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Vaccination has been one of the most important interventions in disease prevention and control. The impact of vaccina-
tion largely depends on the quality and suitability of the chosen vaccine. To determine the suitability of a vaccine strain,
antigenic matching is usually studied by in vitro analysis. In this study, we performed three in vitro test methods to deter-
mine which one gives the lowest variability and the highest discriminatory capacity. Binary ethylenimine inactivated vac-
cines, prepared from 10 different foot-and-mouth disease (FMD) virus serotype A strains, were used to vaccinate cattle (5
animals for each strain). The antibody titers in blood serum samples 3 weeks postvaccination (w.p.v.) were determined by
a virus neutralization test, neutralization index test, and liquid-phase blocking enzyme-linked immunosorbent assay
(ELISA). The titers were then used to calculate relationship coefficient (r1) values. These r1 values were compared to the
genetic lineage using receiver operating characteristic (ROC) analysis. In the two neutralization test methods, the median
titers observed against the test strains differed considerably, and the sera of the vaccinated animals did not always show
the highest titers against their respective homologous virus strains. When the titers were corrected for test strain effect
(scaling), the variability (standard error of the mean per vaccinated group) increased because the results were on a differ-
ent scale, but the discriminatory capacity improved. An ROC analysis of the r1 value calculated on both observed and
scaled titers showed that only r1 values of the liquid-phase blocking ELISA gave a consistent statistically significant result.
Under the conditions of the present study, the liquid-phase blocking ELISA showed less variation and still had a higher
discriminatory capacity than the other tests.

Foot-and-mouth disease (FMD) is highly contagious infectious
disease that affects all cloven-hoofed animals and is one of the

most economically important diseases of livestock. The virus be-
longs to the genus Aphthovirus, in the family Picornaviridae (1). It
has seven different serotypes, namely, O, A, C, Asia 1, and South-
ern African Territories (SAT) 1, 2, and 3, with multiple subtypes
within each serotype (2). FMD virus (FMDV) is a highly variable
RNA virus (3–5), and in general, there is little or no cross-protec-
tion between serotypes and even between different strains of the
same serotype (2, 6, 7). Serotype A is considered to be the most
antigenically and genetically diverse of the FMDV serotypes, and
new antigenic variants emerge frequently (8, 9).

An inactivated FMDV vaccine is being used to control FMD.
This type of vaccine is commonly used in many parts of the world,
namely, South America, Asia, and Africa, where FMD is endemic.
Although the quality of the vaccine used is probably the most
important factor for the success of a vaccination program, a rea-
sonable antigenic match between the FMDV vaccine and the out-
break virus strains is also considered essential for the effectiveness
of the vaccine (6). Initially, in vivo cross-protection studies were
performed to test for antigenic differences. However, since sero-
logical tests became available, they are also being used for anti-
genic matching on the basis of the assumption/hypothesis that the
level of protection is correlated with the antigenic match from the
serological tests. In such serological tests, the antibody titers of
serum samples collected from vaccinated animals against both the
vaccine strain and field strain virus are determined (6, 10). The
value that is used the most to express antigenic match is the rela-
tionship coefficient (r1 value), which is the ratio of the titers ob-
tained in serological tests using the heterologous (field) strains
and the vaccine strain (7, 10–12).

Serological test methods have been used to quantify antigenic
differences between FMDV structural protein antibodies and
thereby to estimate vaccine matching between a vaccine strain and
a field isolate. Antigenic analysis of field isolates in relation to
vaccine strains, based on virus neutralization tests (VNTs), plays a
significant role in evaluating the suitability of existing vaccine
strains (6, 10, 11), although significant variation has been reported
with VNTs (13, 14). The genetic diversity in the P1-coding region
within the SAT serotypes is reflected in the antigenic properties of
these viruses; therefore, there are implications for the selection of
vaccine strains that would provide the best vaccine match against
emerging viruses (15). In the antigenically diverse FMDV serotype
A strains, predicting antigenic differences using genetic sequences
alone does not provide reliable information for vaccine matching
(16). Therefore, others have added structural information on the
location of the amino acid sequence in the virus to the sequence
data and have shown that it was a powerful tool for predicting
antigenic relationships and has the potential to be applied to a
variety of different infectious agents (17).

