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A B S T R A C T

It is mandatory to ensure the quality of biological products used in the prevention of rabies, a zoonosis with
nearly 100% lethality. Fifteen million people receive post-exposure prophylaxis yearly. The vaccine batches are
assessed by the National Institutes of Health (NIH) test which has several disadvantages such as significant
variability and animal welfare issues. The estimation of immunogenicity based on titration of neutralizing an-
tibodies (NA) is not applied to the human vaccine yet. Despite this, a satisfactory concentration of NA (0.5 IU/
ml) can be used as a predictor of the clinical efficacy and for estimating rabies vaccine potency. The objective of
this study was to develop and pre-validate a Serological Potency Test (SPT) using the modified Rapid Fluorescent
Focus Inhibition Test (mRFFIT) to determine the potency of rabies vaccines for human use, demonstrating its
relevance and reliability. The results show good agreement between the potencies determined by the SPT and
the NIH test. The assay was able to distinguish between potent and sub-potent lots of vaccines. The results
demonstrated that SPT is a viable candidate for validation and inclusion in pharmacopeias as a reduction and
refinement for the NIH test.

1. Introduction

Rabies is an anthropozoonosis transmitted to humans by Rabies
lyssavirus, Order Mononegavirales, family Rhabdoviridae. It can affect all
mammals and is characterized by acute encephalitis that can lead to
death in almost 100% of the cases (Rupprecht et al., 2002; Acha and
Szyfres, 2003; Consales and Bolzan, 2007; ICTV, 2011). Although it was
one of the first human diseases to have an experimentally developed
vaccine used successfully in 1885 (Vodopija and Clarck, 1991), the
World Health Organization (WHO) lists rabies among the top ten causes
of human deaths in the world (WHO, 2014).

Historically, biologicals such as vaccines have been predominantly
produced by complex biological processes (bacterial fermentation, cell
culture, and embryonated eggs), from which reproducibility is chal-
lenging and carried out by potency verification methods that are as old
as the first vaccines (Ranhein et al., 2015).

Rabies vaccines for human use must have a minimum potency of 2.5
IU/dose and the viral strain must demonstrate adequate im-
munogenicity (potency) for humans. For vaccine batch release purpose,

batches are assessed by viral identification, sterility and viral titers
(Brasil, 2010a; WHO, 2007; Council of Europe, 2015).

The potency assay evaluates the immunogenicity of rabies vaccines
versus a reference vaccine by the NIH method (Brasil, 2010a; Wilbur
and Aubert, 1996; Council of Europe, 2015). Briefly, this in vivo method
consists of two intraperitoneal (ip) immunizations of mice groups seven
days apart, followed by an intracerebral (ic) challenge with a standard
virus (challenge virus standard - CVS). After the challenge, animals are
monitored for 14 days and the relative potency of the test vaccine is
calculated by comparing its 50% effective dose (ED50) with the ED50 of
the reference vaccine (Wilbur and Aubert, 1996). Despite its capability
to discriminate between potent and sub-potent lots, the NIH test has
significant drawbacks such as inaccuracy, poor reproducibility, never
been properly validated and severe ethical and animal welfare issues.
To minimize or avoid the pain and suffering associated with the ic
procedure, mice should be anesthetized (Hedrich and Bullock, 2004).

The WHO recommends that newly developed rabies vaccines must
be submitted to clinical trials (WHO, 2007) and for the clinical eva-
luation of rabies vaccination and licensing, the vaccine must present a
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minimum potency of 2.5 IU per dose, inducing adequate neutralizing
antibodies (NA) titers in humans which are evaluated by either the
Rapid Fluorescent Focus Inhibition Test (RFFIT) or the Fluorescent
Antibody Virus Neutralization Test (FAVN). An antibody titer of at least
0.5 IU/ml on days 14 and 28 or 30 after vaccination is generally con-
sidered appropriate. Therefore, the concentration of NA can be used as
a clinical efficacy predictor of this product. Immunogenicity tests are
already applied to veterinary vaccines, as an alternative to the chal-
lenge test, with immunization followed by titration of NA (Krämer
et al., 2009, 2010; Council of Europe, 2013).

Validation of potency assays for vaccines is typically based on (1)
the type of vaccine tested and (2) on specific details of analytical pro-
cedures, in which potency may mean antigen content or, more typi-
cally, biological activity. It consists of demonstrating the relevance and
reliability of a method or process for a specific purpose (Organization
for Economic Co-Operation and Development (OECD, 2005;
International Conference on Harmonisation of Technical Requirements
for Registration of pharmaceuticals for Human Use (ICH, 2005).

