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I n t r o d u c t i o n
Indirect enzyme-linked immunosorbent assays (ELISAs) are fre-

quently run as endpoint ELISAs (e-ELISAs) (1–3). Antibodies against 
Ostertagia ostertagi in milk from dairy cattle are measured and a high 
result from the e-ELISA (Svanovir; Svanova Veterinary Diagnostics, 
Uppsala, Sweden) indicates a high level of intestinal parasitism. This 
has been used to predict milk production losses due to an undeter-
mined level of parasitism at the individual cow or herd level (4–6).

An e-ELISA allows the substrate to react and change color for 
a set amount of time before a stop solution is added arresting the 
chromatogenic reaction. The plate is read by a spectrophotometer 
within a few minutes of adding the stop solution to determine the 
optical density (OD) of the samples.

An e-ELISA has some disadvantages. Firstly, the addition of a 
stop solution does not necessarily arrest color change since the 
chemical reaction can continue without functional enzymes (7). 
Secondly, the relationship between endpoint color intensity and 
antibody concentration need not be linear, especially at high and 
low antibody concentrations (8,9). Lastly, the chemical reaction is 
only approximately linear with the enzymatic concentration in the 

well during a brief period at the initial phase of the reaction and 
provided there is an abundant amount of substrate (10). Therefore, 
an e-ELISA is incapable of distinguishing between a moderate and 
large increase in antibody concentration when it lies in the upper 
regions of the linear scale of the OD, unless the sample undergoes 
predetermined dilutions.

An e-ELISA can become a k-ELISA if the OD is recorded at regu-
lar short intervals (e.g., 45 s) starting as soon as the chromatogenic 
reaction begins. A k-ELISA does not require a stop solution, thus 
eliminating the problem of continued color change. The measure-
ments from a k-ELISA are taken in real-time, allowing the neces-
sary information to be gathered much sooner than an e-ELISA. 
Theoretically, k-ELISA results can quantify the initial approximate 
linear enzymatic reaction and thus be a truly quantitative test (10).

A normalization method to reduce variation between plates is 
often used for e-ELISA (including Svanovir®), with results being 
reported as optical density ratios (ODR) (11–13). The ODR is calcu-
lated as follows:

	 (ODsample 2 ODnegative )
ODR = 
	 (ODpositive 2 ODnegative )
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The OD measured at predetermined intervals in k-ELISA can 
be similarly normalized. However, k-ELISA results are usually 
presented as slopes, not as OD. We propose a similar normalization 
equation to the slope, resulting in a slope ratio (SR):

	 (Slopesample 2 Slopenegative )
SR = 
	 (Slopepositive 2 Slopenegative )

The advantages of the k-ELISA led us to investigate whether 
e-ELISA can be run as a k-ELISA. The objectives of this study were 
to: i) determine whether it is possible to run both a k-ELISA and an 
e-ELISA on the same plate without interfering with e-ELISA results; 
ii) establish an appropriate specific time interval and duration for 
the k-ELISA measurements; and iii) understand the relationship 
between the e-ELISA and the k-ELISA results.

M a t e r i a l s  a n d  m e t h o d s
The milk samples were acquired from herds participating in 

the Canadian Bovine Mastitis Research Network (14). Details on 
the animals used were previously published by Reyher et al (14). 
Samples were run according to the manufacturer’s specifications 
(Svanova Veterinary Diagnostics, Uppsala, Sweden). These milk 
samples were part of a larger study investigating the effects of intes-
tinal parasites on productivity of dairy cattle. Positive and negative 
controls, included in the ELISA kits (Svanovir; Svanova Veterinary 
Diagnostics), were run in triplicates. For k-ELISA procedures, the 
initial steps in the instructions were performed as recommended 
by the manufacturers (Svanova Veterinary Diagnostics), after the 
addition of the substrate the plate was then placed directly in the 
spectrophotometer (405 nm and 492 nm wavelengths, SpectraMax; 
MDS Incorporated, Sunnyvale, California, USA). The spectrophotom-
eter and software (SoftMax, Release Pro 5; MDS Incorporated) were 
programmed to shake to homogenize the color within each well for 
3 s before every reading and read the plate every 45 s until the end 
of the program. The software automatically calculated slope values 
for each well at the end of the k-ELISA program; however, slopes 
were also derived separately from regression coefficients between 
the OD and time for each well.

