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Serotype-specific IgG, as quantified by a standardized WHO enzyme-linked immunosorbent assay (ELISA),
is a serologic end point used to evaluate pneumococcal polysaccharide-based vaccine immunogenicity. Anti-
bodies to each vaccine polysaccharide in licensed multivalent vaccines are quantified separately; this is
laborious and consumes serum. We compared three bead-based immunoassays: a commercial assay (xMAP
Pneumo14; Luminex) and two in-house assays (of the Health Protection Agency [HPA] and Centers for Disease
Control and Prevention [CDC]), using the WHO-recommended standard reference and reference sera (n � 11)
from vaccinated adults. Multiple comparisons of the IgG concentrations for seven conjugate vaccine serotypes
were performed by sample (percent error), serotype (equivalency testing), and laboratory (concordance cor-
relation coefficient [CCC]). When comparing concentrations by sample, bead-based immunoassays generally
yielded higher antibody concentrations than the ELISA and had higher variability for serotypes 6B, 18C, and
23F. None of the three assays met the current WHO recommendation of 75% of sera falling within 40% of the
assigned antibody concentrations for all seven serotypes. When compared by serotype, the CDC and HPA tests
were equivalent for five of seven serotypes, whereas the Luminex assay was equivalent for four of seven
serotypes. When overall mean IgG concentrations were compared by laboratory, a higher level of agreement
(CCC close to 1) was found among bead-based immunoassays than between the assays and WHO assignments.
When compared to WHO assignments, the HPA assay outperformed the other assays (r � 0.920; CCC � 0.894;
coefficient of accuracy � 0.972). Additional testing with sera from immunogenicity studies should demonstrate
the applicability of this methodology for vaccine evaluation.

Streptococcus pneumoniae (pneumococcus, or Pnc) has over
90 serotypes based on its capsular polysaccharide (Ps). Follow-
ing introduction of the 7-valent polysaccharide-protein conju-
gate vaccine (PCV-7) in the United States in 2000, the inci-
dence of invasive pneumococcal disease (IPD) due to vaccine
serotypes declined (18). IPD due to nonvaccine serotypes has
increased in some countries, making expanded-valence vac-
cines important. At present, serotype-specific IgG as quantified
by enzyme-linked immunosorbent assay (ELISA) is the major
serologic end point used to evaluate the immunogenicity of
Pnc polysaccharide-based vaccines. A consensus Pnc ELISA
protocol (3; www.vaccine.uab.edu) was generated after two
multilaboratory assay comparisons for IgG antibodies (12). In
addition to the protocol, a set of 12 reference sera with sero-
type-specific assignments is available from the World Health
Organization (WHO). A reference standard serum (89SF) is

available from the Food and Drug Administration (FDA; MD)
(13). The purpose of these reference materials is to assist in
establishing the protocol in laboratories worldwide as well as in
the evaluation and implementation of new technologies. Lab-
oratories have developed multiplex technologies to meet the
increasing demands of multivalent vaccines (4, 8, 9). These
multiplex technologies greatly reduce material waste and
amount of serum sample, reagents, and operator time, whereas
the Pnc Ps single-plex ELISA requires individual serotype-
specific assays to detect and quantify antibody to each Ps con-
stituent in the vaccine.

A multiplex bead-based immunoassay was first described for
the measurement of antibodies to Pnc Ps antigens by Pickering
et al. in 2002 (11). Those authors introduced the Luminex
(Austin, TX) flow cytometric system, which utilized two lasers
in the detection of serum IgG antibodies to 14 different Pnc Ps
(serotypes 1, 3, 4, 5, 6B, 7F, 8, 9N, 9V, 12F, 14, 18C, 19F, and
23F) within a single reaction well. This methodology was fur-
ther expanded upon to include additional polysaccharides and
by other methods of Ps-bead conjugations. Biagini et al. de-
scribed the use of sodium periodate to oxidize the Ps covalent
link to each of 23 Pnc Ps to amino groups on the beads (1). The
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assay described by Lal et al. as a nonaplex assay has been
validated successfully at the Health Protection Agency (HPA)
in the United Kingdom (4). This HPA assay uses a modification
of the poly-L-lysine conjugation technique described by Pickering
et al. in 2002. Schlottmann et al. described a modified assay that
uses Pnc Ps conjugation via the carboxyl functional groups in the
microspheres and 4-(4,6-dimethoxy[1,3,5]triazin-2-yl)-4-methyl-
morpholinium) (DMTMM) (14).

