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A B S T R A C T   

The objective of this study was to perform a preliminary validation of a solid-phase competition ELISA (SPCE) in 
goats exposed to foot-and-mouth disease virus (FMDV) southern African territories (SAT) serotypes through 
vaccination or experimental infection. Thirty-nine goats were vaccinated with a FMDV vaccine and 37 subse-
quently challenged with a SAT1 virus serotype. Blood was collected every 7 days until termination at 14 days 
post-challenge. Single-spot SAT1 virus serotype SPCE (ss-SPCE) was performed in duplicate at two time points 
and a half-titration version was performed after a variable time of long-term storage. Coefficient of variation (CV) 
was calculated and accuracy of the ss-SPCE was estimated relative to a half-titration SPCE log10 titer of 1.6 using 
mixed-effect logistic regression. Additionally, sensitivity and specificity were estimated based on serological 
results 14-days post-challenge and at study enrolment, respectively. Three hundred and forty-two serum samples 
were tested in duplicate on two non-consecutive days. The median (interquartile range (IQR)) CV for the ss-SPCE 
for SAT1 was 2.1% (0.5, 14.3%) and 2.5% (0.6, 12.8%) for the two testing days, respectively. Median (IQR) inter- 
assay (different day) CV was 10.6% (2.5, 42.5%). Specificity and sensitivity of the ss-SPCE relative to the log10 
titer using a 70% percentage inhibition positive threshold were 83.4% (95% confidence interval, 77.7–87.9) and 
95.8% (90.7–98.2), respectively. Specificity was estimated as 100% (92.6, 100) and sensitivity as 97.3% (87.4, 
99.9) when only considering serum tested at the beginning and end of the study, respectively. The SAT1 ss-SPCE 
is repeatable and accurate for determining FMDV serological status in goats.   

1. Introduction 

Foot-and-mouth disease (FMD) is a highly contagious and widely 
distributed disease affecting cloven-hoofed animals and camelids 
(Grubman and Baxt, 2004) that is caused by infection with FMD virus 
(FMDV), which belongs to the Aphthovirus genus within the Picorna-
viridae family (Kitching et al., 2005). The virus has a single-stranded 
positive-sense RNA genome of approximately 8500 nucleotides with a 
non-enveloped icosahedral capsid (Domingo et al., 2002). FMDV exists 
as seven immunologically distinct serotypes identified as O, A, C, Asia-1, 
southern African territories (SAT) 1,2 and 3 (Knowles and Samuel, 
2003) with all except Asia-1 having multiple antigenically distinct 

topotypes (Knowles et al., 2016). Serotypes A and O are well established 
in most FMD endemic regions except southern Africa where outbreaks 
due to these serotypes are less common (Rweyemamu et al., 2008; Sirdar 
et al., 2021; Chimera et al., 2022). Serotype O is responsible for the 
majority of outbreaks globally (Ranaweera et al., 2019) and is becoming 
increasingly important in southern Africa (Banda et al., 2022). Asia-1 
predominates in Asia, and there have been no recent reports of sero-
type C (Sangula et al., 2011; Brito et al., 2017). The SAT serotype viruses 
predominate in southern Africa and constitute a distinct lineage separate 
from the A, O, C and Asia-1 serotypes (Vosloo et al., 2009). African 
buffalo (Syncerus caffer) are a natural host for the SAT virus serotypes 
(Thomson et al., 2003; Hughes et al., 2017; Blignaut et al., 2020) and 
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FMDV serotypes SAT1 and SAT2 are distributed throughout Africa, 
while SAT3 is limited to southern and a small area in eastern Africa 
(Bastos et al., 2003). 

FMD affects all cloven-hoofed livestock but there are few reports of 
clinical disease in small ruminants (Gibson and Donaldson, 1986; Bar-
nett and Cox, 1999; Hughes et al., 2002; Elnekave et al., 2016). Goats 
have been experimentally infected with FMDV (McVicar and Sutmoller, 
1968; Anderson et al., 1976; Lazarus et al., 2020; Muthukrishnan et al., 
2020) but there are limited data concerning natural infections. Goats 
have the potential to become FMDV carriers (McVicar and Sutmoller, 
1968, 1972; Anderson et al., 1976) and this species has been incrimi-
nated in the introduction of FMDV into previously disease-free countries 
through illegal trade (Kitching and Hughes, 2002). In South Africa, small 
stock including goats are sometimes moved from FMD control areas 
without first obtaining official movement permits (Lazarus et al., 2021). 

