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Standardization of the hemagglutination inhibition (HAI) assay for influenza serology is challenging. Poor reproducibility of
HAI results from one laboratory to another is widely cited, limiting comparisons between candidate vaccines in different clinical
trials and posing challenges for licensing authorities. In this study, we standardized HAI assay materials, methods, and interpre-
tive criteria across five geographically dispersed laboratories of a multidisciplinary influenza research network and then evalu-
ated intralaboratory and interlaboratory variations in HAI titers by repeatedly testing standardized panels of human serum sam-
ples. Duplicate precision and reproducibility from comparisons between assays within laboratories were 99.8% (99.2% to 100%)
and 98.0% (93.3% to 100%), respectively. The results for 98.9% (95% to 100%) of the samples were within 2-fold of all-labora-
tory consensus titers, and the results for 94.3% (85% to 100%) of the samples were within 2-fold of our reference laboratory data.
Low-titer samples showed the greatest variability in comparisons between assays and between sites. Classification of seroprotec-
tion (titer > 40) was accurate in 93.6% or 89.5% of cases in comparison to the consensus or reference laboratory classification,
respectively. This study showed that with carefully chosen standardization processes, high reproducibility of HAI results be-
tween laboratories is indeed achievable.

The hemagglutination inhibition (HAI) assay is the primary
method for determining quantitative antibody titers for influ-

enza virus and is widely used both for licensure of vaccines and for
seroepidemiologic studies examining protection in populations
(1–3). The assay relies on the ability of the hemagglutinin protein
on the surface of influenza virus to bind to sialic acids on the
surface of red blood cells (RBCs) (4). If the patient’s serum con-
tains antibodies that block viral attachment, this interaction is
inhibited. Direct comparison of results between studies has been
problematic, as the reproducibility of HAI assays between labora-
tories has historically been poor (5–12). These studies have shown
that HAI titers reported for identical specimens in different labo-
ratories can vary as much as 80-fold or 128-fold (9, 11), with the
geometric coefficient of variation (GCV) as high as 803% (5). This
variability in results may relate to differences in biological re-
agents, protocols, and personnel training. The use of international
standards (IS) may reduce interlaboratory variability (6, 11, 13),
but such reagents currently exist only for influenza A H1N1 and
H5N1 clade 1 viruses (14, 15). The need for standardization of
HAI assays and other laboratory methods (e.g., microneutraliza-
tion [MN] assays) has been highlighted as a priority of CONSISE,
the Consortium for the Standardization of Influenza Seroepide-
miology (16, 17). CONSISE collaborators have recently published
data showing that a standardized MN protocol improves the com-
parability of serologic results between laboratories (18); however,
the consortium has not yet assessed the effect of standardization
on HAI assay variability.

As part of a large multicenter influenza research network (Pub-
lic Health Agency of Canada/Canadian Institutes of Health Re-
search Influenza Research Network [PCIRN]), we attempted to
rigorously standardize HAI testing across Canada via common

training with a shared, consensus protocol and the use of common
reagents and seed virus at all five participating academic and pub-
lic health laboratories. This report shows that, with a commitment
to this level of coordination and standardization, results of HAI
testing can indeed be comparable across different laboratories.

MATERIALS AND METHODS

Serum samples. Institutional review board (IRB)-approved informed
consent for this study’s use of residual sera from human studies conducted
across the PCIRN was obtained at all participating sites prior to the orig-
inal studies. For this study, residual sera were selected based on their
original HAI titer estimations and pooled to create large-volume, stan-
dardized human serum panels of 10 samples per virus at antibody titers
that were negative, low, medium, and high. The specimens were deiden-
tified and divided into aliquots by a single site of the PCIRN, frozen at
�80°C, and shipped on dry ice to the other four participating laboratories
for HAI determination.
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Influenza viruses. Influenza A viruses included H1N1 (California-
like) and H3N2 (Perth-like) viruses, provided by the National Microbiol-
ogy Laboratory in Winnipeg, Manitoba, Canada. Working stocks were
grown at each test site in MDCK cells and maintained using standard
procedures. Viral stocks were quantified by analysis of hemagglutination
activity (HA) against (final) 0.25% turkey RBCs (Lampire Biologicals,
Pipersville, PA) and adjusted to 4 HA units in the HAI assay.