In studies in which cross-protection was related to cross-reac-
tions in serology (10, 18, 19), the relationship between cross-pro-
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tection and cross-reactions varies. In some studies, protection was
observed when high-potency (type A) vaccines were being used
(10), even when the r1 values were low (range, 0.04 to 0.23). In
other studies, no cross-protection was detected after vaccination
with the A/Iran/05 FMDV vaccine and challenge with A/TUR/
64/11 (18), while the r1 value of 0.1 fell within the range of the r1

values found in the previous studies (10). For the FMDV type O
Manisa vaccine, a reasonable high r1 value of 0.6 was observed
against O Campos, but a vaccine containing 15 �g of O Manisa
antigen protected in 99% of the cases against homologous chal-
lenge but only in 54% of the cases against O Campos challenge
(19). This shows that a highly potent O Manisa vaccine did not
protect sufficiently against a heterologous O Campos challenge
even though the r1 value indicated it should. This shows that r1

values are not always consistent with the challenge results. Since
protection against a challenge with FMDV is well correlated with
serology results (20), variation in r1 value determination might
have caused this inconsistency. Cross-validation studies on r1

value determination between laboratories (18, 21) showed huge
variation between the laboratories and techniques used. The exact
cause of variation was not established, as there were too many
variables. A recent study (22) analyzed the r1 value of the VNT
using ROC analysis. They showed that the r1 value did not predict
cross-protection. Other authors have linked genetic information
to cross-reactions in serology (15–17) and have showed that the r1

value can be predicted from surface-exposed amino acid changes.
These studies did not address the inherent variability of the r1

value, and it is therefore important to have a more comprehensive
view on the usefulness of r1 values using results generated with
various FMDV strains in one laboratory. One of the first questions
is to identify which test should be used to test cross-reaction in
serology.

In this study, we analyzed the cross-reactions in serology using
serum samples from cattle vaccinated with 10 different FMDV
serotype A strain vaccines using three serological test methods,
with the objective of determining which serological test method
provides the least variation within a group of vaccinated cattle and
provides the best discrimination between vaccines.

MATERIALS AND METHODS
FMDV serotype A strains. Different serotype A FMDV (n � 10) strains
that were isolated in Africa, the Middle East, and Europe were selected
from various genetic lineages (Table 1). The 10 strains were A/KEN/12/
2005, A/ERI/2/98, A/SUD/2/84, A/ETH/13/2005, and A/MAU/1/2006,
which were received from the OIE/FAO World Reference Laboratory for
FMD (The Pirbright Institute, United Kingdom), and A10/Holland/42,
A22/IRQ/24/64, A/TUR/20/2006, A/TUR/14/98, and A/IRN/2/97, ob-
tained from the Central Veterinary Institute (CVI) (Wageningen UR,
Lelystad, The Netherlands). For a control on the strain identity, we se-
quenced the VP1 gene of the 10 FMDV serotype A strains and compared
them to data in the NCBI database.

Vaccine (antigen production). The vaccines employed in this study
were noncommercially produced at the CVI for this particular study. The
vaccines were prepared from the aforementioned 10 different FMDV se-
rotype A strains after growing them on monolayers of BHK-21 cells in
850-cm2 roller bottles (Corning tissue culture treated, nonpyrogenic;
Corning Incorporated, NY). The viruses were subsequently inactivated
with 10 mM binary ethylenimine (BEI) (23, 24). The BEI was neutralized
by 0.79% (wt/vol) sodium thiosulfate, and the inactivated antigens were
concentrated with one cycle of 8.0% (wt/vol) polyethylene glycol (PEG)
precipitation. The antigens were checked by standard VP1 sequencing
(25). The 146S antigen concentration was determined by quantitative

sucrose density gradient analysis, as previously described (26, 27). A
known 146S FMDV antigen reference standard was tested with each run.
The aqueous vaccines were formulated using 2% aluminum hydroxide
(Alhydrogel; Ph. Eur. Brenntag Biosector) and 10% (wt/vol) saponin
(Quil-A solution in phosphate-buffered saline [PBS]) as the adjuvant. The
vaccine payload was 10 �g of antigen per 2-ml dose and was expected to
have �3� the 50% protective dose (PD50). The antigens were tested for
the presence of live FMD virus both in vitro and in vivo.

Vaccination of cattle. Vaccinations were performed in 2010. Healthy
unvaccinated Eritrean local indigenous zebu breed (Bos indicus) cattle, 10
to 18 months of age, were used for this study. The cattle used originated
from regions known to be free from FMD without vaccination. Before
purchase and prior to vaccination, all cattle were ear tagged and bled twice
at a 2-week interval and tested for presence of anti-FMDV nonstructural
protein (NSP) antibodies using the FMD nonstructural enzyme-linked
immunosorbent assay (NS-ELISA) (PrioCHECK) (28). Only cattle with a
negative result with the FMD NS-ELISA were purchased. The cattle were
housed in stables at the National Veterinary Laboratory, Asmara, Eritrea.
The cattle were randomly allocated into 11 groups of 5 cattle. In total, we
used 10 groups for the 10 different FMDV serotype A vaccines and 10
cattle as nonvaccinated controls to monitor incursions of FMD infection
that would influence the experiment. The cattle in each vaccine group
were vaccinated subcutaneously in the middle of the cervical area. Blood
samples were collected at 0, 7, 14, 21, and 28 days postvaccination for
serology testing.