The typical clinical signs of FMD do not vary by host species or 
serotype and the major clinical features include fever, lameness, and the 
appearance of vesicles and ulcerative lesions in the mouth, feet, teats 
and mammary glands (Arzt et al., 2011). Pain and discomfort from the 
vesicles and ulcerative lesions can lead to depression, anorexia, exces-
sive salivation, lameness, and reluctance to move or stand (Kitching and 
Hughes, 2002). Host species, breed, pre-existing immunity, FMDV 
serotype and dose all influence disease severity (Singh et al., 2019). FMD 
clinical signs range from subclinical to severe and laboratory confir-
mation is required due to the possibility of other ulcerative diseases 
(Alexandersen et al., 2003) and for serotype determination. 

Viral isolation and methods that detect viral antigens, nucleic acids, 
and antibodies are core techniques for the laboratory diagnosis of FMD 
(Longjam et al., 2011). Routine serological methods performed in South 
Africa include the liquid-phase blocking ELISA (LPBE), solid-phase 
competition ELISA (SPCE), non-structural protein ELISA, and the virus 
neutralization test (VNT). These tests detect anti-FMDV antibodies 
produced by the host against structural or non-structural FMDV pro-
teins. A SPCE measures the competition for FMDV binding sites between 
serotype-specific rabbit or guinea pig anti-FMDV antiserum and anti-
bodies present in the test serum (Mackay et al., 2001). Conventional 
SPCEs have been developed to detect multiple FMDV serotype exposure 
for a number of species including cattle, sheep, and pigs (Mackay et al., 
2001; Paiba et al., 2004; Li et al., 2012; Kang et al., 2018; Wong et al., 
2020). Goats have also been included in a multiple species evaluation of 
a recombinant capsid polyprotein SPCE for the detection of serotype O 
FMDV infection (Biswal et al., 2015) but the authors are not aware of a 
formal SPCE validation for SAT serotypes in this species. 

The objective of the current study was to perform a preliminary 
validation of a conventional single-spot SPCE for use in goats exposed to 
FMDV SAT serotypes through vaccination or experimental infection. 

2. Materials and methods 

2.1. Study design 

A group of 40, 6–12 month old indigenous South African goats of 
both sexes were obtained from farms within the FMD free-zone of South 
Africa before the 2019 FMD SAT2 outbreak and subsequent suspension 
of the FMD free-zone in the country. Goats were obtained to evaluate the 
efficacy of a pentavalent FMD vaccine to protect against heterologous 
challenge with SAT1 FMDV (Lazarus et al., 2020) and were confirmed 
FMD-free prior to enrolment using liquid-phase blocking ELISA. Briefly, 
goats were randomly allocated into five treatment groups based on 
decreasing vaccine dosages including an unvaccinated placebo control 
group. The experimental vaccine was an inactivated pentavalent FMD 
vaccine containing serotypes SAT1 (n = 2 viruses), SAT2 (n = 2) and 
SAT3 (n = 1). Vaccinations were administered on day 0 and repeated on 
day 20 with the FMDV experimental challenge occurring on day 41. All 
except two goats were challenged by intradermolingual inoculation with 
a 104.57 50% tissue culture infective dose (TCID50) of FMDV SAT1. 

Natural transmission occurred in the two unchallenged goats (Lazarus 
et al., 2019) and FMDV infection was confirmed through the develop-
ment of lesions and shedding of the virus detected by reverse tran-
scriptase PCR (Lazarus et al., 2020). All goats also had evidence of 
seroconversion at the end of the study based on non-structural protein 
ELISA (Lazarus et al., 2020). Blood samples were collected from the 
jugular vein into plain evacuated tubes (Vacutainer®, BD Becton, 
Dickinson and Company, USA) on day 0 and every subsequent 7 days 
(with the exception of day 20, which was a 6 day interval) until study 
termination at 14 days post-challenge (day 55). Whole blood was 
allowed to clot at room temperature and harvested sera were stored at −
20 ◦C until testing at the completion of the study and then relocated to −
80 ◦C for long-term storage. A second serological testing was performed 
after a variable number of days of long-term storage (median of 84 days; 
range, 78–282). More details concerning the animal methods have been 
presented elsewhere (Lazarus et al., 2020). Additionally, 329 banked 
serum samples collected from goats for a peste des petits ruminant 
surveillance project were included in the study. These goats were 
sampled from the Northern Cape Province (FMD-free zone) prior to the 
suspension of the free zone in 2019 due to the SAT2 FMD outbreak in 
Limpopo Province. 