HAI assay. Participating laboratories were requested to have a single
experienced operator perform six independent HAI assays per virus/sam-
ple panel, with each assay run in duplicate on a separate day. All sites
followed a common HAI assay protocol (19), including interpretative
criteria, and reagents were obtained from common suppliers when possi-
ble. To remove nonspecific inhibitors of HA, sera were incubated at 37°C
overnight (19 � 1 h) at a 1:4 dilution with receptor-destroying enzyme
(RDE; Denka Seiken, Tokyo, Japan) followed by a 30-min inactivation
step at 56°C and further dilution to 1:10 with phosphate-buffered saline
(PBS). Potential nonspecific HA activity in sera was verified using 0.25%
turkey RBCs. If present, it was removed by hemadsorption against (final
concentration) 4.5% turkey RBCs for 1 h at 4°C. Just prior to HAI assay,
the virus inoculum was back-titrated to verify the accuracy of the HA units
(variability of �0.5 units was accepted; otherwise, viral stocks were dilu-
tion adjusted), and then 2-fold serial dilutions (starting from 1:10) of 25
�l of RDE-inactivated sera in V-well microtiter plates were incubated for
30 min at room temperature (RT) with 25 �l of 4 HA units of virus. A
50-�l volume of 0.5% turkey RBCs was added, and the reaction mixture
was incubated for a further 30 min at RT or until cells in the RBC control
wells had fully settled. Wells were examined visually for inhibition of HA,
as indicated by the appearance of well-defined RBC “buttons” or teardrop
formation upon plate tilting. HAI titers were the reciprocal of the highest
dilution of serum that completely prevented HA.

Data analysis. Results from all laboratory sites were compiled and
analyzed at an independent site (M. Zacour). Data consisted of replicate
titers expressed as the reciprocal of serum dilutions. Titers of �10 (below
the quantitation range) were assigned a value of 5 for calculations. Simi-
larly to previous studies (5, 6, 9, 11), results for each sample were com-
pared within and between laboratories, with titers considered equivalent
if they varied by no more than a single dilution (i.e., 2-fold). Endpoint
ratios between comparators were classified in contingency tables accord-
ing to whether they were within or exceeded a 2-fold difference in value,
with the significance of differences assessed by the chi-square (�2) test,
using Prism 4 statistics software (GraphPad Software Inc., San Diego).

Precision (or reproducibility) was defined as the percentage of samples
in a given data set yielding results within 2-fold of the results from the
comparators. Intra-assay precision was assessed using two aliquots of the
same sample in the same assay. For interassay precision, comparators
were the geometric mean titers (GMTs) determined at a laboratory on
each repeated assay day. Since specimens were patient sera of unknown
“true” values, the interlaboratory reproducibility assessment compared

the titers determined for each sample at different laboratory sites (medi-
ans or GMTs over repeated assays) both to the titers determined at the
network’s reference laboratory (laboratory E) and to consensus titers.
Consensus titers represented the GMTs across all participating laborato-
ries for a given sample. Interassay and interlaboratory titer variations were
also quantified by determination of the geometric coefficient of variation
(GCV [5]).

Seroprotection (defined as titers of �40) was classified on a per-sam-
ple, per-assay basis at each laboratory, and diagnostic accuracy was ex-
pressed as the percentage of agreement of the results from each PCIRN
laboratory with the reference laboratory or consensus results. Reference
or consensus seroprotection status was considered to be positive for a
sample when �50% of its assays produced a titer of �40. Similarly, assay
specificity (percentage of seronegative samples found seronegative by
PCIRN laboratories) and sensitivity (percentage of seropositive samples
found seropositive by PCIRN laboratories) were based on titers of �10
defining seronegativity and titers of �10 defining seropositivity, respec-
tively.