Rabbit and guinea pig antisera for liquid-phase blocking ELISA. In
total, 20 rabbits and 20 guinea pigs (two for each FMDV serotype A strain
antigens) were immunized as described by Hamblin et al. (29) using the
same semipurified PEG precipitated antigens as those used to vaccinate
the cattle in this study.

The vaccine was prepared by mixing an FMDV serotype A antigen
with an equal volume of Montanide ISA 206 VG oil adjuvant to get a final
concentration of 5 �g/ml. The rabbits were vaccinated subcutaneously
and intramuscularly with 0.5 ml of vaccine at each site. The guinea pigs
were vaccinated subcutaneously with 0.5 ml of vaccine. All animals were
boosted 2 weeks postvaccination (w.p.v.) with the same protocol used for
primary vaccination. The animals were bled 10 to 12 days after the booster
vaccination by exsanguination under general anesthesia.

FMDV NS-ELISA. The PrioCHECK FMDV NS-ELISA (Prionics) (28)
is a blocking ELISA that detects antibodies directed against the nonstruc-
tural 3ABC protein of FMDV. This ELISA detects FMDV-infected ani-
mals independently of the serotype causing the infection. The serum sam-
ples from the animals were tested by the PrioCHECK FMDV NS-ELISA
kit, and the test results were interpreted as indicated by the producer, i.e.,

TABLE 1 FMDV serotype A strains used in the study

FMDV type A
strain Lineage/sublineagea

GenBank
accession
no. (VP1)b Reference

A10/Holland/42 EURO-SA AY593751 41
A22/IRQ/24/64 ASIA AY593764 41
A/ERI/2/98 G-IV EU919238 42
A/ETH/13/2005 G-II FJ798145 43
A/IRN/2/97 Iran-96 KF152935 43
A/KEN/12/2005 G-I KF112912 16
A/MAU/1/2006 G-VI JF749842 44
A/SUD/2/84 G-IV GU566067 45
A/TUR/20/2006 Iran-05 FG755116 46
A/TUR/14/98 Iran-96 DQ296537 47
a Ten strains came from 8 different lineages (as defined by the World Reference
Laboratory). Two lineages, Iran-96 and G-IV, contained two strains. Within lineage
Iran-96, both strains were 97.7% similar in VP1 on the amino acid level, and within
lineage G-IV, both strains were 93.1% similar in VP1 on the amino acid level.
b Best matching VP1 sequence in NCBI.
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�50 percent inhibition (PI) was considered negative to NS antibodies and
�50 PI values was considered positive to NS antibodies.

Virus neutralization test. A VNT was performed as described in the
OIE Manual of Diagnostic Tests and Vaccines for Terrestrial Animals (7).
It was performed using BHK-21 cells in flat-bottomed tissue culture-
grade microtiter plates (Greiner Bio-One). Stock viruses for the VNT were
grown in cell monolayers, titrated, and stored at �70°C until used. The
experimental serum samples were inactivated at 56°C for 30 min before
testing. Dulbecco’s modified Eagle’s medium (DMEM) (Gibco/Invitro-
gen) supplemented with 5% fetal calf serum (FCS) and 2% antibiotics was
used to dilute the sera and virus, and also as a medium for growing the
cells. All 3-w.p.v. sera were tested in duplicate by mixing 50 �l of 2-fold
dilutions of the serum with a 50-�l virus suspension containing 100� the
50% tissue culture infective dose (TCID50) FMDV. This mixture was in-
cubated for 1 h at 37°C and 5% CO2, in a humidified atmosphere. After 1
h of incubation, 150 �l BHK-21 cell suspension was added to each well,
and the plates were incubated for 3 days at 37°C and 5% CO2, in a humid-
ified atmosphere. After 3 days, the monolayers were stained with 50 �l
amido black solution (1 g/liter in water containing 88 mM sodium acetate,
10% glycerol, and 5.4% acetic acid), and the cytopathic effect (CPE) was
read macroscopically. The endpoint titers of the serum samples, tested
against all 10 vaccine strains, were expressed as the logarithm (base 10) of
the reciprocal of the last dilution of serum that neutralized 100� TCID50

of the virus in 50% of the wells (30).
Serum samples collected at 0, 1, 2, 3, and 4 w.p.v. were tested by VNT

using the homologous test strain to see the response of neutralizing anti-
bodies postvaccination. For a comparison of the tests, the 3-w.p.v. sera
were tested against all 10 virus strains used for vaccination. In the calcu-
lation of the mean titers, VNT titers with a titer of �0.3 at the day of
vaccination were considered to be 0. In the calculations of r1 values and
scaled titers, the titers below the detection limit (0.3) were excluded, since
no titer was measured.