In this study, we compared three different Pnc Ps bead-based
immunoassays, one commercial and two in-house assays, which
were evaluated in separate laboratories using the WHO refer-
ence sera to determine how these methodologies agree with
each other and with the WHO reference assignments. To our
knowledge this is the first interlaboratory comparison of Pnc Ps
bead-based immunoassays, although the basic methodologies
for coating beads with Pnc Ps have been compared by Scholtt-
mann et al. (14).

(This research was presented in part as a poster at the 6th
International Symposium on Pneumococci and Pneumococcal
Diseases, 8 to 12 June 2008, Reykjavik, Iceland [17].)

MATERIALS AND METHODS

Serum samples. The serum samples (n � 11 or 12) used were the reference
sera available at the National Institute for Biological Standards and Control
(NIBSC), HPA, Hertfordshire, United Kingdom, for the evaluation of pneumo-
coccal assays. Due to low quantities of certain sera, 11 of the 12 samples were
evaluated in some laboratories. These serum samples have reference assign-
ments that were established by a WHO working group and are readily available
(www.vaccine.uab.edu). These sera were from young adults (mean age, 39 years)
vaccinated with a single dose of Pneumovax II (Merck Sharp and Dohme, Ltd.).
Serum samples were lyophilized and stored at �20°C until resuspension with
double-distilled H2O. Resuspended samples were aliquoted and stored at
�70°C. All laboratories, following an established consensus ELISA protocol (13;
www.vaccine.uab.edu), used the same standard reference serum (89SF) with
known antibody concentrations for 23 pneumococcal capsular polysaccharides.
Each laboratory preadsorbed the reference sera with cell wall polysaccharide
(CPS) and pneumococcal serotype 22F polysaccharide to adsorb cross-reacting
antibodies (2).

Bead-based immunoassays. We compared three different bead-based immu-
noassays for the quantitation of IgG antibodies to pneumococcal capsular poly-
saccharide in multiplex formats: one was a commercially available product
(xMAP Pneumo14, pneumococcal immunity panel; Luminex), and two were
in-house immunoassays from HPA and the CDC. The Luminex assay has been
developed and optimized for diagnostic use but has not been validated for
vaccine evaluation. The in-house HPA assay has been validated at the HPA. The
in-house CDC assay has been standardized and only partially validated at the
CDC for vaccine evaluation.

CDC assay. An in-house bead-based immunoassay for 22 Pnc Ps serotypes (1,
2, 3, 4, 5, 6B, 7F, 8, 9N, 9V, 10A, 11A, 12, 14, 15B, 17F, 18C, 19A, 19F, 20, 23F,
and 33F) was performed using Ps-coated beads purchased from Flow Applica-
tions, Okawville, IL. Bulk uncoated beads were purchased from Luminex, Aus-
tin, TX. Each batch of beads had a unique fluorescent signal and was coated with
a different polysaccharide using the method described by Biagini et al. (1) with
modifications indicated by the manufacturer. Briefly, this method uses sodium
periodate to covalently link the polysaccharide to the amino residues on the
surface of the beads. The CDC assay was also performed according to the
protocol described by Biagini et al. (1) with the following modifications: longer
incubation of serum samples with target bead mixture (1 h instead of 30 min) and
goat anti-human IgG Fab fragments conjugated to R-phycoerythrin (Jackson
Immunoresearch). For simplicity we will refer to this assay as the CDC assay.
This assay was evaluated at CDC, Atlanta, GA.