The study protocol was approved by the Research Ethics Committee 
of the Faculty of Veterinary Science at the University of Pretoria (REC 
171–19) and the Animal Ethics Committee of the Onderstepoort Veter-
inary Institutes (AEC 6.17). Permission to conduct this study was also 
obtained from the Department of Agriculture, Land Reform and Rural 
Development (Application Number 12/11/1/1). 

2.2. Solid-phase competition ELISA (SPCE) 

2.2.1. Single-spot SPCE 
Single-spot SPCE (ss-SPCE) for FMDV SAT1–3 were performed on all 

experimental sera specimens following standard procedures (Mackay 
et al., 2001; Paiba et al., 2004). Field specimens from the Northern Cape 
were only tested on the SAT1 ss-SPCE on a single day. The first testing of 
specimens from experimental animals was batched and performed the 
day following study completion. The ss-SPCE was performed on an 
initial 1:10 serum dilution thus with a final working dilution of 1:20. 
FMDV serotype-specific rabbit anti-serum was diluted at a pre-
determined optimum concentration in carbonate/bicarbonate coating 
buffer (pH 9.6) and then 100ul were added to each well of a 96-well 
NUNC Maxisorp™ micro-titer plate. Plates were incubated overnight 
at room temperature followed by a 3-cycle wash with washing buffer 
using an automatic plate washer. Coated plates were stored at − 20ºC 
until required. After every incubation step, plates were washed four 
times with phosphate buffered saline containing Tween®20 (PBST) 
wash solution on a micro-titer plate washer except after the addition of 
the substrate solution. FMDV antigen homologous to the coated rabbit 
anti-serum was diluted then added to the plates and incubated at 37ºC 
for one hour. After capture of the antigen, the test serum, negative and 
positive control sera were added to the micro-titer plates together with 
the specific guinea pig antiserum and incubated for one hour at 37ºC. 
Following incubation, the micro-titer plates were washed, and 
anti-guinea-pig immunoglobulin conjugated to horseradish peroxidase 
was added. The plates were incubated for one hour at 37ºC followed by 
washing. FMDV antigen, guinea-pig antiserum and conjugate were 
diluted to predetermined working concentrations in PBST containing 
5% non-fat skimmed milk powder and phenol red indicator. Tetrame-
thylbenzidine (TMB) substrate solution was added to all wells and the 
plates were incubated at room temperature for 10 min to allow for color 
development. The reaction was stopped by the addition of sulphuric acid 
and the optical densities (OD) were read at 450 nm in a 
spectrophotometer. 

Tests were performed in duplicate and percentage inhibition (PI) was 
calculated for each well as: PI = 100 – ((mean OD test or control serum / 
median OD competition control) x 100). Samples with a percentage 
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inhibition ≥ 50% were classified as positive (Paiba et al., 2004). Assay 
results were accepted if the OD value of the antigen control was in the 
range 0.8 – 1.4, the PI of the negative control was < 50%, and the PI for 
the strong positive control was > 80%. 

2.2.2. Half-titration SPCE 
Half-titration SPCE (t-SPCE) for all three SAT serotypes were per-

formed in the same manner as the ss-SPCE test but using 1:5, 1:10, 1:20, 
and 1:40 initial serum dilutions. The initial 1:10 serum dilution was used 
as a replicate of the original single-spot testing. Samples were tested in 
duplicate and testing was performed after 78–282 days of long-term 
storage. SPCE antibody titers were calculated using the Kärber method 
(Kärber, 1931; Ramakrishnan, 2016) and samples with antiserum titers 
equal to or greater than 1.6 log10 were considered positive based on 
laboratory internal validation data. 