Concordance correlation coefficients (CCC) were calculated using 
computer software (Stata Statistical Software, Release 10.1; Stata 
Corporation LP, College Station, Texas, USA) and used to evaluate 
the agreement between the e-ELISA ODR and k-ELISA SR. Values 
close to 1 indicated very good agreement while values approaching 
zero reflected very poor agreement (15). Within the CCC analysis, a 
Bradley-Blackwood F-test compares the mean and variance between 
the 2 series (16), where P , 0.05 indicates that either the mean or the 
variance (or both) are unequal between the series.

To investigate the effect that a k-ELISA might have on e-ELISA 
results on the same plate, a total of 6 plates (3 pairs) with 96 wells 
were used (n = 276 wells). Each pair of plates was identical, having 
the same controls and milk samples repeated in their respective wells 
(i.e., well 1 in the first plate had the same milk sample as well 1 in 
the second plate). Within each pair of plates, one plate underwent 
a kinetic process for 15 min and after an additional 15 min the stop 
solution was added and the endpoint ODR (eODR) recorded (30 min 
after the reaction started). The corresponding plate in the pair 

underwent a standard e-ELISA, giving a total of 261 paired sample 
observations. One well was contaminated; therefore, 260 pairs of 
wells were included in the CCC analysis.

In order to confirm that 15 min of k-ELISA readings were sufficient 
for accuracy, a separate single plate with samples was allowed to 
undergo the k-ELISA procedure for 28 min, allowing 2 min to remove 
the plate from the spectrophotometer before the stop solution was 
added (at 30 min) to complete the e-ELISA.

To assess the relationship between the e-ELISA and the k-ELISA 
(Svanovir; Svanova), a total of 27 plates underwent both methods 
of testing. Each plate, loaded with diagnostic milk samples, started 
with the k-ELISA procedure for 15 min and ended with the recom-
mended e-ELISA procedure at 30 min, giving results for both real-
time k-ELISA and e-ELISA for the same wells. To evaluate whether 
results of a k-ELISA and an e-ELISA were comparable, the CCC 
between the normalized SR of the k-ELISA and the normalized ODR 
of the e-ELISA (eODR) was calculated. Additionally, to explore other 
time periods for the k-ELISA, a CCC analysis between the eODR and 
SR at each 45 s time interval was done in these 27 plates.

Re s u l t s
The CCC between eODR from kinetic and endpoint series was 

very high (0.953) with no significant difference of mean or variance 
between the 2 series (P = 0.195, Bradley-Blackwood F-test). Therefore, 
it is reasonable to assume that the k-ELISA methods have no effect 
on the endpoint ODR, so that k-ELISA and e-ELISA can be safely 
done on the same plate with minimal influence on e-ELISA results. 
Laboratories that want to run a real-time k-ELISA and an e-ELISA 
on the same samples are able to do so without affecting the final 
e-ELISA results.

Figure 1 shows the OD in real time over 28 min for each individual 
well and for the average of the plate. After 28 min, the wells had 
not reached their maximum OD and would have continued to rise, 
if given the chance. Based on a linear regression model predicting 
OD readings and accounting for the quadratic effect of time, the 
estimated time to reach a plateau would have been approximately 

Figure 1. Optical densities from kinetic-ELISA procedures for all wells, 
from one plate, that were followed for 28 min (light grey lines). The 
15-minute slope (solid/dashed black line) was extended to 30 min for 
comparison with the 28-minute slope (dark grey).
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50  min. The overall slope decreased with time, for instance, the 
slopes at 15 and 28 min were 1.15 3 1022 and 0.98 3 1022 OD units/
min, respectively. This time-dependency in the slopes makes it neces-
sary to normalize the slopes before evaluating the CCC between the 
values at any time interval and the eODR (30 min).

Bland and Altman (17) plots (Figure 2) were created to compare 
eODR with SR at 15 min, the time point presumed for the k-ELISA, 
and 2 other extreme time points (3 and 28 min). The CCC between 
eODR and SR at 3, 15, and 28 min were 0.997, 0.999, and 0.999, 

respectively. The SR from the k-ELISA at 15 min were nearly identi-
cal to the eODR values (CCC = 0.999) for this plate, thus a k-ELISA 
program set for 15 min should yield satisfactory results. The varia-
tion in the difference between eODR and SR decreased with time, 
as seen with smaller 95% limits of agreement intervals. The 95% 
limits of agreement interval at 15 min was empirically better than at 
3 min, but only marginally lower at 28 min, suggesting that a 15-min 
k-ELISA would be adequate.

