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To increase testing efficiency, a microsphere-based multianalyte immune detection (MAID) system was
developed to measure serum immunoglobulin G (IgG) and IgA recognizing two Bordetella pertussis antigens,
pertussis toxin (PT) and filamentous hemagglutinin antigen (FHA). The assay was performed as two separate
duplexes. One duplex measured IgG to PT and FHA, and the other measured IgA to PT and FHA. The two
duplexes were then combined and analyzed as a tetraplex. The MAID system and an in-house enzyme-linked
immunosorbent assay (ELISA) system were used to evaluate 100 sera from blood donors and 220 consecutive
sera submitted for B. pertussis antibody testing. For both the MAID and ELISA systems, antibody levels were
defined as increased if greater than the blood donor group 95th percentile value. The qualitative concordance
rates between MAID and ELISA results for the 220 consecutively submitted sera were as follows: PT IgG, 99%;
PT IgA, 94%; FHA IgG, 93%; FHA IgA, 94%. The overall concordance rate was 95% (836 of 880 result sets). For
29 of 44 (66%) discordant result sets, the discordant MAID result was supported by the MAID and ELISA
results for other B. pertussis antibodies. The MAID and in-house ELISA systems were also used to evaluate 20
sera previously tested for pertussis antibodies at a pertussis vaccine research laboratory; MAID results for all
four analytes did not significantly differ from results obtained by the research laboratory. These findings show
that antibodies to B. pertussis antigens can be measured easily and accurately using a tetraplex microsphere
system.

Bordetella pertussis infection continues to pose a worldwide
health problem for unvaccinated and incompletely immunized
children (5). Recent studies have further shown that adoles-
cents and adults serve as the main source of infection for
neonates and infants (2–4, 6); surveillance studies estimate that
�1,000,000 cases of pertussis occur annually in U.S. residents
�15 years old (11). Susceptibility of adolescents and adults to
B. pertussis infection coincides with the disappearance of per-
tussis-specific antibodies induced by vaccination during infancy;
such antibodies typically last for only 6 to 10 years postvacci-
nation (8, 11). Thus, adolescents and adults usually have low or
undetectable levels of pertussis antibodies and mount a potent
memory antibody response to pertussis antigens following ex-
posure/infection (2, 5, 8, 11). Assays for these antibodies there-
fore serve as useful tools for diagnosing recent B. pertussis
infection in persons over 11 years old.

The two major antigens utilized for pertussis antibody assays
are pertussis toxin (PT) and filamentous hemagglutinin antigen
(FHA). Because PT is produced only by B. pertussis (13), an
increased level of PT antibodies is highly specific for B. pertus-
sis infection. FHA antibodies are also typically increased fol-
lowing B. pertussis infection but are less specific than PT anti-
bodies; antibodies cross-reactive with B. pertussis FHA may be
produced following infection with other Bordetella species, My-
coplasma pneumoniae, Chlamydia pneumoniae, or nonencap-
sulated Haemophilus influenzae (3, 10). Detection of immuno-
globulin G (IgG) to PT and FHA is more sensitive than

detection of IgA, since not all exposed individuals mount a
detectable IgA response (9, 13, 15).

We currently measure IgG and IgA recognizing PT and
FHA using separate in-house enzyme-linked immunosorbent
assays (ELISAs). These assays are labor intensive and require
substantial amounts of antigens for coating plates. In the stud-
ies presented here, we evaluated an in-house multianalyte im-
mune detection (MAID) system for measuring these antibodies.
Central to the MAID system is the use of multiple polystyrene
bead sets, each containing a distinctive proportion of red and
orange fluorescent dyes and thus exhibiting a signature fluores-
cent pattern (1, 16). A given antigen is covalently linked to a given
bead set, and then different bead sets are mixed together with
human serum in a single reaction well. After washing and addi-
tion of a fluorescent reporter antibody recognizing a specific hu-
man immunoglobulin isotype, the bead mixture is analyzed using
a modified flow cytometer. Each bead set is identified by its
signature fluorescent pattern and is then analyzed for fluores-
cence characteristics of the reporter antibody. The reporter fluo-
rescence intensity is directly proportional to the amount of ana-
lyte (antigen-specific antibody) bound to a given bead set (1, 16).
This system thus enables the measurement of antibodies of a
given isotype to many antigens in a single reaction well.