2.3. Statistical analysis 

Intra-assay (within plate) repeatability of raw optical density (OD) 
values and calculated PI was assessed by calculating the coefficient of 
variation (CV) as the standard deviation divided by the mean of repli-
cates and expressed as a percentage. Inter-assay (between different 
days) repeatability was estimated by first determining the mean PI from 
each assay run and then calculating the CV of these two values. Data 
were descriptively presented as scatter and box plots using the ggplot2 
package (Wickham, 2009) within R (R Development Core Team, 2017). 
Spearman’s rho was calculated as a measure of correlation and kappa 
was calculated as an estimate of agreement between the ss-SPCE at the 
50% PI positive threshold and the calculated SPCE titer at the log10 1.6 
threshold. Repeatability, correlation, and agreement assessments were 
performed using data from all three SAT FMDV serotypes in experi-
mental goats because all were included in the administered vaccine. The 
accuracy of the ss-SPCE was estimated relative to a SPCE log10 titer of 
1.6 and descriptively presented using a 2-line receiver-operating char-
acteristic curve created in ggplot2. The assessment of accuracy was 
restricted to SAT1 SPCE results because this was the experimental 
challenge strain and also restricted to the second testing day in experi-
mental goats because this was when the t-SPCE was performed. The 
optimal positive ss-SPCE threshold was determined by evaluating the 
Youden index (sensitivity + specificity – 1) with an emphasis on maxi-
mizing sensitivity for the expected use of the ss-SPCE as a screening test. 
Mixed-effect logistic regression models were fit as described previously 
for a different analytical situation (Annandale et al., 2021) to estimate 
sensitivity and specificity while accounting for the repeated measures 
study design. Intercept-only mixed-effect models were fit that included a 
random effect term for animal and restricted to SAT1 titer positive (≥1.6 
log10) and titer negative results to estimate sensitivity and specificity, 
respectively. Sensitivity, specificity, and 95% confidence intervals for 
these relative accuracy estimates were calculated by converting expo-
nentiated regression coefficients into probability values. Diagnostic ac-
curacy was also estimated relative to the known disease status for the 
goats in a subset of available specimens. Specificity was estimated as the 
simple proportion of animals that tested negative on the ss-SPCE at the 
start of the study prior to vaccination or challenge (n = 39 due to the loss 
of one goat) and as the proportion of goats sampled from the FMD free 
zone that tested negative. Sensitivity was calculated as the simple pro-
portion of animals that were seropositive 14 days after experimental 
challenge with the SAT1 FMDV (n = 37 due to the loss of three goats). 
Kappa was calculated to estimate the agreement between t-SPCE titer 
positive and evaluated ss-SPCE PI positive thresholds. All statistical 
analyses were performed using commercially available software (IBM 
SPSS Statistics Version 27, International Business Machines Corp.) un-
less stated otherwise. Significance was assessed at P < 0.05. 

3. Results 

3.1. Repeatability 

Forty goats were obtained but one goat died during the acclimation 
period and two other goats died prior to FMDV experimental infection. 
Deaths were attributed to pre-existing conditions unrelated to vaccina-
tion or other study protocols. Three hundred and forty-two serum 
samples from 39 goats were tested in duplicate for all three SAT sero-
types on the ss-SPCE over two different days. On the first day of testing 
200 (58%), 188 (55%), and 211 (62%) were ss-SPCE positive (PI > 50%) 
for SAT1–3, respectively. On the second day, 204 (60%), 188 (55%), and 
210 (61%) were ss-SPCE positive for SAT1–3, respectively. Intra-assay 
(within plate) repeatability on the optical density scale was generally 
good with a small number of extreme CV (Supplemental Fig. 1). The 
median (interquartile range (IQR)) CV for the PI on the ss-SPCE calcu-
lated on the first testing were 2.1% (0.5, 14.3%), 2.7% (0.9, 9.8%), and 
3.2% (1.2, 7.6%) for serotypes SAT1–3, respectively. The corresponding 
median (IQR) CV for the PI on the testing performed after variable 
storage times were 2.5% (0.6, 12.8%), 3.5% (1.0, 11.4%), and 3.3% 
(1.2, 11.3%) for serotypes SAT1–3. Median (IQR) inter-assay (different 
day) CV for the PI were 10.6% (2.5, 42.5), 12.2% (3.6, 34.0%), and 
11.6% (4.7, 28.6%) for serotypes SAT1–3 (Fig. 1) and appeared to vary 
based on the magnitude of the serological response (Supplemental 
Fig. 2). 