Neutralization index test. In the neutralization index test (NIT), 50
�l of 10-fold dilutions of the virus (6 wells per dilution) was incubated
with 50 �l of a fixed dilution of a 1:25 dilution of test serum for 1 h at 37°C
and 5% CO2, in a humidified atmosphere. In each test, a titration mixed
with 50 �l of dilution medium (DMEM with 2% fetal bovine serum and
antibiotics) instead of the test serum was included. After 1 h, 150 �l
BHK-21 cell suspension was added to each well, and the plates were incu-
bated for 3 days at 37°C and 5% CO2, in a humidified atmosphere. After 3
days, the plates were washed and the monolayers were stained with 50 �l
of amido black solution (see above), and the CPE was read macroscopi-
cally. The log10 titers of the virus with and without serum were calculated
(30). The neutralization index log10 titer was calculated by subtracting the
virus log10 titer of the strain with test serum from the log10 titer of the
strain without serum. All 3-w.p.v. sera were tested against all 10 FMDV
serotype A strains used for vaccination.

LPB-ELISA. The liquid-phase blocking ELISA (LPB-ELISA) was per-
formed as described by Hamblin et al. (29). Specific rabbit sera for coating
and the guinea pig sera for detection were produced for each of the 10
strains. The rabbit and guinea pig antisera were partially purified by pre-
cipitation using saturated aluminum sulfate. The dilutions of coating an-
tibody and detecting antibodies were optimized in the laboratory, as well
as the rabbit anti-guinea pig conjugate (P0141; Dako).

Antigens were prepared from the 10 FMDV type A strains by growing
them on monolayers of BHK-21 cells. After freeze-thawing the cell culture
and centrifuging for 10 min at 250 � g, the unpurified supernatants were
titrated, and the final dilution that gave an optical density (OD) at 450 nm
of approximately 1.2 to 1.5 in the ELISA was used. ELISA plates (Corning
Costar) were coated with a predetermined dilution of 100 �l/well rabbit
anti-FMDV antibodies diluted in bicarbonate buffer (pH 9.6) and left
overnight at room temperature. On the same day, in U-bottomed micro-
titer plates (dummy plate), each test serum sample was diluted in a 2-fold
dilution series in duplicate wells, starting with a 1:5 dilution (60 �l/well)
using phosphate-buffered saline containing 0.05% Tween 80, 0.5 M NaCl,

and 5% FCS (ELISA buffer). Sixty microliters of a predetermined concen-
tration of antigen, diluted in ELISA buffer, was added, mixed, and incu-
bated overnight at 4°C. The next day, the ELISA plates were washed 6
times with tap water containing 0.05% Tween 80. Next, 100 �l of test
serum-antigen mixture was transferred from dummy plates into the cor-
responding wells of the rabbit serum-coated ELISA plates and incubated
at 37°C for 1 h. After washing, 100 �l of the guinea pig antiserum (in a
predetermined dilution) homologous to the viral antigen used was added
to each well and incubated at 37°C for 1 h. The plates were washed, and
100 �l of a predetermined dilution of rabbit anti-guinea pig immuno-
globulins conjugated with horseradish peroxidase was added to all wells
and incubated for 1 h at 37°C. The guinea pig antiserum and the rabbit
anti-guinea pig conjugate were diluted in ELISA buffer. After washing,
100 �l of a substrate-chromogen solution (BioFX TMBS-1000-01) was
added, and the plates were left to develop color for 10 min at room tem-
perature. The reaction was stopped by adding 100 �l of 0.5-M sulfuric
acid. The plates were read at 450 nm, and the log10 antibody titers were
expressed as the log10 of the reciprocal of the final dilution of serum giving
50% of the mean OD value recorded in the maximum signal control wells
(two wells with ELISA buffer instead of serum).

Data analysis. (i) Mean titers. The mean titers were computed by
adding the log10 titers and dividing by the number of observations.

(ii) Scaled titer (correction for strain effect). Scaled titers were used
to minimize the variations observed between neutralization tests with
different viruses. For each specified serotype A strain, the titer was stan-
dardized using the formula (observed titer � mean titer for all sera tested
against a specified test strain)/(standard deviation of all sera tested against
a specified test strain). Therefore, for each specified strain, the mean scaled
titer is 0, with a standard deviation of 1.0 (31).

(iii) Determination of r1 values. A one-way antigenic relationship (r1

value) for each of the 3-w.p.v. serum samples was determined using VNT,
NIT, and LPB-ELISA titers, as described in the OIE manual (7) using the
equation r1 � (serum titer against heterologous virus)/(serum titer
against homologous virus), where the heterologous virus is a field strain
and the homologous virus is a vaccine strain.