MATERIALS AND METHODS

Specimens. The specimens used for the evaluation included 100 sera from Los
Angeles area blood donors, 220 sera consecutively submitted to Focus Diagnos-
tics Reference Laboratory for testing in a pertussis serology panel, and 20 sera
previously tested for pertussis antibodies by the UCLA Center for Vaccine
Research (CVR) using a well-characterized ELISA system (11).

MAID system for pertussis antibodies. PT and FHA (List Biological Labora-
tories, Campbell, CA) were covalently linked to carboxylated microspheres
(Luminex, Austin, TX) at a concentration of 5 �g per 6,250,000 beads of a given
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bead set, using a well-described two-step carbodiimide reaction (1, 16). PT was
linked to bead sets 108 and 112, and FHA (List) was linked to bead sets 104 and
107. PT 108 and FHA 104 were combined to form duplex 1, and PT 112 and FHA
107 were combined to form duplex 2. A standard serum with assigned values
(units/ml) traceable to Center for Biologic Evaluation and Research (CBER)
standard lot 3 (PT IgG and FHA IgG) or standard lot 5 (PT IgA and FHA IgA)
was serially diluted in phosphate-buffered saline (PBS) containing 1% bovine
serum albumin; similarly, evaluation samples were diluted 1:50 in the same
buffer. Standard and sample dilutions were added to an equal volume of each
duplex (containing 2,500 beads of each bead set) in filter-bottom microtiter wells
and incubated for 20 min at room temperature (RT). Following three washes
with PBS–0.05% Tween 20 using a vacuum manifold, wells containing duplex
1 received phycoerythrin-labeled goat anti-human IgG (Jackson Immuno
Research, West Grove, PA) diluted in PBS–0.05% Tween 20, whereas wells
containing duplex 2 received phycoerythrin-labeled goat anti-human IgA (Jackson).
After another 20-min incubation at RT and three washes, each duplex was
resuspended in PBS containing 1% bovine serum albumin; the two duplexes for
a given sample were then mixed and analyzed as a tetraplex using a Luminex 100
instrument. For each analyte, median fluorescent intensity (MFI) values were
converted to units/ml by interpolation from the relevant standard curve.

In-house (Focus) ELISAs. Separate ELISAs, modified from published proce-
dures (7, 11, 15), were used to measure PT IgG, PT IgA, FHA IgG, and FHA
IgA. Microtiter wells were coated with the same antigens used for the MAID
system (0.2 �g/well). Diluted secondary standards (traceable to CBER stan-
dards) and samples were added to wells and incubated for 2 h at 37°C; after
washing, wells received either horseradish peroxidase-labeled goat anti-human
IgG or anti-IgA (Jackson) for 1 h at 37°C. After washing, wells received enzyme
substrate (tetramethylbenzidine; Moss, Inc., Pasadena, MD) for 10 min at RT
and then 1 N sulfuric acid (Ricca, Arlington, TX) to stop the reaction. Absor-
bance at 450 nM was measured, and sample results were expressed as units/ml
based on the standard curves.

Discordance analysis. The following criteria were used to resolve discordant
results between the MAID system and the Focus ELISA system. For a given
analyte, a finding of concordant normal results for the other three analytes was
interpreted as support for the normal result in the discordant pair; similarly, a
finding of concordant increased results for the other three analytes was inter-
preted as support for the increased result in the discordant pair. If these criteria
were not met, additional criteria were applied. In the case of PT IgA discordant
results, a finding of concordant (normal or increased) results for PT IgG was
interpreted as support for the matching qualitative PT IgA result. Likewise, in
the case of FHA IgG discordant results, a finding of concordant (normal or
increased) results for PT IgG was interpreted as support for the matching
qualitative FHA IgG result. In the case of FHA IgA discordant results, a finding
of concordant (normal or increased) results for FHA IgG was interpreted as
support for the matching qualitative FHA IgA result.