RESULTS
Intra-assay precision within laboratories. Laboratory A was ex-
cluded from this assessment since it performed assays using a sin-
gle replicate of each sample. Precision of duplicates ranged from
99.2% to 100% over the four participating laboratories, with an
overall precision of 99.8% (n � 420 duplicate pairs, assayed over
42 separate assays). There was only one instance where duplicate
pairs differed by more than 2-fold (Table 1). The intra-assay pre-
cision did not differ between PCIRN laboratories (�2 � 2.5, P �
0.47).

Interassay precision within laboratories. Overall, of a total of
90 sample aliquots that were compared over different assays
within all laboratories, eight (8.9%) varied by greater than a dou-
bling titer in at least one of the repeated assays at the same labo-
ratory. Using a stringent definition of interassay precision as being
the percentage of samples demonstrating no more than a 2-fold
variation over all six assay repeats, the five sites ranged from 60%
to 100%. Three laboratories (laboratories A, B, and E) demon-
strated 100% precision over all samples and all assays, and the
other two (laboratories C and D) showed variability beyond a
doubling in titer in at least one of the six repeated assays, for 4/10
and 4/20 samples tested, respectively (�2 between sites � 20.85,
P � 0.0003). Although statistically significant, such variability
from the 2-fold limit was infrequent, occurring in just 6.7% and
5.8% of assays at sites C and D, respectively (Table 1); hence, the
interassay reproducibility in laboratories ranged from 93.3%

TABLE 1 Reproducibility of HAI titers is high within laboratories

Laboratory

Intra-assay precisiona [no. of samples with
results differing �2-fold from duplicate-sample
results/total no. of sample pairs (%)]

Interassay reproducibilityb [no. of assays with
results differing �2-fold from repeat assay results/
total no. of sample assays (%)]

Median interassay %
GCV
[minimum–maximum]H1N1 H3N2 All viruses H1N1 H3N2 All viruses

A NR NR NR 0/40 (0) 0/40 (0) 0/80 (0) 41.4 [0–49.2]
B 0/60 (0) 0/60 (0) 0/120 (0) 0/60 (0) 0/60 (0) 0/120 (0) 22.7 [0–43]
C 0/60 (0) ND 0/60 (0) 4/60 (6.7) ND 4/60 (6.7) 40.6 [0–68.5]
D 0/60 (0) 1/60 (1.7) 1/120 (0.8) 2/60 (3.3) 5/60 (8.3) 7/120 (5.8) 18.1 [0–91.2]
E 0/60 (0) 0/60 (0) 0/120 (0) 0/60 (0) 0/60 (0) 0/120 (0) 0 [0–46.2]

Overall 0/240 (0) 1/180 (0.6) 1/420 (0.2) 6/280 (2.1) 5/220 (2.3) 11/500 (2.2) 22.7 [0–91.2]
a NR, single replicates tested; ND, no data (laboratory C analyzed only H1N1 samples and was excluded from the H3N2 analyses).
b A total of 10 samples/virus were analyzed in 6 assays by laboratories B to E to give a total of 60 sample assays/virus; laboratory A returned data from just 4 assays.
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to100% (97.8% over all laboratories). Median values for GCV
between titers from each assay were also modest in laboratories C
and D (40.6% and 18.1%, respectively; Table 1). The GCV pro-
vides a signal size-normalized measure of variability between the
endpoint titers, with 0% GCV indicating identical titers over all
comparisons. Since variations of 2-fold are not considered differ-
ent, even laboratories with 100% precision had appreciable GCVs
in some cases (e.g., 49.2% maximum GCV between assays; Table
1). Laboratory E had the lowest median GCV of all laboratories
(0%), reflecting its central tendency to produce identical titer re-
sults over repeated assays of the same sample. In laboratory E, 60%
of the samples assayed demonstrated 0% GCV between all re-
peated assays (compared to 25% to 40% of samples at the other
four laboratories). Even the most variable sample at laboratory E
showed a GCV of 46.2%, compared to 43% to 91.2% in other
laboratories (Table 1). Laboratory E’s consistent and precise HAI
assay performance provides the rationale for its designation as the
reference laboratory in our analyses.