HPA assay. The HPA (Manchester, United Kingdom) in-house assay was
performed according to the protocol described by Lal et al. (4) for a total of 12
Pnc Ps serotypes. This assay used beads coated with type-specific polysaccharides
for serotypes 1, 3, 4, 5, 6B, 7F, 9V, 14, 18C, 19A, 19F, and 23F and a modification
of the method described by Pickering et al. (11). This method uses poly-L-lysine
and cyanuric chloride for conjugation of the polysaccharide to the beads.

Luminex assay. XMAP Pnc immunity panels were purchased by the Biomoni-
toring and Health Assessment Branch, Division of Applied Research and Tech-
nology, NIOSH, CDC, from Luminex for the evaluation of this technology for a
total of 14 Pnc Ps serotypes (1, 3, 4, 6B, 7F, 8, 9N, 9V, 12F, 14, 18C, 19A, 19F,
and 23F). The Luminex xMAP assay was followed as per the manufacturer’s
protocol. For simplicity we will refer to this bead-based immunoassay as the
Luminex assay (LUM), even though this panel was evaluated at CDC, Cincin-
nati, OH.

Data analysis. We used three different methods for data analysis. The first
method was the calculation of the percent error to determine the agreement
between samples for the bead-based immunoassays and the WHO-assigned IgG
concentrations (concentration), also known as the WHO assignments, for seven
vaccine serotypes (http://www.vaccine.uab.edu). The following formula was used:

FIG. 1. Comparison of IgG concentrations using the percent error from the mean to calculate agreement between bead-based immunoassays
and WHO reference assignments for PCV-7 serotypes. Box plots give the mean concentration and the 25% and 75% quartiles. Concentrations
outside of the 95% confidence intervals are represented by open circles. Percentages below the box plots are the levels of agreement.
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percent error � 100 � �[(assigned concentration) – (lab-determined concentra-
tion)]/(assigned concentration)�.

We followed the WHO recommendation of having the IgG concentrations for
�75% of the serum samples within a 40% error of the assigned mean for
qualifying a new quantitative method (12; http://www.vaccine.uab.edu). With this
method, we compared the assignments to the newly calculated concentrations for
each individual reference serum.

The second method for assessing overall agreement was to compare concen-
trations between laboratories, with all sera and serotypes combined, which in-
volved the following three measurements: the coefficient of accuracy (Ca), pre-
cision (r), and the concordance correlation coefficient (CCC). The accuracy
describes the amount of compliance among laboratories and between the labo-
ratories and WHO assignments for the IgG concentrations (6). Hence, Ca mea-
sures how far the best-fit line deviates from a 45° line. Precision (reproducibility)
is the degree to which IgG concentrations determined by laboratories showed the
same or similar results and was measured here by using Pearson’s correlation
coefficient (r) (10). The CCC was used to evaluate the agreement between pairs
of laboratories, taking into account both precision and accuracy (5).

Our third method used an analysis of variance (ANOVA) random effects
model to investigate the sources of variability and test for equivalence between
serotypes for each bead-based immunoassay and the WHO assignments and
among all bead-based immunoassays. Random effects ANOVA models were fit
separately to test for equivalence between each bead-based immunoassay and
the WHO assignments and for equivalence among the bead-based immunoas-
says. Models were estimated using restricted maximum likelihood estimation
(REML) in the SAS PROC MIXED model (7). Models consisted of a natural log
transformation for the IgG concentrations and the following independent ex-
planatory variables: overall mean, serotype, laboratory, and the interaction

among the serotypes and laboratories. After investigation it was determined that
there was substantial variability due to samples and serotype by sample. Hence,
the samples and interaction of serotypes by samples were treated as random
effects in the models. Our first ANOVA model compared the CDC, LUM, and

FIG. 2. Box plots illustrating the comparisons of IgG concentrations using the percent error from the mean to calculate agreement between
the indicated bead-based immunoassays and WHO reference assignments per serotype.