Comparison of MAID values and Focus ELISA values to CVR ELISA values.
To determine if MAID and Focus ELISA methods gave values significantly
different from the CVR ELISA method, results generated by the three methods
for the 20 sera supplied by CVR were log transformed and analyzed using a
mixed linear model to account for random effects at the subject level; fixed effects
were estimated for the compared method. Statistical models were fitted using the
analysis package R (17; http://www.r-project.org). Due to the small sample size,
significance was defined as a P value of �0.01.

RESULTS

Demonstration that duplex mixing does not lead to false-
positive results due to conjugate migration. Before instituting
our plan to mix one duplex for IgG detection and a second
duplex for IgA detection for analysis as a tetraplex, it was
necessary to demonstrate that conjugate specifically attached
to one bead set did not migrate to the comparable bead set
after the two duplexes were mixed. We needed to show, for
example, that anti-IgG conjugate attached to IgG-coated PT
beads in duplex 1 did not detach and bind to the IgG attached
to PT beads in duplex 2. To accomplish this task, a specimen
known to be positive for all four analytes under investigation
was used to treat duplex 1 and duplex 2 separately per the
routine procedure; the duplexes were then differentially treated

with the relevant conjugates (Table 1), washed, mixed, and
analyzed as a tetraplex. As expected, the tetraplex where con-
jugate was added per the routine procedure (anti-IgG added to
duplex 1, anti-IgA added to duplex 2) showed high MFI values
for all four bead sets. In contrast, the tetraplex where anti-IgA
conjugate was not added to duplex 2 showed high MFI values
only for duplex 1 bead sets; in other words, anti-IgG bound to
duplex 1 beads did not dissociate from these beads and attach
to duplex 2 beads. Similarly, the tetraplex where anti-IgG was
omitted from duplex 1 showed high MFI values only for duplex
2 beads, demonstrating that anti-IgA bound to duplex 2 beads
did not migrate to duplex 1 beads.

MAID standard curves and assay performance characteris-
tics. Standard curves for the four analytes from a representa-
tive assay run are shown in Fig. 1. All curves showed good
linearity from �1 unit/ml to at least 200 units/ml. The MAID
assay demonstrated within-run coefficients of variation of
�10% for all analytes, as assessed using one serum sample
containing increased levels of all four analytes and another
serum sample containing normal levels of all four analytes
(data not shown). Between-run coefficients of variation were

TABLE 1. Bound conjugate does not migrate during analysis
from one bead set to the comparable bead set bearing

antibodies of the same isotypea

Conjugate(s) added
(duplex 1, duplex 2)

MFI values for b:

Duplex 1 beads Duplex 2 beads

PT 108 FHA 104 PT 112 FHA 107

Anti-IgG, anti-IgA 7,253 16,837 1,082 2,608
Anti-IgG, none 6,318 16,015 6 8
None, anti-IgA 4 4 1,001 2,442

a Duplex 1 beads and duplex 2 beads were treated with a serum specimen
known to contain antibodies to all four analytes; after washing, the duplexes were
differentially treated with conjugate as indicated in the left column. Following
washing, the two duplexes (on the same line in the table) were mixed and
analyzed as a tetraplex. High MFI values were associated only with the duplex
receiving conjugate, indicating that there was no migration of conjugate from
one duplex to the other duplex.

b MFI values were determined after duplexes were mixed and analyzed as
a tetraplex.

FIG. 1. Standard curves from a representative MAID assay. Units/ml
represents the assigned quantitative value for the indicated standard
point.
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�16% for the sample with increased antibody levels and
�23% for the sample with normal antibody levels (data not
shown). A comparison of three separate lots of bead sets dem-
onstrated good reproducibility of the procedure for coupling
antigens to beads; in pairwise linear regression analysis of
quantitative antibody values for 16 specimens tested using each
of the three lots of bead sets, R2 values of �0.95 were obtained
for all analytes (data not shown).