Interlaboratory reproducibility. Reproducibility between
laboratories was assessed by three different methods.

(i) Comparison of median titers over all replicates and as-
says: reference laboratory versus other laboratories. The median
titer of all assays and replicates across nonreference laboratories
was within 2-fold of the reference laboratory titer for all samples
(Fig. 1). Compared to the reference laboratory (laboratory E),
other laboratories demonstrated an overall tendency to underes-
timate H1N1 titers and overestimate low-to-medium-range
H3N2 titers; however, the magnitude of these differences did not
exceed 2-fold (the mean fold differences were 1.4 and 1.3 for
H1N1 and H3N2 samples, respectively). This outcome of 100%
reproducibility in comparisons between pooled data from the
nonreference and reference laboratories remained consistent
when modes (data not shown) or GMTs (Table 2) were used in-
stead of medians.

(ii) Comparison of each laboratory’s GMTs to the reference
laboratory GMTs and consensus titers. These comparisons allow
identification of potential variability on a per-laboratory basis and
mimic typical approaches used in interlaboratory proficiency test-
ing. Overall, 94.3% of the titers determined for the 70 samples

assayed at laboratories A to D were within 2-fold of the laboratory
E titers, with reproducibility in individual laboratories ranging
from 85% to 100% (Table 3) (�2 between laboratories � 5.038,
P � 0.1690). Similarly, titers of 98.9% of the 90 samples assayed at
laboratories A to E were within 2-fold of the consensus titers and
ranged from 95% to 100% in individual laboratories (Table 3) (�2

between laboratories � 3.549, P � 0.47). As seen in Fig. 2, results
from all individual samples suggested systematic bias in most lab-
oratories (as illustrated with downshifting or upshifting of all
sample titers at a given laboratory, relative to the 100% consensus
line); however, the degree of bias was modest, with only one sam-
ple at one laboratory showing an endpoint titer that exceeded a
2-fold difference from the consensus titer.

(iii) Magnitude of titer variability across laboratories. The
variation between the titers across all laboratories is quantified by
the per-sample GCVs shown in Table 2. The median GCV be-
tween laboratories was 26.9% (range, 0% to 156.4%). As assessed
by influenza A virus subtype, the median GCV for H1N1 samples
was 38.8% (range, 0% to 156.4% across five laboratories); for
H3N2 samples, it was 17.2% (range, 0% to 75.5% across four
laboratories; one laboratory did not perform assays for this virus
subtype). The GCV between laboratories tended to be highest at
lower titers (Fig. 3). The single sample with titer values that dif-
fered from the consensus titers by more than 2-fold in one labo-
ratory produced the highest interlaboratory GCV of 156.4%. The
GMT for that sample ranged from 20 to 57 across four laboratories
but was below the quantitation range (i.e., was assigned a value of
5) at the fifth laboratory, resulting in an 11-fold difference from
lowest to highest titer across laboratories. No other sample ap-
proached this level of variability between laboratories. In fact, 70%
of all samples showed differences of �2-fold from lowest to high-
est GMT across all laboratories; 90% showed differences that were
less than 4-fold, and 95% showed �4-fold differences.

Diagnostic accuracy. Using an HAI titer of �40 as a serologic
correlate of protection for healthy adults (1, 4, 20, 21), n � 500
HAI results were classified for seroprotection over all samples,
assays, and laboratories. Of the sera, 74.4% showed perfect con-
cordance, being classified identically over every assay at every lab-
oratory (including 70% of H1N1 and 80% of H3N2 samples).