3.2. Correlation and agreement 

There was an apparent strong linear relationship between the PI 
calculated from the duplicate samples on the first testing with Spear-
man’s rho of 0.985 (P < 0.001), 0.978 (P < 0.001), and 0.975 
(P < 0.001) for SAT1–3, respectively (Fig. 2). The estimated correlations 
on the second testing after a variable storage time were 0.979 
(P < 0.001), 0.982 (P < 0.001), and 0.967 (P < 0.001) for SAT1–3 
(Fig. 3). Correlation between mean PI on the two different testing days 
were 0.892 (P < 0.001), 0.866 (P < 0.001), and 0.791 (P < 0.001) for 
SAT1–3 (Fig. 4). The correlations between the ss-SPCE PI and the SPCE 
antibody titer calculated for the same testing after the variable storage 
time were 0.960 (P < 0.001), 0.970 (P < 0.001), and 0.947 (P < 0.001) 
for SAT1–3 (Fig. 5). Kappa (95% CI) as the measure of agreement be-
tween the ss-SPCE PI at the 50% positive threshold and the t-SPCE at the 
1.6 log10 positive threshold was 0.592 (0.516, 0.668), 0.432 (0.356, 
0.508), and 0.309 (0.242, 0.376) for SAT1–3. 

3.3. Diagnostic accuracy 

The 2-line ROC curve (Fig. 6) and calculation of the Youden index 
suggested that a PI positive threshold of 70% would be optimal for use of 
the ss-SPCE for screening goats for FMDV exposure (vaccination or 
infection). Kappa (95% CI) as an estimate of agreement between the ss- 
SPCE and the t-SPCE antibody titer was estimated as 0.775 (0.708, 
0.842) at the 70% PI positive threshold. The sensitivity (95% CI) and 
specificity (95% CI) of the ss-SPCE at the 70% PI positive threshold were 
95.8 (90.7, 98.2) and 83.4 (77.7, 87.9), respectively (Table 1). Estima-
tion of sensitivity and specificity using knowledge of the true infection 
status of the goats suggested higher estimates that did not vary based on 
the two evaluated positive thresholds for the ss-SPCE. 

4. Discussion 

Goats are an important livestock species in South Africa (Braker 
et al., 2002) and are often raised in close proximity to FMDV-infected 
wildlife reservoirs (Lazarus et al., 2021). Goats are susceptible to 
FMDV infection but frequently show minimal or no clinical signs 
(Kitching and Hughes, 2002; Lazarus et al., 2019; Lazarus et al., 2020) or 
behavioral changes (Wolf et al., 2020) but are still capable of 
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transmitting infection to in-contact animals (Lazarus et al., 2019). 
Subclinical infection and transmission are a concern because FMD sur-
veillance in endemic regions typically target clinically affected live-
stock. South Africa, for example, only performs routine serological 
surveillance in cattle. Cattle are also the most common target species for 
FMD surveillance and assay validation is less common for other sus-
ceptible species. The objective of the current study was to perform a 
preliminary validation of a conventional SPCE for use in goats as a 

screening tool for exposure to SAT serotypes of FMDV. Published data 
concerning SAT serotypes are limited especially related to exposure of 
small ruminants. These data are required prior to the implementation of 
serological screening programs of goats designed at reducing FMD 
outbreaks in Africa. 

Serological screening programs should be designed based on the use 
of validated assays and analytical validation is one of the first steps of 
the World Organisation for Animal Health prescribed validation 

Fig. 1. Intra-assay (within plate) and inter-assay (between days) coefficient of variation on the percentage inhibition calculated for a single-spot version of a foot- 
and-mouth disease (FMD) solid-phase competition ELISA (SPCE) in 342 serum samples collected from 39 goats vaccinated against southern African territories se-
rotypes 1–3 (SAT1–3) FMDV and subsequently experimentally challenged with a pool of field SAT1 viruses. Data presented with a log10 y-axis due to the small 
number of extreme values. 