The validation process usually evaluates accuracy (or trueness),
precision (repeatability and intermediate precision), specificity, detec-
tion and quantification limits, linearity, and measuring interval. The
phases until test implementation are the pre-validation, which consists
of an initial evaluation aiming at the adjustment, optimization, and
standardization of the protocol and standard operational procedures. In
this phase, preliminary relevance and reliability data are obtained to
justify the formal validation study or validation itself (Organization for
Economic Co-Operation and Development (OECD, 2005).

The pre-validation process compares the candidate test with the
traditional assay to demonstrate reliability by determining assay pre-
cision, by means of inter-assay variability (intra- and inter-assay pre-
cision) and demonstrating the relevance. The results are compared to
determine either sensitivity or agreement and the ability to differentiate
potent from sub-potent batches. Subsequently, its transferability is as-
sessed (Organization for Economic Co-Operation and Development
(OECD, 2005).

Although some practices are used to reduce animal suffering such as
the use of anesthetic agents, the NIH test, the only test accepted for
releasing rabies vaccine lots for human use, is not in accordance with
current animal welfare recommendations and the 3Rs strategy. In ad-
dition, the WHO recommends evaluating vaccines by the im-
munogenicity that is accepted for veterinary vaccines. Based on this,
this research aims to develop and pre-validate a Serologic Potency Test
(SPT) as a reduction and refinement of the NIH method.

2. Materials and methods

To develop and pre-validate the SPT, the same vaccine samples were
used to perform the SPT and NIH test and results were compared. The
SPT performance was submitted to statistical analysis to demonstrate its
relevance and reliability.

2.1. Vaccine samples

Eight batches of human rabies vaccine (Rabvac - Sanofi Pasteur,
França) approved in the NIH test were selected and labeled from A to H
(Table 1). The freeze-dried Rabvac contains 0.5ml diluent in one-dose
vials, and is produced in Vero cells using the Wistar PM/WI38 1503-3 M
strain of rabies virus, inactivated by betapropriolactone and purified.
The minimum potency required is 2.5 IU/ dose. After reconstitution,
five batches (A, B, D, E and H) were submitted to heat treatment
52°± 1 °C for 48 h ± 10min to obtain sub-potent vaccines (Table 2).

2.2. Reference vaccine

The Brazilian National Rabies Reference Vaccine BR014 (Refvac) is
a commercial lot manufactured in October/2009 and it is the same

product of the vaccine samples with the same strain of rabies virus. The
BR014 was certified by the Instituto Nacional de Controle de Qualidade
em Saúde (INCQS), Fiocruz, against the 6th International Standard
provided by the National Institute of Biological Standards and Control
(NIBSC, UK), with an attributed titer of 9.0 IU per vial, according to the
WHO recommendations (WHO, 2006).

2.3. Laboratory animals

Swiss Webster mice (outbred strain), male and female, about 3–4
weeks old, weighing 10–15 g, were provided by Fiocruz/ Institute of
Biomodel Science and Technology, Brazil. The animals were separated
by gender, housed in cages with water and food ad libitum, kept under
controlled temperature and humidity (22 ± 1 °C, about 50% relative
humidity and 12 h photoperiod).

For the SPT, mice were separated into three groups of five animals
each for testing three dilutions of the vaccine samples. For the NIH test,
16 mice were used for each of the three vaccine dilutions and three
groups of 10 mice were used for virus titration. The study was approved
by the Fiocruz Institutional Animal Care and Use Committee (LW-17/
16.).

2.4. NIH potency test (NIH)

Vaccine samples were tested by NIH as described in the Brazilian
Pharmacopoeia (Brasil, 2010a). The assay consisted of two ip im-
munizations (0 and 7 day), with 0.5ml of the dilutions (samples A–E
and H: 1/25, 1/125 and 1/625; sample E assay 03/18: 1/250, 1/1250
and 1/6250; sample F assay 07/18: 1/1100, 1/5500 and 1/27500;
sample G: 1/200, 1/1000 and 1/5000) of the samples or Refvac (1/50,
1/250 and 1/1250). On day 14, the challenge was performed by ic
route with 32 50% lethal dose (LD50)/ 0.03ml of challenge virus
standard (CVS). The CVS was titrated simultaneously. The animals were
observed for 14 days and upon development of rabies signs, humane
endpoints were applied (Brasil, 2010a). The relative potencies of vac-
cine lots can be seen in Table 2.