FIG. 3. Percentages of sera that were within a 40% error of the
WHO assignments, graphed according to serotype for each assay.
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HPA assays to the WHO assignments. This model was fit by defining the de-
pendent variable as the natural log of the ratio of the lab value to the WHO
assignment for the sample and serotype. Our second ANOVA model compared
the CDC, HPA, and LUM assay concentrations to each other by fitting a model
to the natural log of the assay concentrations and computing contrasts to com-
pare each laboratory to the other laboratories by serotype. All comparisons were
conducted using equivalency testing with a priori boundaries of 0.5 and 2.0 for the
lower and upper confidence bounds, respectively.

RESULTS

Agreement of sample concentrations to WHO assignments.
When comparing the IgG concentrations generated by each of
the bead-based immunoassays to the WHO reference concen-
trations, the CDC and the HPA assays had higher agreement
(55% and 52%, respectively) than the LUM assay (42%), as
shown in Fig. 1. When comparing IgG concentrations of the
samples by serotype (Fig. 2), all bead-based immunoassays
generally resulted in higher concentrations than the WHO
assignments. There was higher variability in the calculated
concentrations generated by the bead-based immunoassays for

FIG. 4. Matrix of scatter plots for the pairwise comparisons of assay concentrations. IgG concentrations were plotted after log transformation
and addition of 3 [ln(IgG concentration) � 3]. The top three plots are comparisons to WHO reference assignments and therefore include only
the PCV-7 serotypes. All other plots are comparisons between bead-based immunoassays, and they include 11 serotypes common to all three
assays.

TABLE 1. Measures of agreement among bead-based
immunoassays and the WHO assignments

Assay Statistic WHO CDC HPA LUM

WHO Accuracy (Ca) 1.0 0.945 0.972 0.976
Precision (r) 1.0 0.883 0.920 0.867
CCC (rc) 1.0 0.835

(0.767, 0.885)a
0.895

(0.847, 0.928)
0.846

(0.769, 0.898)

CDC Accuracy (Ca) 1.0 0.988 0.926
Precision (r) 1.0 0.921 0.891
CCC (rc) 1.0 0.910

(0.875, 0.936)
0.825

(0.769, 0.868)

HPA Accuracy (Ca) 1.0 0.896
Precision (r) 1.0 0.912
CCC (rc) 1.0 0.817

(0.759, 0.862)

LUM Accuracy (Ca) 1.0
Precision (r) 1.0
CCC (rc) 1.0

a Values in parentheses are the 95% CIs for the CCC.
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serotypes 6B, 18C, and 23F among the seven serotypes ana-
lyzed. Of the bead-based immunoassays, only the CDC assay
had two serotypes (9V and 19F) that met the WHO require-
ment of �75% of the sera within 40% percent error of the
assignments (Fig. 3). For the other bead-based immunoassays,
none of the serotypes was within the WHO recommendation.
Since none of the bead-based immunoassays met the require-
ments for assay qualification based on the percent error anal-
ysis, we compared these assays using statistical methods to
assess the level of agreement within the bead-based immuno-
assays and the WHO assignments.

Overall agreement between laboratories and WHO assign-
ments. When determining the Ca, the precision (r), and the
CCC (rc) among the three different bead-based immunoassays
and the WHO assignments (Table 1), the HPA assay had the
highest agreement with the WHO assignments (Ca � 0.972;
r � 0.920; rc � 0.895). All bead-based immunoassays had rc

values above 0.60, indicating a high degree of concordance (B.
Plikaytis, unpublished observations) with the WHO assign-
ments. Among the bead-based immunoassays, the HPA and
CDC assays gave the highest measures of agreement (Ca �
0.988; r � 0.921; rc � 0.910). The greatest difference was seen
between the LUM and CDC assays. CCC values close to 1 are
desirable, as this indicates a high degree of precision and
accuracy.

In the scatter plots shown in Fig. 4, we compared the bead-
based immunoassays to the WHO assignments and to each
other. The LUM assay had the highest accuracy, followed by
the HPA and CDC assays. However, the LUM assay showed a
bias toward overestimating concentrations. This can be ob-
served in Fig. 4 by the upward shift of the data.