Fig. 2. Correlation between percentage inhibition calculated from replicate samples on the same plate on the first testing for a single-spot solid-phase competition 
ELISA (ss-SPCE) in 342 serum samples collected from 39 goats vaccinated against southern African territories serotypes 1–3 (SAT1–3) FMDV and subsequently 
experimentally challenged with field SAT1 viruses. 
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pathway (Jacobson, 1998; Gardner et al., 2021). Analytical sensitivity 
including repeatability and limit of detection are two important aspects 
of analytical validation. Serial dilution experiments were not performed 
to assess the limit of detection since SPCE has been validation for use in 
other species. However, the intra-assay (within plate) repeatability of 
the evaluated ss-SPCE was very good within the evaluated goat samples. 
This repeatability appeared descriptively more variable for SAT1 testing 
as demonstrated by the wider interquartile ranges as can be observed in 

Fig. 1. Fig. 2 and 3 also show a lower negative range of PI values, which 
might be the source of the increased variability. This might be an indi-
cation that the competition control for the SAT1 version of the SPCE 
might not represent the true maximum reaction and therefore requires 
reassessment. 

All SAT virus serotype versions of the ss-SPCE had a few very extreme 
CV values when assessing the intra-assay (within plate) repeatability 
that were more common with virus serotype SAT1. These extreme values 

Fig. 3. Correlation between percentage inhibition calculated from replicate samples on the same plate after a 78–282 day storage time for a single-spot solid-phase 
competition ELISA (ss-SPCE) in 342 serum samples collected from 39 goats vaccinated against southern African territories serotypes 1–3 (SAT1–3) FMDV and 
subsequently experimentally challenged with field SAT1 viruses. 

Fig. 4. Correlation between mean percentage inhibition calculated from two independent assay runs (after a variable amount of storage time) for a single-spot solid- 
phase competition ELISA (ss-SPCE) in 342 serum samples collected from 39 goats vaccinated against southern African territories serotypes 1–3 (SAT1–3) FMDV and 
subsequently experimentally challenged with field SAT1 viruses. 
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were associated with low PI values (Supplemental Fig. 2) as might be 
expected due to small absolute changes in the lower test result ranges 
having a larger influence on the proportional variability. The apparent 
low repeatability within this range of assay results would not affect the 
outcome classification as negative and thus not negatively influence the 
use of the assay for serological screening. The intra-assay (within plate) 
repeatability close to the typical positive threshold of 50% was very 
good for all three serotypes in general. The good intra-assay repeat-
ability was further evidenced by the strong linear relationship and near 
perfect correlation when assessed for both testing time points (Fig. 2 and 
3). The variable time of long-term storage also had very little apparent 
impact on these correlations. 

The variable time of long-term storage might have had an impact on 
the measures of inter-assay (between day) repeatability as the CV were 
descriptively higher than for the intra-assay repeatability (Fig. 1). There 

was a strong correlation between the PI estimated on the different 
testing days but the correlations were weaker for all SAT virus serotypes 
and there was more variability around the predicted regression lines 
(Fig. 4). Poorer inter-assay (between day) repeatability compared to 
intra-assay (within plate) repeatability is not unexpected and it has been 
reported previously (Ran et al., 2019). Despite the increased variability, 
the median CV were still within acceptable limits as evidenced by Fig. 4. 
A CV of less than 20% is considered acceptable whereas a value of 30% 
or more in a majority of tests would be a reason for concern (Jacobson, 
1998). A higher proportion of SAT1 tests had CV greater than 30% 
relative to the other evaluated serotypes. For example, approximately 
30% of the SAT1 results had inter-assay CV greater than 30%. It is 
possible that long-term storage and antibody decay are responsible for 
some of the measured variability. However, this is unlikely to be the 
major source of the variability due to the scatter plots suggesting that the 

Fig. 5. Correlation between single-spot percentage inhibition and log10 titer for a sold-phase competition ELISA (SPCE) performed on the same day after a 
78–282 day storage time in 342 serum samples collected from 39 goats vaccinated against southern African territories serotypes 1–3 (SAT1–3) FMDV and subse-
quently experimentally challenged with field SAT1 viruses. Dashed lines represent the usual thresholds for classifying positive reactions. 