2.5. Serological potency test for rabies vaccines of human use (SPT)

The SPT protocol was adapted directly from the NIH for direct
comparison. The ic challenge step was replaced by cardiac puncture
bleeding under anesthesia and the number of animals was reduced from
16 to 5 per dilution. No viral titration was performed. For determining
the NA titers against rabies, a total of 344 sera from SPT in 11 assay
runs, vaccinated mice were evaluated by modified rapid fluorescent
focus inhibition test adapted for 96-well microplate (mRFFIT) (Table
S2). On day 14 after immunization, the animals were bled. After re-
traction of the clot, the blood samples were centrifuged at 200 g for
15 ± 1min, the sera transferred to sterile cryovials, inactivated at
56 ± 1 °C for 30 ± 1min, and kept at -20 ± 1 °C until being in-
dividually tested.

Table 1
Rabies vaccine samples.

Vaccines Potency (IU/ dose)

INCQS Manufacturer

Vac A* 15.0 4.2
Vac B* 19.0 14.4
Vac C 8.0 4.8
Vac D* nt 8.7
Vac E* nt 6.8
Vac F > 2.5 17.6
Vac G nt 4.4
Vac H* 12.3 15.0

* Batches were submitted to heat treatment. nt– not tested.
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The serum samples were two-fold serially diluted from 1/4 to 1/32
and the working virus suspension was diluted to contain 200 50%
focus-forming doses. The plates were incubated at 36.5 ± 0.5 °C in a
humidified incubator with 5% CO2 for 90min. Subsequently, BHK-21 at
a concentration of 3.5× 105 cells/ml was added and the plates were
incubated for 22 h. The plates were washed with PBS, fixed with 80%
acetone and incubated with the commercial rabies nucleocapsid con-
jugate (Bio-RAD, France) at 37 °C for 30min. After washing and drying,
the plates were analyzed under UV microscope to determine the
number of positive fields per well (Brasil, 2010b; Moura et al., 2008).
The NA titer was calculated using the probit analysis in CombiStats 5.0
(EDQM) and expressed in IU/ml.

In order to choose the most suitable calculation method, the relative
potencies were determined in SPT with three calculation approaches.
The WHO approach (ap-WHO), with a cut-off of ≥0.5 IU/ml as in-
dicative of seroconversion titer (WHO, 2005); a model of parallel lines
with the absolute NA titre in IU/ ml of each mouse (ap-TNA) was used.
In the third, called the Advisory Committee on Immunization Practices
(ACIP) approach, the cut-off ≥0.12 IU/ ml (Manning et al., 2008), was
adopted as indicative of seroconversion.

The minimum potency requirement adopted for the SPT was ≥2.5
UI/dose, as in the NIH.

2.6. Statistical analysis

The Microsoft® Excel, GraphPrism®, MediCalc®, and CombiStats®

were used for the statistical analysis. The potency results were loga-
rithmic transformed to improve the normal distribution fitting when
necessary.

The weighted least squares method and probit analysis were used
for transforming the sigmoid dose-response curve into a straight line
that can be further analyzed by regression through either least squares
or maximum likelihood (Finney, 1971).

The normal distribution of the results was evaluated by the
Omnibus D’Agostino & Pearson normality test (Miot, 2017). Similarity
of the corresponding potencies between the SPT and NIH were esti-
mated using: student t-test for paired samples, analysis of variance
(ANOVA), simple linear regression, correlation, Cohen Kappa coeffi-
cient, Lin correlation coefficient (ρc), and confidence intervals (CI).

In the SPT relevance study, student t-test, ANOVA, Pearson corre-
lation, sensitivity, specificity, accuracy, positive and negative (PPV and
NPV) predictive values were applied for describing the SPT perfor-
mance while the Cohen Kappa agreement index evaluated the con-
cordance of the results with NIH and mainly its ability to differentiate
potent from sub-potent batches. The Cochran C test was performed to
determine homogeneity of variances.

The reliability was determined by calculating the intra- and inter-
assay variances from the logarithmic transformed NA titers of the
Refvac by dilution in three runs of mRFFIT. Intra- and inter-assay
geometric coefficients of variation (gCV%) were obtained. The SPT
precision was also demonstrated by comparing it with the potencies
obtained in NIH by the ρc and 95% CI.

3. Results

3.1. Standardization of the serological potency test

The vaccine samples were submitted to the SPT and the sera of
immunized mice were titrated to determine the vaccine relative po-
tency and to demonstrate SPT relevance and reliability. The ap-WHO
presented the most suitable calculation for relative potencies and it was
chosen (Supplemental Table S1).