FIG 1 Of samples assayed in nonreference laboratories,100% showed median titers that were within 2-fold of the reference laboratory titer. Ten sera were tested
per virus. Reference laboratory titers represented the median of 12 HAI determinations. Nonreference laboratory titers represented the median of 40 (H1N1; left
panel) or 28 (H3N2; right panel) determinations. Dotted lines show the line of equality.
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When diagnostic accuracy was defined as the percentage of titers
from all individual assay results that agreed with the reference
laboratory classification for seroprotection, accuracy was 89.5%
over all samples (98.1% [157/160] for H3N2 samples and 83.2%
[183/220] for H1N1 samples). When the consensus classification
was used to define a “true” determination, accuracy was some-
what higher: 93.6% over all samples (98.6% [217/220] and 89.6%
[251/280] for H3N2 and H1N1 samples, respectively). Differences
between reference laboratory and consensus classifications of se-
roprotection occurred with only two H1N1 samples, correspond-
ing to consensus titers of 22 and 24.

Sixteen of the 20 samples were seropositive and 4 were serone-
gative, by both reference laboratory and consensus determina-
tions. The four negative samples were also classified as seronega-

tive at all individual laboratories, indicating 100% assay specificity
across all PCIRN laboratories. Sensitivity (defined here as the per-
centage of seropositive samples that were identified as seropositive
at a laboratory) was 100% at laboratories C, D, and E and ranged
from 87.5% to 93.8% over all samples at laboratories A and B.
Considered on a per-virus basis, sensitivity ranged from 90% to
100% and from 80% to 100% across laboratories for H1N1 and
H3N2, respectively.

DISCUSSION

Our results show that, by careful planning, training, and standard-
ization of reagents and protocols, a transnational laboratory net-
work has the capacity to produce consistent and comparable HAI
assay results. The five public health and academic laboratories
participating in this study were part of PCIRN, which was devel-
oped to increase Canada’s national capacity to support vaccine
and other influenza research in the event of a pandemic. In a
pandemic situation, with high-volume, high-pressure, and geo-
graphically dispersed influenza testing, standardization of the
HAI assay will be of paramount importance to ensure compara-
bility of results between laboratories. The PCIRN laboratories
showed a high standard of within-laboratory reproducibility, with
99.8% precision of duplicates (99.2% to 100% per laboratory),
97.8% of titers within a 2-fold range over repeated assay days
(93.3% to 100% per laboratory), and 91.1% of the test sera show-
ing titer reproducibility over every single repeat of the six-assay
protocol (60% to 100% per laboratory). Interlaboratory repro-
ducibility was also high, with median titers across all replicates
from the four nonreference laboratories within 2-fold of the ref-
erence laboratory for 100% of the sera tested. On a per-laboratory
basis, the titers of 94.3% and 98.9% of samples quantified within a
single dilution of the reference laboratory and consensus titers,

TABLE 2 Sample titers over all replicates and assaysa

Virus Sample no.

Geometric mean titer (median titer)

GCV between
laboratories (%)Consensus

Reference
laboratory E

All nonreference
laboratories

Laboratory
B

Laboratory
C

Laboratory
D

Laboratory
A

H1N1 H1-1 5 5 (5) 5 (5) 6 5 5 5 10.9
H1-7 5 5 (5) 5 (5) 5 5 5 5 0.0
H1-4 6 6 (5) 6 (5) 6 6 5 5 10.9
H1-5 22 40 (40) 19 (20) 18 22 13 28 58.3
H1-10 24 36 (40) 21 (20) 5 38 20 57 156.4
H1-8 43 40 (40) 44 (40) 24 57 40 67 49.5
H1-2 64 80 (80) 61 (40) 40 80 45 95 49.5
H1-6 237 285 (320) 226 (160) 170 254 226 269 25.7
H1-9 234 254 (320) 230 (160) 160 240 160 453 53.1
H1-3 1,325 2,032 (2,560) 1,191 (1,280) 959 1,280 1,280 1,280 28.0

