT algorithm component assays were susceptible to the
same errors and were not orthogonal in this respect.

In the multicenter prospective phase of this study, 2,932 consecutive samples sub-
mitted to three clinical testing centers were analyzed according to MTTTs 1 and 2 and
STTT. Using STTT as the reference method, the PPA of MTTT 1 was lower than that of
MTTT 2 (93% versus 98%, P = 0.008). This finding may reflect the lower sensitivity of
MTTT 1 and STTT compared with MTTT 2 among patients with early LD, demonstrated
in the retrospective phase of this study.

Findings from the prospective phase demonstrated high degrees of agreement in
negative results between the MTTT algorithms and STTT. The NPA of MTTT 1 was
97.7% and that of MTTT 2 was 96.1%. Although small, the difference in NPA between
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the MTTT algorithms was highly significant (P < 0.000001). The difference may be at-
tributable in part to false-positive results with MTTT 2 that correctly resulted as nega-
tive with MTTT 1. However, this may not be the major factor because MTTT 1 had equal
specificity in the retrospective phase among control subjects with no history of LD
(99%) and numerically, but nonsignificantly, lower specificity (30% versus 35%, P = 1.0)
among control subjects with a history of LD and another current illness. Instead, much
of this difference may be attributable to the greater sensitivity of MTTT 2 for patients
with EM (especially patients with EM and hematogenous dissemination), compared
with MTTT 1 or STTT, as demonstrated in the retrospective phase. In a recent survey of
large U.S. commercial laboratories performed by the CDC, it was estimated that 86% of
true Lyme disease patients among the tested population had localized disease (EM)
rather than disseminated disease (18), and we assume that most true cases in our
tested population also had EM.

Among 47 samples in the prospective study that were negative using STTT and MTTT
1, but positive using MTTT 2, IgM reactivity, but not IgG reactivity, was found in 22 (47%)
using isotype-specific WCS ElAs (data not shown), which is consistent with expected find-
ings in EM cases. Thus, while MTTT 2 had lower NPA than MTTT 1, this may partly reflect its
higher sensitivity in patients with acute EM (i.e, false-negative results with MTTT 1 and
STTT in some early cases). The difference in early disease sensitivity between the MTTT
algorithms is counterintuitive and perplexing, considering that they employ the same first-
tier test, and the second-tier tests are all made using WCS. However, the second-tier tests
are still distinct assays with individually determined interpretive cut-points and slightly dif-
ferent chemistry.

The significant difference in NPA between the MTTT algorithms also had a pronounced
effect on overall agreement measurements in the prospective phase, a calculation that fac-
tors in both PPA and NPA and gives them equal weight. MTTT 1 had higher overall agree-
ment with STTT than MTTT 2 (97.4% versus 96.2%; P = 0.00001), with the driving factor in
the difference being the relatively large number of discrepancies with STTT-negative sam-
ples using MTTT 2.

Based on this analysis, we conclude that one MTTT algorithm did not appreciably out-
perform the other. MTTT 2 is more sensitive in patients with acute EM but may produce
more false-positive results than MTTT 1. From a performance standpoint, MTTT 1 may be
preferable in low-prevalence areas and during the off-season, when specificity is para-
mount. MTTT 2 may be preferable during peak season in areas of endemicity, due to its
high sensitivity among patients with early LD. Beyond performance, however, there are
several other considerations. One disadvantage of MTTT 1 is that a positive result does not
give information about immunoglobulin (Ig) class specificity (IgM or IgG), which can be
useful in correlating serologic test results with clinical features and disease timeline. MTTT
2 does provide this information, and our findings demonstrate that Ig class-specific results
obtained using MTTT 2, whether positive or negative, correlated well with those obtained
using STTT. On the other hand, MTTT 1 involves only two tests, both of which are polyva-
lent (IgM/IgG) tests. This reduces cost, streamlines testing and training, and simplifies result
reporting and interpretation compared with MTTT 2.

The use of MTTT algorithms is not ideal in every clinical context. MTTT strategies pro-
vide only a categorical result (positive or negative for B. burgdorferi antibodies). This is suffi-
cient for routine cases, as when the patient has objective signs compatible with commons
manifestation of Lyme disease and there is no history of Lyme disease (3, 4). More complex
cases may be better evaluated using second-tier assays that provide detailed information
about the spirochetal targets of the humoral immune response, such as immunoblots or
multiplexed assays (3, 4).

Particularly problematic are patients with a history of previous LD and a current
clinical picture with a large differential diagnosis. Although the antibody response
declines after spirochetal killing with antimicrobial therapy, the response often persists
at a low level. In this study, the STTT algorithm was still positive in 55% of patients
who had a history of previous LD and another current illness, compared with 65 to
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70% of patients using the MTTT algorithms. Thus, positive antibody responses with ei-
ther method cannot clearly distinguish between active and past infection. However,
immunoblotting or multiplexed serologic assays may provide clues not available in
MTTT approaches. For example, when considering whether a patient with a history of
early LD now has a late manifestation of the disease or another illness, it can be helpful
to know whether the patient has an immunoblot with a response more suggestive of
early or late LD. However, the distinction between past and current infection is not
always possible even with immunoblotting.

Our study has several limitations. In the prospective phase, our research team often
did not have access to medical information about the patients whose serum samples
were included. This prevented an unbiased, systematic analysis of discrepancies
between the MTTT algorithms and STTT, which would have better informed us about
which approach (MTTT or STTT) had most likely provided the correct result based on
the clinical diagnosis. In addition, the prospective phase involved sample collection in
three distinct geographical areas, but all were within the continental U.S. Thus, we do
not know how the MTTT algorithms would perform in diagnosing Lyme disease
acquired elsewhere or in distinguishing Lyme disease from that caused by non-burg-
dorferi species of Lyme-related borreliae. An additional limitation is the immunoblot
used in most cases for the second tier of the STTT algorithm. The MarDx blot employs
a B. burgdorferi WCS which is known to contain spirochetal proteins that are nonspe-
cific for that infection. That may lead to false-positive results, especially with the IgM
blot. Newer techniques for blot manufacture employ recombinant or purified Borrelia
proteins, making them easier to interpret and potentially providing better performance
(19, 20). Thus, the reference standard used here (STTT with MarDX blots) may be sub-
optimal and reactive in some true-negative cases.

In summary, this multicenter study demonstrated the clinical validity of two distinct
MTTT algorithms for the serodiagnosis of Lyme disease, both of which employ com-
mercial ElAs. The results of this performance evaluation have been reviewed by FDA
through the premarket notification [510(k)] pathway. In July 2019, the four Zeus EIAs
evaluated here, which had previously been FDA-cleared only for marketing as first-tier
tests for use in STTT algorithms with immunoblotting, were cleared by FDA for market-
ing with the additional indication of use in MTTT algorithms 1 and 2. This was the first
instance of Lyme disease serologic tests being labeled with an indication for use in
MTTT algorithms. The availability of FDA-cleared commercial test kits for use in MTTT
algorithms removes a major impediment to widespread adoption of this approach in
the United States.
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