To test whether the original and scaled titers of the sera from vacci-
nated cattle were able to discriminate between the various vaccine strains,
we used an analysis of variance (ANOVA). In the ANOVA, we tested
whether the titers induced by each vaccine were similar. If the ANOVA
showed that one or more of the vaccine groups was significantly different,
all possible pairwise comparisons were tested with a t test using Holm’s
adjustment for multiple testing. A P value of �0.05 was considered statis-
tically significant. Statistical analyses were carried out using R version 2.14
(32).

(iv) Receiver operating characteristic analysis. An ROC analysis was
carried out to determine which serological technique and the r1 value
derived from that technique had the best sensitivity and specificity in
determining differences between the test strains. In the first analysis, we
assumed that the two strains from the lineage Iran-96 have the same
antigenic make-up (gold standard for sensitivity and specificity). In this
case, the amino acid homology in VP1 was 97.5%. In the second, we
assumed that strains within the Iran-96 and the G-IV lineages were anti-
genically similar. In that case, the amino acid homology in VP1 was
93.1%. The ROC analysis was performed using the pROC library in R
(33).

RESULTS
FMDV vaccine strains. The antigens used for vaccination came
from 8 different lineages defined by the World Reference Labora-
tory in Pirbright (Table 1). In two lineages, we had two vaccine
candidates. In the lineage Iran-96, we selected A/IRN/2/79 and
A/TUR/14/98, which are 97.7% similar in VP1 at the amino acid
level. In lineage G-IV, we selected A/ERI/2/98 and A/SUD/2/84,
which are 93.1% similar in VP1 at the amino acid level. The iden-
tity at the amino acid level ranged from 84.3 to 91.4% for strains
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that did not belong to the same lineage. The VP1 sequences were
compared to known sequences in GenBank. For most strains, a
match (99 to 100% nucleotide identity) was found, and these are
shown in Table 1. For our A/KEN/12/2005 VP1 sequence only, the
best match (93% nucleotide identity) was with A/KEN/22/2009
(GenBank accession no. KF112912). Both the in vitro and in vivo
innocuity tests did not detect live FMDV in the BEI-inactivated
antigens produced from these 10 strains.

FMDV NS-ELISA. All sera collected at the start of the experi-
ment were negative in the Prionics NS-ELISA (28). In total, 7
cattle were positive in the NS-ELISA postvaccination, and in 4 of
them only at one time point postvaccination (1, 3, or 4 w.p.v.), in
2 cattle at two time points, and in one cow at 2, 3, and 4 w.p.v. The
maximum percent inhibition observed was 58%.

Postvaccination antibody response. Serum samples collected
from all cattle at 1, 2, 3, and 4 w.p.v. were tested using VNT against
the homologous vaccine test strain. In some cattle, a low reaction
was detected in the VNT before vaccination (Fig. 1); this was also
seen in the sera of the control animals, especially with test strain
A10/Holland/42. All vaccinated cattle responded to vaccination,
with an increase in the log10 antibody titer in the first week ranging
from 0.3 (2-fold) to 3.0 (1,000-fold), with a median of 1.1. At 2 to
4 w.p.v., the increase was �0.6 (4-fold) compared to the log10 titer
before vaccination, with a median increase of 2.1 log10. The mean
3-w.p.v. homologous log10 titer in the VNT ranged from 1.5 to 3.5
(Fig. 1). The mean VNT titer 3 w.p.v. against the homologous and
9 heterologous virus test strains used in the VNT in the different

vaccine groups ranged from 1.6 for A/MAU/1/2006 to 2.0 for
A/TUR/20/2006, with an overall mean titer of 1.8.

Analyzing differences between test strains using different se-
rological test methods. All 3-w.p.v. sera were tested and analyzed
by the three serological assays (VNT, NIT, and LPB-ELISA)
against the homologous and heterologous virus strains. The mean
titers and standard error of the mean (SEM) were calculated for
each vaccine (5 sera per vaccine) (Fig. 2). The correlation between
VNT and NIT was higher (0.72) than the correlation between NIT
and LPB-ELISA (0.55) or VNT and LPB-ELISA (0.49). Some virus
test strains were more easily neutralized than others. Conse-
quently, the mean titer against the homologous strain is not al-
ways the highest one. With the test strains A/IRN/2/97, A/SUD/2/
84, and A/TUR/20/2006, low responses were observed with all
serum samples from vaccinated animals for both VNT and NIT,
similar to the homologous strain shown in Fig. 1. Because of these
inherent variations between the test strains, many sera were found
to have homologous titers that were lower than some of the het-
erologous ones. Figure 2 shows that the mean VNT (in 4 of 10
strains), the mean NIT (in 3 out of 10 strains), and the mean
LPB-ELISA (in 2 out of 10 strains) homologous titers were not the
highest.