H3N2 H3-3 5 5 (5) 5 (5) 6 ND 5 5 5.9
H3-8 11 10 (10) 11 (14) 17 ND 12 7 43.4
H3-6 12 10 (10) 13 (20) 27 ND 13 7 75.5
H3-9 50 40 (40) 54 (80) 101 ND 48 34 62.1
H3-1 92 57 (57) 109 (113) 135 ND 101 95 43.4
H3-5 123 113 (113) 127 (160) 160 ND 113 113 18.9
H3-10 174 160 (160) 180 (160) 151 ND 202 190 14.7
H3-4 293 285 (320) 296 (320) 302 ND 320 269 11.1
H3-2 772 640 (640) 822 (640) 761 ND 806 905 15.5
H3-7 1,280 1,280 (1,280) 1,280 (1,280) 1,280 ND 1,280 1,280 0.0

a Laboratories E, B, and D, n � 12 per sample; laboratory C, n � 12 per H1N1 sample; laboratory A, n � 4 per sample; nonreference laboratories together, n � 40 per H1N1 sample
and n � 28 per H3N2 sample; consensus titer, n � 52 per H1N1 sample and n � 40 per H3N2 sample; ND, no data.

TABLE 3 Reproducibility of HAI titers is high between laboratories

Laboratory

Interlaboratory reproducibility

No. of samples with GMT
differing �2-fold from
reference (laboratory E) GMT/
total no. of samples (%)

No. of samples with GMT
differing �2-fold from
consensus GMT/total no. of
samples (%)

H1N1 H3N2 All viruses H1N1 H3N2 All viruses

A 0/10 (0) 0/10 (0) 0/20 (0) 0/10 (0) 0/10(0) 0/20 (0)
B 1/10 (10) 2/10 (20) 3/20 (15) 1/10 (10) 0/10 (0) 1/20 (5)
C 0/10 (0) NDb 0/10 (0) 0/10 (0) ND 0/10 (0)
D 1/10 (10) 0/10 (0) 1/20 (5) 0/10 (0) 0/10 (0) 0/20 (0)
E NAa NA NA 0/10 (0) 0/10 (0) 0/20 (0)

Overall 2/40 (5) 2/30 (6.7) 4/70 (5.7) 1/50 (2) 0/40 (0) 1/90 (1.1)
a NA, not applicable.
b ND, no data.
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respectively (ranges, 85% to 100% and 95% to 100%). These per-
centages meet typical acceptability thresholds for HAI assay vari-
ability (i.e., at least 80% of samples being within 1 dilution of
nominal values and/or all-assay GMTs [22, 23]). HAI assay spec-
ificity (100%) and sensitivity (87.5% to 100%) across PCIRN lab-
oratories were similarly well within the acceptance criteria of pre-
vious studies (i.e., 100% of negative samples should quantify as
below levels of quantitation, and at least 80% of positive samples
should quantify as positive [22, 23]).

For the intralaboratory component of HAI assay variability,
repeatability within PCIRN laboratories appears similar to that
shown in other studies (5, 22). One caveat of these previous stud-
ies was that no more than three repeats were examined, despite
common immune assay validation practices of examining six or
more repeated assays (24–27). As such, it is not clear if their data
are directly comparable to the results determined over six assays in
this study. Nonetheless, our finding of 0% to 6.7% (median, 0%)

of assays with results differing by more than 2-fold from those of
other assay repeats seem comparable to the 4.8% to 7.1% noted
previously in one laboratory (22) and the 0% to 15% (median,
2%) in nine laboratories (5).