Equivalency tests based on serotype. When the bead-based
immunoassays were compared to the WHO assignments, we
found that both the CDC and HPA assays passed the equiva-
lency test for five out of seven serotypes (71.4%). The LUM
assay had four out of seven serotypes pass the equivalency test
(57%). When we compared the bead-based immunoassays to
each other for 11 serotypes common to all three assays, the
same level of agreement was found between the HPA and
CDC assays and between CDC and LUM assays. Six of the 11
serotypes passed the equivalency test (54.5%). The LUM and
HPA assays passed the equivalency test for five serotypes
(45.5%). Table 2 lists the comparisons to WHO assignments or
among the bead-based immunoassays outside of the preset
boundaries. It is worth noting that in this table, five compari-
sons were borderline (0.5 and 2.0). Comparisons of HPA con-
centrations to WHO assignments for serotype 4 and CDC to
LUM concentrations for serotypes 4 and 14 resulted in lower
confidence intervals (LCIs) between 0.45 and 0.49. The
comparison of LUM concentrations to WHO assignments
for serotypes 4 and 23F resulted in upper confidence inter-
vals (UCIs) barely over 2.0.

Variability of serum samples within serotype. A graphic
representation of the variability of the IgG concentrations for
each serum sample within a serotype as determined by the
bead-based immunoassays is given in Fig. 5. In this figure we
noted that some serum samples exhibited a higher degree of
variability (�40% error compared to WHO assignments) re-
gardless of the bead-based immunoassay used. The presence of
highly variable sera could be seen in most serotypes, except for

serotypes 9V and 19F (Fig. 5). Not all sera identified as vari-
able in the ELISA were identified as having high coefficients of
variance in the bead-based immunoassays (data not shown). In
the bead-based immunoassays, the estimate for the sample
variability was 0.057, for sample by serotype it was 0.21, and the
residual was 0.14. Hence, the sample by serotype variability
accounted for almost 51% of the variability.

DISCUSSION

Despite not being within the 40% error limit of the WHO
assignments, bead-based immunoassays correlated well with
the WHO assignments generated by ELISA using statistical
methods. The calculation of antibody concentrations specific
to pneumococcal polysaccharides is complicated due to the
number of serotypes evaluated. Differences in one serotype
may not be seen in another serotype when comparing methods.
The presence of cross-reactive antibodies among serotypes in
addition to specific antibodies in a multiplex reaction may
contribute to these differences. Another factor may be the
varied avidities of the antibodies to multiple antigenic targets
in the reaction. Due to these factors, it is difficult to establish
total agreement between concentrations derived by using
ELISA and those derived by using bead-based methodologies.

Several multiplex assays have been developed for the eval-

TABLE 2. Paired comparisons among bead-based immunoassays
by serotype using ANOVA

Assays
compared Serotype LS estimatea LCI UCI

CDC vs WHO 6B �0.48 0.42b 0.91
18C 0.35 0.97 2.09

HPA vs WHO 4 �0.33 0.49 1.06
9V �0.47 0.43 0.92

LUM vs WHO 4 0.33 0.94 2.03
19F 0.40 1.01 2.21
23F 0.32 0.94 2.03

CDC vs HPA 1 0.62 1.31 2.62
3 0.74 1.48 2.97
6B �0.50 0.43 0.86
7F 0.80 1.57 3.15
9V 0.36 1.02 2.03

CDC vs LUM 4 �0.46 0.45 0.89
6B �0.66 0.36 0.73

14 �0.34 0.49 1.04
19A �0.78 0.32 0.67
19F �0.65 0.36 0.75

HPA vs LUM 1 �0.75 0.33 0.67
3 �0.81 0.31 0.63
4 �0.66 0.37 0.73
7F �1.00 0.26 0.52
9V �0.52 0.42 0.84

19A �0.59 0.38 0.80
19F �0.51 0.42 0.86

a The LS estimate is the difference between the least squares means of the
assays compared. A negative LS estimate represents a reduction in the calculated
IgG concentration of the first assay compared to the second assay.