Scaled titers (correction for strain effect). Because some virus
strains were more easily neutralized than others, as mentioned
above, we used scaled titers to correct and standardize for the test
strain effect. Using scaled titers, the mean homologous response
was in general the highest one (Fig. 3). Table 2 shows the range of

FIG 1 VNT homologous mean titers, including standard error of the mean values of FMDV serotype A strains postvaccination responses in cattle at 0, 1, 2, 3,
and 4 w.p.v.
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the standard error of the mean (SEM) determined for each group
of 5 vaccinated cattle tested against each of the test strains for both
the observed and scaled titers. Before scaling, the LPB-ELISA had
the lowest maximum SEM. After scaling, both the NIT and LPB-
ELISA had the lowest maximum SEM values.

r1 value. One would expect the r1 value to range between 0 and
1, but that was only observed in 78%, 92%, and 96% of VNT, NIT,
and LPB-ELISA analyses, respectively (Table 3). The maximum r1

values were 178, 1,148, and 2.8 for VNT, NIT, and LPB-ELISA,
respectively. After scaling, a higher proportion of r1 values were
found that were between 0 and 1 (Table 3).

Discriminating between vaccines. As stated above, the mean

titers induced by the different vaccines were similar; therefore, we
used an ANOVA to determine whether there were significant dif-
ferences between vaccines. Using titers and scaled titers obtained
by VNT, no significant differences were found between the vac-
cines. Using titers and scaled titers obtained by NIT, a significant
difference between the test strains was observed in the ANOVA
and in 1 (based on titer) or 3 (based on scaled titers) out of the 45
(Table 4) possible pairwise comparisons. Using titers and scaled
titers obtained by the LPB-ELISA, a significant difference between
the test strains was observed in the ANOVA and in 7 (based on
titers) or 12 (based on scaled titers) out of the 45 possible pairwise
comparisons (Table 4).

FIG 2 Mean titers and the standard error of the mean (SEM) values of the three serological methods, i.e., VNT (black), NIT (gray), and LPB-ELISA (white) for
each vaccine and tested against the corresponding test strain (same number means the same strain). The individual graphs show the log10 mean titers and the
standard error of the mean of the sera of each group of vaccinated cattle (5 cattle) tested against the 10 different FMDV type A test strains (x axis). The homologous
responses are those for which the number of the test strain (x axis) is equal to the number in the title of a particular panel.
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ROC analysis. In the data set, we had 2 genetic lineages (Iran-96
and G-IV) that each contained 2 strains. In the ROC analysis, we
compared the sensitivity and specificity of the r1 values of the different
test methods before and after scaling. In the first analysis, we assumed
that only strains A/IRN/2/97 and A/TUR/14/98 were antigenically
similar (Fig. 4A and B for titers and scaled titers, respectively). In the
second analysis, we assumed that strains A/ERI/2/98 and A/SUD/
2/84 also were antigenically similar (Fig. 4C and D for titers and scaled

FIG 3 Mean scaled titers, including the standard error of the mean values for the VNT (black), NIT (gray), and LPBE (white). The homologous responses are
those for which the number of the test strain (x axis) is equal to the number in the title of a particular panel.

TABLE 2 Comparison of the 3 serological test methods using titers and
scaled titers, and a comparison of the SEM range within groups of 5
cattle

Test method
SEM range of
observed titers

SEM range of
scaled titers

VNT 0–0.98 0–1.49
NIT 0.06–0.78 0.10–0.88
LPB-ELISA 0.04–0.40 0.09–0.87
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titers, respectively). The 95% confidence interval of the area under
the curve (AUC) of the ROC curve of the r1 value based on the LPB-
ELISA titers and scaled titers did not include 0.5, hence showing a
statistically significant result. However, for VNT and NIT and only
when using the assumption that the strains in both lineages are anti-
genically similar, the AUC of the ROC curve of the r1 values based on
scaled NIT titers (AUC, 0.67; 95% confidence interval [CI], 0.56 to
0.79; Fig. 4D) had a 95% confidence interval that did not include 0.5.

Therefore, the dashed line in Fig. 4D represents the only statistically
significant result for NIT in the ROC analysis.