Our findings of high HAI titer reproducibility between geo-
graphically dispersed PCIRN laboratories contrast with previous
reports showing substantial variability between international lab-
oratories performing this assay (5, 6, 9–12). For example, data
from a large collaborative study (11 laboratories) found per-sam-
ple GCVs ranging from 84% to 803% (median GCV per virus of
138%, 155%, and 261% [5]). Other studies reported GCVs for
H1N1 and H5N1 samples that spanned 95% to 345% (11) and
22% to 582% (6), and GMTs differed between laboratories by up
to 80-fold (11) or 128-fold (9). While previous reports often in-
cluded higher numbers of participating laboratories than the cur-
rent study, even when just six laboratories contributed data, me-
dian interlaboratory GCV was 83% for five H1N1 samples, with
80% of them exceeding a 4-fold difference between laboratories
(11). In contrast, the current study showed median GCVs per
virus of only 39% and 17%, with 95% of samples within a 4-fold
difference between laboratories. One sample exceeded the 4-fold
difference; the titer was not quantifiable for this sample at one
laboratory, and hence the lowest value was assigned rather than
measured. If that sample were omitted from analyses, the maxi-
mum GCV would be 75.5%, which would represent a value lower
than the minimum GCV in other studies. Although that sample
showed higher variability than others, this low measurement
range appeared in general less precise than higher ranges. For ex-
ample, GCV ranged from 43.4% to 156.4% at titers between 10
and 80 compared to 11.1% to 53.1% at higher titers (Fig. 3).
Greater variability with lower titer samples has also been previ-
ously described (23) and likely contributed to incongruent sero-
protection classifications in the current study for the three H1N1
samples with titers closest to the threshold of 40 (consensus titers
of 22, 24, and 43). Despite this, diagnostic accuracy of seroprotec-
tion across PCIRN laboratories remained high overall (93.6%
when consensus titers were used to define seroprotection and
89.5% compared to reference laboratory values).

High agreement of interlaboratory HAI titers in PCIRN labo-

FIG 2 Of 10 samples per virus assayed at each laboratory, the titers of all but 1 at one laboratory were within 2-fold of the corresponding consensus titers. Titers
per sample, per laboratory, were expressed as a percentage of the sample’s consensus titer (vertical axes) and plotted against the log2-scaled titers on the horizontal
axes for the H1N1 (left panel) and H3N2 (right panel) samples.

FIG 3 Variability between laboratories in titer estimations (expressed as GCV
on the y axis) tends to be higher for samples in low measurement ranges and to
decrease as the measurement range increases; n � 16 (4 samples that were
below the lower limit of titer quantitation were excluded).
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ratories may relate to the careful harmonization of HAI assay pro-
cedures and reagents across the PCIRN. Participants in previous
studies that showed high interlaboratory variability generally used
HAI assay methods that varied between laboratories. Assay vari-
ables thought to contribute to variability in results included the
amount of virus added, the viral culture system (e.g., embryo-
nated chicken eggs versus tissue culture), the duration of RDE
treatment, the initial serum dilution, the type and age of the RBCs
used, and the time allowed for RBC settling (5, 11, 12). Surpris-
ingly, however, when Wood et al. provided commercial and pub-
lic laboratory participants involved in seasonal influenza vaccine
testing in Europe with a detailed standard operating procedure to
follow and common reagents/materials, they reported that inter-
laboratory variation was not significantly improved (10). The au-
thors speculated that persistent “local technical variations,” as well
as different RBC suppliers, might have affected reproducibility
between laboratories but noted that further standardization was
beyond the limits of feasibility for their study. Later publications
interpreted these findings as indicating that HAI assay standard-
ization between laboratories is, in general, not a feasible approach
for harmonizing HAI results across different laboratories (8, 12),
and at least one group has tried to develop a modified and more
robust HAI assay to generate more reliable and reproducible data
(22).