Fig. 6. Two-line receiver-operating characteristic plot for 
the accuracy of a foot-and-mouth disease (FMD) virus 
serotype southern African territories 1 (SAT1) single-spot 
solid-phase competition ELISA (ss-SPCE) relative to a 
log10 titer of 1.6 for diagnosis of SAT1 exposure in 39 
vaccinated goats subsequently experimentally challenged. 
Dashed line indicates the typical 50% percentage inhibition 
positive threshold and the dotted line indicates the 70% 
percentage inhibition positive threshold with improved 
overall accuracy based on the Youden index (sensitivity +
specificity – 1).   
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PI from the second testing were frequently higher than the first. Other 
sources of variability to consider would be due to the operator, which 
was different, and changes in test reagents indicating quality control 
issues. Furthermore, extreme differences might be due to mislabelling of 
samples or errors in loading plates breaking the true relationship be-
tween sample ID and results. Testing was performed manually without 
the assistance of robotics and automated data entry. Errors in data entry 
and plate loading are a potentially important source of the reduced 
inter-assay (between day) variability and appear more important than 
variable storage times. The sources of inter-assay variability require 
further investigation to identify the relative influence of laboratory and 
assay-specific factors. The reproducibility and robustness of the ss-SPCE 
assay for FMDV serological diagnosis in goats depends upon the 
contribution of each potential source of variability. 

There was a very strong curvilinear correlation between the PI for 
the ss-SPCE and the log10 titer calculated from the same test day for all 
SAT serotypes (Fig. 5). The strong correlation suggests that the ss-SPCE 
could be used as an accurate predictor of the FMDV antibody titer, which 
would be more rapid and economical. However, kappa estimated based 
on the typical positive thresholds descriptively varied by serotype and 
only suggested fair (SAT3) to moderate (SAT1&2) agreement (Landis 
and Koch, 1977) between the ss-SPCE PI and the calculated titer. Fig. 5 
also demonstrates the large proportion of results that are classified in the 
PI positive (PI ≥ 50%) but titer negative (titer < 1.6) quadrant. This 
suggests that the ss-SPCE has potential as an accurate screening test but 
that the PI ≥ 50% positive threshold is too low and likely should be 
increased for goats. 

The 2-line ROC analysis suggested that ss-SPCE might be accurate 
relative to a 1.6 log10 titer but that the positive threshold of 50% PI is 
not optimal (Fig. 6), which is consistent with the interpretation of the 
scatter plot findings. The Youden index was still in the ascending phase 
at the 50% PI positive threshold and started to plateau at approximately 
70% PI before declining again after 80% PI. An approximate 70% PI 
positive threshold would be preferable due to the approximate 
maximum of the Youden index with the highest estimated sensitivity. 
The evaluation of the ss-SPCE at the 70% PI positive threshold had good 
sensitivity (96%) and adequate specificity (83%) as well as having 
substantial agreement (kappa = 0.78) with classification of SPCE log10 
titers ≥ 1.6 suggesting a possible role as a screening test for SAT1 virus 
serotype exposure (vaccination or infection) in goats. 

The diagnostic accuracy of the currently evaluated SPCE in goats is 
lower than most reported estimates of sensitivity (≥ 96%) and speci-
ficity (≥ 99%) for multiple serotype exposures in other species (Wong 
et al., 2020). Literature concerning FMD diagnosis specifically for goats 
is scarce and often the FMD epidemiology in goats is described in 
conjunction with sheep (Kitching and Hughes, 2002). Sheep have 
received more attention in the peer-review literature presumably due to 

their relative importance as commercial livestock in developed coun-
tries. The SPCE has been reported to have a sensitivity and specificity of 
100% and 99%, respectively when evaluated against sheep experimen-
tally exposed to a serotype O virus (Paiba et al., 2004). Another study 
evaluated a SPCE for the diagnosis of exposure to serotypes A, C, Asia-1, 
and SAT1–3 in sheep and the specificities were reported to be > 99% for 
all evaluated serotypes when all species were combined (Li et al., 2012). 
However, sensitivities were not reported nor were sheep-specific esti-
mates of specificity. Goat-specific estimates of diagnostic accuracy of a 
conventional SPCE could not be identified in the available 
English-language literature. 