DISCUSSION

The study was performed to determine which serological test
method provides the least variation within a group of vaccinated
cattle and provides the best discrimination between vaccines. We
selected 10 FMDV serotype A strains from 8 different lineages
(Table 1). Sequencing of the VP1 region of the genome confirmed
the identity of the strains used. Although Eritrea is not free from
FMD, the cattle used in this study were obtained from a region
where no outbreaks of FMD had been recorded. All cattle were
free of antibodies to nonstructural proteins of FMD virus at the
start of the study, implying that they had not been exposed to
FMDV. Before vaccination, the cattle were tested for neutralizing
antibodies against 5 other serotypes (O, C, Asia 1, SAT-1, and
SAT-2), with a negative result. Some cattle showed low antibody

TABLE 3 Percentage of r1 values within the range 0 to 1 before and after
scaling the titers

Test
Before scaling
titer (%)

After scaling
titer (%)

VNT 78 93
NIT 83 94
LPBE 96 96

TABLE 4 P values of the pairwise t test results from the serological tests in which the ANOVA showed a significant difference between vaccine
strains

Vaccine strain

P value for each vaccine strain

A10/Holland/42 A22/IRQ/24/64 A/ERI/2/98 A/ETH/13/2005 A/IRN/2/97 A/KEN/12/2005 A/MAU/1/2006 A/SUD/2/84 A/TUR/20/2006

Observed NIT
titers

A22/IRQ/24/64 1
A/ERI/2/98 1 1
A/ETH/13/2005 1 0.672 1
A/IRN/2/97 1 1 1 1
A/KEN/12/2005 1 1 1 1 1
A/MAU/1/2006 1 1 1 0.006a 1 1
A/SUD/2/84 1 1 1 1 1 1 1
A/TUR/20/2006 1 1 1 1 1 1 0.056 1
A/TUR/14/98 1 1 1 1 1 1 1 1 1

Scaled NIT titers
A22/IRQ/24/64 1
A/ERI/2/98 1 1
A/ETH/13/2005 0.967 0.274 1
A/IRN/2/97 1 1 1 1
A/KEN/12/2005 1 1 1 0.828 1
A/MAU/1/2006 0.261 0.938 0.064 0.000 0.074 0.680
A/SUD/2/84 1 1 1 1 1 1 0.034
A/TUR/20/2006 1 0.682 1 1 1 1 0.000 1
A/TUR/14/98 1 1 1 0.740 1 1 0.373 1 1

Observed LPB-
ELISA titers

A22/IRQ/24/64 1
A/ERI/2/98 0.975 0.087
A/ETH/13/2005 0.122 0.005 1
A/IRN/2/97 1 1 1 1
A/KEN/12/2005 1 1 1 1 1
A/MAU/1/2006 1 1 0.008 0.000 0.333 0.690
A/SUD/2/84 1 1 1 0.135 1 1 1
A/TUR/20/2006 0.110 0.005 1 1 1 1 0.000 0.121
A/TUR/14/98 1 1 0.299 0.027 1 1 1 1 0.024

Scaled LPB-ELISA
titers

A22/IRQ/24/64 1
A/ERI/2/98 0.365 0.032
A/ETH/13/2005 0.033 0.001 1
A/IRN/2/97 1 1 1 0.810
A/KEN/12/2005 1 1 1 0.718 1
A/MAU/1/2006 1 1 0.001 0.000 0.09 0.300 - - -
A/SUD/2/84 1 1 0.349 0.030 1 1 1
A/TUR/20/2006 0.039 0.002 1 1 0.814 0.717 0.000 0.035
A/TUR/14/98 1 1 0.152 0.011 1 1 1 1 0.014

a Values in bold type are the P values that are �0.05.
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responses to NS protein postvaccination, but no FMDV clinical
signs were observed. The observed 58% inhibition is just above the
cutoff of 50% for the test. It is probable that the NS response was
due to some remaining NS proteins present in the vaccine, as has
been described before (34). The low titers found before vaccina-
tion in some of the cattle in both the VNT and LPB-ELISA is
similar to the results reported for cattle in The Netherlands (35).
Using the 10 strains as vaccine antigens, we observed a good ho-
mologous neutralizing antibody response, with at least a 4-fold
increase in the titers at two w.p.v. The small differences, with mean
titers ranging from 1.6 to 2.0, were observed in the mean response
of each group of vaccinated cattle tested against all test strains; this
shows that the quality of the vaccines was similar. Therefore, this
experimental design, in which cattle are vaccinated with vaccines
containing a similar amount of antigen, offers an excellent oppor-
tunity to compare the different serological test methods.

The major difficulty in interpreting the results with both the
VNT and NIT was the difference in the levels of neutralization
observed using different virus test strains. Some virus test strains,
like A10/Holland/42, were neutralized easily, with high titers in
the homologous and heterologous serum samples. For this reason,

we also evaluated the scaled titers. Even though a difference in titer
levels were observed, the mean response within the groups of 5
vaccinated cattle was consistent, resulting in a small range of ob-
served SEMs in all the 3 test methods. The range of the observed
SEM, however, was lowest in the LPB-ELISA, showing that the
smallest amount of variation was observed with the LPB-ELISA
results. Lower variation in the LPB-ELISA than in the VNT has
also been reported by Van Maanen and Terpstra (36). After scal-
ing, the range of the SEM observed in the groups of cattle in-
creased, but the lowest maximum SEM was still found using the
LPB-ELISA, but after scaling, the results obtained with the NIT
were similar.