In the current study, the PCIRN laboratories adhered strictly to
the standard, publicly available World Health Organization HAI
assay protocol, in which points subject to technical or interpreta-
tive variations were harmonized between laboratories prior to
study commencement. Key reagents (e.g., RDE, RBC, virus
stocks) were obtained from the same suppliers as much as possi-
ble. In addition, restricting the testing to a single technologist at
each test site permitted increased standardization. The possible
effect of using multiple personnel at each laboratory was not
tested in this study. While the use of multiple operators could
potentially increase variability, the only study that examined
this possibility for HAI testing did not show any significant
difference between the results from two operators in the same
laboratory (22).

Potential variations between laboratories in the viral strains
grown for use in the assay were minimized between PCIRN labo-
ratories by using viral seed stocks from a single source that were
grown in the same cell line under similar conditions at all labora-
tories. We speculate that interlaboratory reproducibility might be
amenable to even further improvements were viral working stocks
to be produced centrally and distributed to participating labora-
tories. The importance of viral strain variations for HAI endpoint
titers is well illustrated by the 2-to-3-fold-lower titers demon-
strated in one study when the HAI assay used an A/Cal pH1N1
strain [A(H1N1)pdm09] compared to the X179A reassortant that
still possessed equivalent hemagglutinins and neuraminidases
(11). Unfortunately, stocks were not sequenced as a part of this
study, and so we cannot verify that all laboratories used viruses
with identical hemagglutinin sequences. Even if minor sequence
variations had been introduced by local propagation of virus
stocks, the variability between laboratories in this study was small,
and so it is hard to imagine how the use of stocks with identical HA
sequences might further reduce variability. Although the differ-
ences did not exceed 2-fold in this small sample set, minor varia-
tions in HA sequence introduced by local propagation of viral

stocks could be one possible explanation for the trends to under-
estimation of H1N1 titers and overestimation of H3N2 titers.

Various studies have reported reduced interlaboratory vari-
ability in HAI titers by calibrating results against international
standards (6, 11–13); however, such standards do not exist for the
current seasonal influenza B and influenza A H3N2 virus strains,
and the constant antigenic drift of seasonal strains that drive
yearly reformulation of the vaccines may well require the contin-
uous development and validation of new standards. In this study,
the interlaboratory comparability appears superior to that
achieved through use of even the most effective calibration stan-
dards. For example, following calibration with IS 09/194, Wood et
al. (11) reported that maximal differences between GMTs at dif-
ferent laboratories diminished from 80-fold to 64-fold (i.e., a
value still appreciably higher than the maximal 11-fold in the cur-
rent study) and that ranges of GCV between laboratories dimin-
ished from 95% to 345% (median, 105%) to 34% to 231% (me-
dian, 109%)—i.e., well over the range of 0% to 156% (median,
27%) seen in this study. Similarly, the use of replacement IS 10/
202 diminished the GCV between laboratories from a range of
108% to 157% to a range of 24% to 144% across five samples and
maximal differences between laboratories from 43-fold to 21-fold
(13), and, using the 07/150 standard, Stephenson et al. (6) reduced
the median GCV of 15 NIBRG-14 H5N1 clade 1 samples from
125% (range, 31% to 582%) to 61% (34% to 535%).

While the exact reason(s) for the high level of agreement be-
tween the PCIRN laboratories compared to previous studies can-
not be ascertained, our success was facilitated by the incentive that
we had as a national network to work toward the common goal of
establishing reproducible processes. Detailed and rigorous pro-
cess and reagent harmonization between sites is perhaps the only
“new” aspect we brought to this study, compared to the long-
standing body of literature showing poor HAI reproducibility be-
tween laboratories. However, our data suggest that with careful
standardization, interlaboratory variations in HAI titers may be
reduced to levels similar to those observed within single laborato-
ries. Potential next steps in minimizing variations in HAI titers in
laboratories worldwide would be the mobilization of networks/
consortia, the implementation of guidelines and/or regulatory re-
quirements for the use of standard procedures and reagents, stan-
dardized training to ensure reproducibility, and the provision of
support and/or incentives for the laboratories to embrace the
“standardization” concept.
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