While running the 28-min plate, it was noticed that the 
OD  recorded at 30 min, after the stop solution was added, were 
lower than OD at 28 min. Given that OD should have continued 
rising until 50 min had elapsed (based on the regression model 
mentioned above), the 30-minute OD should be higher than the 
28-minute OD. However, the decrease in OD at 30 min was likely 
artificial due to the addition of 50 mL of transparent stop solution. 
Fortunately, the normalization equation adjusts for this dilution 
effect because it incorporates the similarly affected controls from 
the same plate.

The CCC between the SR of the k-ELISA at 15 min and the eODR 
of the e-ELISA for the 27 plates was calculated (0.946) and indicated 
excellent agreement between the 2 measurements. The CCC of the 
SR versus eODR were low at the beginning of the reaction, however, 
increased with time (Figure 3B). Specifically, the CCC values were 
# 0.856 before 5.25 min and $ 0.944 after 10.5 min (Figure 3B). 
Figure 3B also shows the SR following a more predictable curve com-
pared to the ODR for each time point. The pattern may be due to the 
additive properties of a slope, summarizing more information for the 
calculated slope as time progresses. This is different from the ODR, 
where the estimate was derived from a specified time point without 
using previous information. It is, therefore, recommended that SR 
rather than ODR be used with k-ELISA, provided SR are measured 
for at least 10 min. The data also suggest that k-ELISA readings 
could be reduced to as little as 10 min without losing information; 
therefore, switching from an e-ELISA to a k-ELISA could reduce the 
total time by as much as 20 min without requiring a stop solution.

Figure 3. A — Concordance correlation coefficients (CCC) between opti-
cal density ratios (ODR), calculated at readings from 1.5 to 15 min, and 
the endpoint-ODRs (eODR), calculated at 28 min for a total of 27 plates. 
B — Similarly, CCC were calculated between slope ratios (SR) for read-
ings from 1.5 to 15 min, and eODR at 28 min, for a total of 27 plates. 
Arrows are placed at 5.25 and 10.5 min. The CCC show the level of 
agreement between the various reduced processing times, calculated 
as either ODR or SR, and the conventional protocol for eODR measured 
at 28 min. Locally weighted scatterplot smoothing curves (black lines) 
show the trending patterns for the CCC over time.
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Figure 2. Bland-Altman plots of the limits of agreement between slope ratios (SR) and the endpoint optical density ratio (eODR) for (A) 3, (B) 15, and 
(C) 28 min.
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D i s c u s s i o n
Enzyme concentrations are only linear with respect to their reac-

tions during the initial phase of reaction and when the proportion 
of substrate concentration greatly surpasses that of the enzymes 
(18). As such, Tsang et al (10) theorized that k-ELISA could quantify 
the initial approximate linear enzymatic reaction, provided there 
is sufficient substrate concentration. Consequently, a k-ELISA may 
be able to better discriminate between high ODR (i.e., differentiate 
between those samples that have very high concentrations of anti-
bodies with those that have high levels, but have similarly elevated 
OD on the linear scale) by using SR from the early phase of the 
reaction. If this is true, there would potentially be no need to dilute 
samples with high antibody levels if they could be quantified by 
their initial slopes. It is well-known that serum samples have higher 
concentrations of antibodies than milk, and may therefore benefit 
from k-ELISA readings, although the ELISA (Svanova) we used was 
strictly designed to the test milk samples. Our average eODR for the 
27 plates was too low (0.272) to investigate the potential ability for 
k-ELISA to better discriminate between high OD, though increased 
variance was observed in the lowest ODR percentiles. It is likely 
that samples with higher antibody concentrations and shorter initial 
k-ELISA reading intervals (e.g., 15 or 30 s) will be able to answer 
this question.

The CCC between ODR for each time interval and the eODR did 
improve as time increased (Figure 3A); however, the CCC did not 
stabilize nearly as much as between SR and the eODR (Figure 3B). 
These results suggest that the e-ELISA could be stopped prematurely, 
after 7 min instead of the recommended 30 min, and yield similar 
results to the 30 min interval, but with more variability than using 
results from a k-ELISA that was prematurely stopped.

Overall, our study found that running a k-ELISA had no effect 
on ODR from an e-ELISA on the same plate. The strong agreement 
of k-ELISA results (SR) at various time points with e-ELISA ODR 
demonstrates the validity of using k-ELISA and thus reduces the 
total processing time. Although we found that e-ELISA processing 
time can also be reduced, k-ELISA offers better agreement with less 
variability in its results.
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