b Lower and upper confidence intervals outside of the a priori boundaries (0.5
and 2.0) are shown in bold.
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uation of Pnc Ps antibody concentrations, with various degrees
of success in terms of agreement with the consensus ELISA (1,
4, 8, 11, 14). The electrochemiluminescence-based detection
assay, which utilizes the ELISA format, is the only multiplex
assay currently with agreement within 40% of WHO assign-
ments for all seven serotypes (8). Although there are some
differences in bead-based immunoassay protocols, the major
differences can be found in the way that the polysaccharides
are covalently bound to the beads. The study of Schlottmann et
al. compared five different methods for coating beads with
polysaccharide and found significant differences in the mean
fluorescence intensity (MFI) signals, depending on the coating
method used (14). For example, the assay described by Biagini
et al., which is used as the basis for the CDC assay protocol,
requires great care in the oxidation step with periodate to
obtain reproducible concentrations (1, 9). The CDC assay was
further standardized by evaluating the type and amount of CPS
adsorbents (9, 15), adsorption of the standard with either one
or a combination of two CPS preparations and 22F Ps, adsorp-
tion of the samples with lysate from rough Pnc strain R36A,
calibration of the number of beads per assay, data analysis
formats, and intra-assay and interassay variability. None of
these factors significantly changed the calculated concentra-
tions for the 12 reference sera (data not shown).

Schlottmann et al. used Pnc Ps conjugation with DMTMM
via the carboxyl rather than amino functional groups in the
beads (14). The same group showed low reactivity (types 4, 5,
12F, and 19F) when they used poly-L-lysine conjugation and
poor reactivity for 9 of 11 serotypes evaluated with periodate
oxidation of the polysaccharides (14). However, the multiplex
assay by Lal et al. used the poly-L-lysine conjugation described
by Pickering and colleagues with good reproducibility, linear-
ity, and range for calculation of IgG concentrations (4). This
group successfully validated this multiplex bead-based immu-
noassay for the measurement of antibodies to 12 different
anticapsular Pnc Ps serotypes. In this multilaboratory study,
the poly-L-lysine assay had the highest level of agreement with
the WHO-assigned antibody concentrations by ELISA. Previ-
ously, a nanoplex version of this assay also had high correla-
tions with the ELISA results (r values between 0.95 and 0.98,
depending on the serotype) (4). The nanoplex assay has the
capacity of being combined in a 13-plex format along with a
tetraplex assay for quantitation of antibodies to meningococcal
polysaccharides A, C, Y, and W135 (4). This multiplex assay
can reduce the amount of sera needed for the evaluation of
both meningococcal and pneumococcal antibodies.

In general, the LUM assay yielded higher concentrations
than the other bead-based immunoassays and the WHO as-
signments. Perhaps the LUM assay may need additional block-
ing steps to reduce the background signal due to nonspecific
binding of antibody, as described by Waterboer et al. (16). In
addition, the LUM assay had a limited performance range.
Multiple samples were found out of range and, therefore,
required repeated testing at higher dilutions (1:200, 1:400, and

1:800) rather than using the recommended 1:100 dilution.
Even at higher dilutions some serum samples were still out of
the range of the standard curve.

In this study, none of the three assays evaluated met the
WHO recommendation of �75% of sera within 40% of the
assigned values (www.vaccine.uab.edu) for all seven serotypes.
We chose to use this parameter rather than the recommenda-
tion of �85% of sera within the same percent error as de-
scribed by Plikaytis et al. (12). This lower cutoff is even more
applicable when we consider that three out of five laboratories
submitting ELISA data to WHO did not pass the recommen-
dation of �85% of sera within 40% of the assigned concen-
trations for all seven serotypes (www.vaccine.uab.edu). These
five laboratories were selected to participate in the calculation
of assignments for a pneumococcal ELISA study in which sera
were preadsorbed with CPS and 22F. At this time the WHO
recommendations, based on these calculated assignments by
ELISA, are still provisional and have provided a nonstatistical
method for laboratories to compare results. The WHO recom-
mendation for assays to be within 40% of the assigned means
is a guideline for ELISAs only. There is no guarantee that it
will be applicable for other types of assays. If we follow the
WHO recommendations, the bead-based immunoassays can-
not be used in vaccine evaluation for all seven serotypes.