Control group 95th percentile values for pertussis antibod-
ies. One hundred sera from Los Angeles area blood donors
were tested for pertussis antibodies by both the MAID and
Focus ELISA procedures. For each analyte, a value less than
or equal to the 95th percentile value was defined as normal,
and higher values were defined as increased. For the MAID
assays, the 95th percentile values (units/ml) were as follows: PT
IgG, 44; PT IgA, 7; FHA IgG, 80; FHA IgA, 38. The compa-
rable values for the Focus ELISAs were as follows: PT IgG, 22;
PT IgA, 4; FHA IgG, 97; FHA IgA, 62.

Concordance between MAID and in-house ELISA results
and resolution of discordant result sets. Pertussis antibod-
ies were measured by both the MAID and Focus ELISA
procedures in 220 consecutive sera submitted for pertussis
serologic analysis, and the results were defined as normal or
increased as described in the previous section. Data for
qualitative agreement between MAID and ELISA results
are shown in Table 2. Concordance rates for the four ana-
lytes ranged from 93% to 99%, with a combined concor-

dance rate of 95%. For the 44 discordant result sets, the
other MAID and ELISA pertussis antibody results were
examined in an effort to identify support for one of the
discordant results. The findings from this analysis are shown
in Table 3. Data for the other pertussis antibodies supported
the MAID result for 29 discordant result sets (66%) and
supported the ELISA result for 10 discordant result sets
(23%); the other antibody results did not clearly support
either the MAID or ELISA result for 5 result sets (11%).

Quantitative comparison of MAID and in-house ELISA re-
sults with CVR results. To demonstrate that pertussis antibody
results determined by MAID were accurate, the MAID and
Focus ELISA procedures were used to measure pertussis an-
tibodies in 20 sera supplied by the UCLA CVR; these sera had
previously been tested for pertussis antibodies at CVR using
their well-characterized ELISA system (11). PT IgG and IgA
results obtained in the three assays are shown in Fig. 2, and
FHA IgG and IgA results are shown in Fig. 3. When examining
Fig. 2 and 3, it is important to remember that log-transformed
values of �0.7 correspond to actual values of �5 units/ml; thus,
the differences in low values appear exaggerated (e.g., PT IgA
in Fig. 2). Statistical analysis revealed that, for all four analytes,
the MAID results did not significantly differ from the CVR
ELISA results; in contrast, the Focus ELISA results were sig-
nificantly lower than the CVR ELISA results for PT IgG and
PT IgA.

TABLE 2. MAID versus Focus ELISA: qualitative reactivity patterns for 220 consecutive sera submitted for B. pertussis antibody testing

Reactivity pattern
No. of sera exhibiting the indicated reactivity pattern for:

Total
PT IgG PT IgA FHA IgG FHA IgA

Concordant normal 191 195 174 186 746
Concordant increased 26 12 31 21 90
MAID increased, ELISA normal 0 10 1 11 22
MAID normal, ELISA increased 3 3 14 2 22

Total (%) concordant 217 (99) 207 (94) 205 (93) 207 (94) 836 (95)
Total (%) discordant 3 (1) 13 (6) 15 (7) 13 (6) 44 (5)

TABLE 3. Resolution of qualitatively discordant MAID versus Focus ELISA results

Analyte

Discordant pattern Other results support

MAID
result

ELISA
result

No. of
sera Method No. of

sera Explanation

PT IgG Normal Increased 3 Unclear 2 FHA IgG concordant increased, but PT IgA
concordant normal or discordant

MAID 1 All other analytes concordant normal
PT IgA Increased Normal 10 Unclear 1 PT IgG discordant

MAID 7 PT IgG concordant increased
ELISA 2 All other analytes concordant normal

Normal Increased 3 MAID 2 All other analytes concordant normal
ELISA 1 PT IgG concordant increased