The titer differences between the test strains resulted in r1 val-
ues that were often higher than one. This was mainly observed
with the seven test strains that had high homologous neutralizing-
antibody titers. After scaling, lower r1 values were calculated; this
is consistent with the fact that the strains were obtained from 8
distinct genetic lineages, from which we assume that they are also
antigenically different. Using the LPB-ELISA, more significant
differences between vaccines were observed by ANOVA, followed
by pairwise t tests. The four strains from 2 genetic lineages were

FIG 4 ROC curves of the r1-value titers of the VNT (solid line), NIT (dashed line), and LPB-ELISA (dotted line). In the graphs, the area under the curve (AUC)
is given, with the 95% confidence interval in parentheses. (A and B) Strains A/IRN/2/97 and A/TUR/14/98 are assumed to be antigenically the same, using the
observed titers (A) and scaled titers (B). (C and D) Strains A/IRN/2/97 and A/TUR/14/98 as well as A/ERI/2/98 and A/SUD/2/84 are assumed to be antigenically
the same, using the observed titers (C) and scaled titers (D).
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still similar in the pairwise t test (Table 4). Not only were the
LPB-ELISA results more capable to distinguish between vaccines,
they were also more reproducible, as they are not influenced by
variations in tissue culture susceptibility. Although neutralizing
antibodies are often considered in relation to protection, LPB-
ELISA titers are also correlated with protection (36, 37). There-
fore, the LPB-ELISA seems to perform better than the neutraliza-
tion tests to discriminate between vaccines.

To further build on the assumption that genetically related
strains should also be antigenically related, we did an ROC analy-
sis using the r1 values derived from the different tests before and
after scaling. An ROC curve with an AUC of 0.5 indicates that the
test does not differentiate the differences defined by the gold stan-
dard (in our case, the sequence data). Before scaling, only the r1

values based on titers from the LPB-ELISA had an AUC of the
ROC curve that was significantly different from 0.5. Therefore,
without scaling the titers, the LPB-ELISA is the only test that can
discriminate between strains that are genetically different and that
are therefore also assumed to be antigenically different. After scal-
ing, the AUC of the ROC curve of the NIT, when assuming the
strains in both the Iran-96 and the G-IV lineage were similar, was
significantly different from 0.5. This shows that scaling can help
improve the NIT to discriminate strains antigenically, but the
LPB-ELISA is the best test for this.

In our analysis, we used the r1 value as a measurement of the
antigenic relationship, but the reason we do the analysis is to see
whether a vaccine can protect against infection. Previous studies
have shown that there is a strong relationship between antibody
response and protection (36–38). The precision of this relation-
ship can be improved slightly by including other immunological
techniques (39, 40). However, the degree of the titer that relates
with protection is not the same for different strains. Therefore, the
use of an r1 value to estimate protection against challenge is not
logical, because the difference in titer needed for protection is not
taken into consideration. Hence, if the objective is to choose a
vaccine that will best protect against infection with a field isolate,
it is better to look for the vaccine that induces the highest titer
against the field virus strain instead of looking at the r1 value. In a
recent study that analyzed the serological results of cross-protec-
tion tests (22), it was shown that the r1 value of a serum sample
from a vaccinated and heterologous-challenged cow did not pre-
dict protection, but the serum titer against the challenge strain in
the VNT did. In fact, it was shown that an analysis of the humoral
immune response using IgG1 and IgG2 ELISAs even improved
this prediction (22). This also indicates that VNT or ELISA titers
are probably more important in a prediction of protection than is
the r1 value.

As stated before, the cattle serum samples used in this study are
unique, as they were produced using the same amount of antigen
in each vaccine batch. These cattle sera can be very valuable for
further research on the antigenic differences of new serotype A
FMDV isolates, as they cover a large part of the genetic differences
observed in Europe, the Middle East, and Africa. We conclude that
the LPB-ELISA, under the conditions in the present study, is the
best test for detecting antigenic differences between FMDV
strains. The smaller the variability within a vaccinated group of
animals, the greater is its discriminatory capacity in the neutral-
ization tests. However, one should realize that in our study, we
used strain-specific guinea pig and rabbit antibodies. Neverthe-
less, neutralizing antibody tests also have their place, as VNT titers

are closely related to protection (36, 38), but in that case, the use of
r1 values is not feasible, and the suitability of a vaccine strain
should be evaluated based on the titer against the outbreak strain.
The higher the titer, the better suited the vaccine.
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