Depending on the analytical approach used, the level of
agreement varies between bead-based immunoassays and
WHO assignments. For example, values for precision above 0.7
and for concordance correlation coefficients above 0.6 have
been suggested as measures of good agreement when different
methodologies are compared (B. Plikaytis, unpublished obser-
vations). If we use these suggested cutoffs for this study, all of
the bead-based immunoassays have a good level of agreement
with WHO assignments. When pairwise comparisons were per-
formed by ANOVA for testing equivalency among assays on
the basis of serotype, once more the HPA and CDC assays had
the highest levels of agreement to WHO assignments. In gen-
eral, paired comparisons were outside of the LCI for the HPA
assay and outside of the UCI for the LUM assay. These find-
ings indicate that the LUM assay had a trend toward overes-
timating IgG concentrations. The differences in agreement for
each bead-based immunoassay to the WHO assignments were
not biased to a given serotype; no serotype was commonly
found outside of the preset boundaries. When bead-based im-
munoassays were compared with each other, 12 of the 17
comparisons resulting in a value outside of the equivalency
boundaries were due to elevated LUM assay values.

A similar ANOVA was performed at the sample level (data
not shown). This analysis yielded lower percentages (10%
lower) in the equivalency between bead-based immunoassays
and WHO assignments than the �40% error analysis. Consid-
ering the analysis methodologies followed in this study, all
three bead-based immunoassays passed the overall equivalency
at the laboratory level and had good agreement for most of the
serotypes evaluated. The ANOVA confirmed that, overall,

FIG. 5. Graphical presentation of the variability of the mean IgG concentrations for each serum sample by serotype as determined by either
bead-based immunoassay or the WHO ELISA. Samples with increased variability (�40% error in all bead-based immunoassays) are circled on
the x axis.
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bead-based immunoassays correlate well with the WHO as-
signments but will not likely result in the same antibody con-
centrations.

Multiplex assays offer incredible time-saving advantages by
increasing the throughput of assay determinations by a single
operator and by reducing sample volume. Although these
bead-based immunoassays have undergone further standard-
ization, future validation of a consensus protocol may require
the use of reference sera with reference concentrations estab-
lished by using this methodology. In addition, parallel testing
with appropriate target sera from immunogenicity studies
should demonstrate the utility and validity of this methodol-
ogy. Upon establishment of these reference concentrations,
bead-based immunoassays should be applicable for vaccine
evaluation.

ACKNOWLEDGMENTS

We thank Carl Frasch (FDA, MD) for providing the 89SF reference
standard; David Goldblatt (Institute of Child Health, University of
London, United Kingdom) and the National Institute for Biological
Standards and Control (NIBSC), Health Protection Agency, United
Kingdom, for providing the reference sera used in this study; and
Daniel Schmidt (CDC) for technical support in the evaluation of the
CDC in-house assay parameters.

This project was funded in part by an interagency agreement be-
tween NIOSH and NIEHS (Y1-ES-0001, Clinical Immunotoxicity).

REFERENCES

1. Biagini, R. E., S. A. Schlottmann, D. L. Sammons, J. P. Smith, J. C.
Snawder, C. A. F. Striley, B. A. MacKenzie, and D. N. Weissman. 2003.
Method for simultaneous measurement of antibodies to 23 pneumococcal
capsular polysaccharides. Clin. Diagn. Lab. Immunol. 10:744–750.

2. Concepcion, N. F., and C. E. Frasch. 2001. Pneumococcal type 22F polysac-
charide absorption improves the specificity of a pneumococcal-polysaccha-
ride enzyme-linked immunosorbent assay. Clin. Diagn. Lab. Immunol.
8:266–272.
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