FHA IgG Normal Increased 14 MAID 11 All other analytes concordant normal
ELISA 3 PT IgG concordant increased

Increased Normal 1 MAID 1 PT IgG concordant increased
FHA IgA Increased Normal 11 Unclear 2 FHA IgG discordant

MAID 6 FHA IgG concordant increased
ELISA 3 All other analytes concordant normal

Normal Increased 2 MAID 1 FHA IgG concordant normal
ELISA 1 FHA IgG concordant increased
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DISCUSSION

Our findings demonstrate that antibodies to B. pertussis an-
tigens can be measured easily and accurately using a multiplex
microsphere fluorescent assay. Results obtained using the
MAID procedure showed very good qualitative agreement
with results obtained using our in-house ELISA system. Fur-
ther, from a quantitative standpoint, MAID results did not
significantly differ from those obtained by another laboratory
that routinely measures pertussis antibodies using a well-char-
acterized ELISA system.

The multiplex microsphere instruments currently available
are not configured to allow measurement of different antibody
isotypes recognizing multiple immobilized antigens in a single
reaction well. Thus, we performed two duplex assays concur-
rently, one for IgG antibodies and one for IgA antibodies, and
then mixed the two duplexes together for analysis. Although
each duplex could have been analyzed separately, mixing to
form a tetraplex allowed analysis in half the time. Initial ex-
periments indicated that the antigen-coated bead–antibody–
conjugate complexes formed prior to duplex mixing were sta-
ble and that their fluorescent signals were reliably measured in
the tetraplex format.

Our primary requirement for an acceptable MAID assay was
that it compare favorably to the Focus ELISA system in its

power to discriminate between normal and increased antibody
levels. We thus used the 95th percentile value for a group of
100 blood donor sera to define the discrimination point be-
tween normal and increased antibody levels for each analyte
and then qualitatively assessed concordance between these two
methods for a large panel of sera submitted for pertussis se-
rology. The concordance rates were �93% for all four ana-
lytes, indicating good qualitative agreement between MAID
and Focus ELISA methods. Other pertussis antibody results
supported the MAID result for two-thirds of discordant data-
sets, suggesting that MAID results more often represented the
correct results.

The availability of serum standards has enabled the devel-
opment of pertussis antibody ELISAs that generate compara-
ble results across laboratories (12, 14). We thus sought to
demonstrate that the results produced by our new MAID assay
were comparable to those generated by another laboratory.
Using a small serum panel supplied by CVR, we found that
MAID assay results did not significantly differ from those pro-
duced by the CVR ELISA system, a well-characterized group
of assays that has been used to measure both infection-induced
and vaccine-induced antibodies (11). MAID systems for mea-

FIG. 2. Comparison of PT antibody results obtained by MAID or
Focus ELISA to CVR ELISA results. Each line connects the results
obtained for a single specimen.

FIG. 3. Comparison of FHA antibody results obtained by MAID or
Focus ELISA to CVR ELISA results. Each line connects the results
obtained for a single specimen.
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suring pertussis antibodies should thus prove to be acceptable
alternatives to ELISAs.

In our experience, a MAID system offers several advantages
over an ELISA system for measuring pertussis antibodies.
These advantages include less specimen volume, shorter and
fewer incubation periods, and room temperature incubations.
Further, the MAID system required lower amounts of antigens
per reportable result; the quantity of PT or FHA required to
coat 2,500 beads (the bead number used to measure one an-
tibody isotype for one patient specimen) was 100-fold less than
the quantity used to coat an ELISA well. Another benefit of a
MAID system is the ease with which it can be modified to
increase the number of analytes measured, without increasing
the required sample volume or assay time. For example, addi-
tional bead sets coated with other proteins contained in the
current acellular pertussis vaccines (e.g., pertactin, fimbriae)
(3) could be added to the current duplexes, allowing measure-
ment of antibodies to all vaccine components in a single anal-
ysis well. Thus, laboratories measuring multiple pertussis an-
tibodies in large numbers of samples should see improved
efficiency with the institution of MAID assays.
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