The 70% PI positive threshold of the ss-SPCE appears to be an 
effective screening test; however, this high of a positive threshold might 
no longer be within the linear range of the assay. Scatter plots between 
the log10 titer and the PI described a curvilinear relationship in which 
the slope of a tangential line progressively increased with the PI once it 
surpassed 50%. This relationship implies that smaller changes in the PI 
have larger effects on the titer at higher PI values. Imperfect precision of 
the test would therefore tend to yield more changes in the predicted titer 
values possibly causing changes in diagnostic decisions. It might 
therefore be worthwhile to investigate a higher initial serum dilution of 
the assay for use in goats rather than simply using the cattle dilution and 
increasing the PI threshold. Further research is required to identify an 
optimal starting serum dilution to employ in this assay. 

The estimation of diagnostic accuracy of the ss-SPCE relative to a 
predicted log10 antibody titer calculated from multiple dilutions of the 
same assay is not an optimal approach for the estimation of diagnostic 
accuracy. Diagnostic accuracy should be estimated relative to an 
appropriate reference (gold) standard (Gardner et al., 2019) but perfect 
reference standards are often unavailable. In addition to estimation 
relative to the log10 antibody titer, sensitivity and specificity were also 
estimated relative to the known FMDV infection status at the beginning 
of the study (specificity) and two weeks after experimental infection 
(sensitivity). Based on this approach, the ss-SPCE appeared to have 
perfect specificity (100%) and excellent sensitivity (97%), which was 
more consistent with the current literature related to SPCE accuracy in 
other species. This is also the typical study design approach used to 
estimate diagnostic accuracy. However, such estimates might not be 
accurate representations of what would be expected in field situations 
because vaccination and experimental challenge are unlikely to mimic 
natural exposure to the virus. Latent class analyses (Fosgate et al., 2017) 
based on the Hui-Walter paradigm (Hui and Walter, 1980) using data 
collected in a field situation might be a better alternative in effort to 
reduce the selection bias (Fosgate, 2021) that can be introduced when 
experimental animals are utilized to estimate diagnostic accuracy. 
Banked specimens from goats sampled from a FMD-free area were 
included in the study to provide a field validation component. These 
specimens provided further evidence of near perfect specificity of the 
SAT1 ss-SPCE, but sensitivity could not be estimated. The lack of a 
complete field validation of the ss-SPCE is a limitation of the current 
study and an area that requires future research. 

The findings of the current study might also be limited because 
formal sample size calculations were not performed (Fosgate, 2009) and 
serum specimens from a relatively small number of goats from previous 
research were conveniently selected for study. Additional limitations of 
the current study also include the vaccination with a pentavalent vac-
cine containing antigen for all three SAT virus serotypes, the evaluation 
of goats vaccinated at different dosage levels, experimental infection of 
goats with only serotype SAT1 viruses, and the variable long-term 
storage duration prior to the second testing of specimens. Virus 
neutralization tests would have also been a more appropriate reference 
standard for the evaluation of the ss-SPCE. 

5. Conclusion 

Goats are potentially important in the transmission of FMDV in 

Table 1 
Accuracy of a foot-and-mouth disease (FMD) virus serotype southern African 
territories 1 (SAT1) single-spot solid-phase competition ELISA (ss-SPCE) for 
diagnosis of SAT1 virus exposure in goats. Accuracy estimated for the ss-SPCE 
relative to a log10 titer of 1.6 and 39 goats experimentally challenged with a 
South African field SAT1 viral pool.  

Reference standard Positive threshold 
(PI) 

Sensitivity-% 
(95% CI) 

Specificity-% 
(95% CI) 

1.6 log10 titer  50 100 (NA) 65.4 (58.7, 
71.6)   

70 95.8 (90.7, 
98.2) 

83.4 (77.7, 
87.9) 

Experimental 
challenge  

50 97.3 (87.4, 
99.9) 

100 (92.6, 100)   

70 97.3 (87.4, 
99.9) 

100 (92.6, 100) 

FMD-free zone goats  50 NA 100 (99.1, 100)   
70 NA 100 (99.1, 100) 

PI = percentage inhibition. CI = confidence interval. NA = Not able to calculate 
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southern Africa but limited data are available concerning the role this 
species plays in the epidemiology of FMDV in the region. The current 
study provides novel data concerning the accuracy of a ss-SPCE for the 
detection of FMDV SAT serotype exposure (vaccination and infection) in 
goats. Serological screening of goats is recommended in regions 
suffering from SAT serotype outbreaks and the described ss-SPCE could 
be used in the design of screening programs. However, more research is 
necessary to optimize currently available FMD serological assays for use 
in goats. 
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