3.1.1. Antibody titration by mRFFIT
Supplemental Table S2 shows the raw data for the in vitro rabies NA

titers of 344 serum samples from vaccinated mice. Aiming at pre-vali-
dating the SPT, 11 test runs were performed and the data were used to
calculate the potency by the SPT. The SPT results for the samples ren-
dered sub-potent by heat treatment were in agreement with the NIH
test. The NIH test was not performed with the sub-potent D vaccine
(Table 2).

3.2. Pre-validation of the serological potency test

3.2.1. Relevance
The ap-WHO was used in material and methods by statistical ana-

lyses. The resulting of NIH and SPT were compared by one-way ANOVA
to determine whether there was a significant difference between them
and there was no statistically significant differences between NIH and
SPT (F 3.067; ρ 0.1125) serological potency, although a trivial hetero-
geneity was observed between the absolute values of the vaccine re-
lative potencies (F 4.096; 0.0079). The homogeneity of variances be-
tween SPT and NIH tests for vaccines A, B and C was considered
homogeneous (C 0.7256).

A relevance study was performed with the potencies shown in
Table 2. In this evaluation, all the results were concordant when the
relative potency was calculated in SPT. The relative potencies were not
significantly different as shown by the paired student t-test at 5%. The
comparison between SPT and NIH showed agreement between the re-
sults, including for sub-potent vaccines. The difference between the
means was -0.1094, with a standard deviation of 0.2308 (t 1.423, p
0.2019, r 0.9267).

Table 2
Relative test and NIH against BR014.

Vaccine SPT ap-WHO1 NIH

Regular Heat treatment2 Regular Heat treatment

Potency
(UI/ dose)

Confidence intervals (%) Potency
(UI/ dose)

Confidence intervals (%) Potency
(UI/ dose)

Confidence intervals (%) Potency
(UI/ dose)

Confidence intervals (%)

A 3.61 19.2 – 500.9 0.00† – 15.09 42.3–260.7 0.00† –
B 6.39* 20.6 – 515.2 0.00† – 19.44 43.0–248.2 0.00† –
C 6.62 13.8 – 927.2 0.25 56.9 – 175.8 8.13 43.4–240.9 0.02 0.8–618.3
D 6.39 20.6 – 515.2 0.00† – 8.70ƛ 46.0–229.7 nt –
E 9.46 21.2 – 535.1 0.00† – 6.80ƛ 50.0–198.5 0.05 2.2–427.5

Potency determination approach 1cut-off ≥0.5 IU/ ml as the minimum seroconversion titre. Acceptance criteria: significant slope in the dose response curve; there
are no significant deviations from linearity and parallelism; the ED50 of the reference and test vaccines lies between the lowest and the highest dose applied to the
animals; the ED50 obtained for the reference vaccine remains within the 99% confidence limits in the control chart, the potency ≥2.5 IU/ dose and the lower
confidence limit of the estimated potency is greater than 0.62 IU/ dose (25% of 2.5 IU/ dose).
*Sample with non-conform potency was repeated. ƛ Potency calculated by the manufacturer. 2Heat treatment 52°± 1 °C for 48 h ± 10min. †The confidence
interval could not be determined. nt – not tested.
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Fig. 1 shows the relative potency by NIH and SPT of the eight
batches of Rabvac (samples A–H) plus the Refvac, totaling nine samples
(Fig. 1A). The potency determination by SPT showed that five batches
were compliant (≥2.5 IU/dose). The Pearson coefficient was significant
(p < 0.05) while SPT and NIH were highly correlated with r 0.9267 (r2

0.8589) and linear regression equation Y= 0.7702X + 0.02809
(Fig. 1B).

After categorizing concordant (pass) and discordant (fail to pass)
samples, the SPT and NIH results were compared for determining sen-
sitivity, specificity, accuracy as well as positive (PPV) and negative
(NPV) predictive values for profiling SPT performance. In this com-
parison all indexes found were 100%, demonstrating a perfect agree-
ment between SPT and NIH test results. The Cohen Kappa indexes for
the SPT results were also verified using the categorized data and the
relationship between SPT and NIH presented a great concordance
strength (Kappa 1.0). The SPT precision was demonstrated by the ρc
considered satisfactory (0.88) while Pearson coefficient (ρ) was ex-
cellent (0.93). The SPT had better performance, displaying 93% accu-
racy under ideal conditions, by the Lin Concordance Coefficient, thus
agreeing with the NIH when identifying sub-potent batches. Also,
trueness (capacity to identify the true value) was evaluated as excellent
(0.95) (Table 3).

The ρc graph of the SPT and NIH are shown in Fig. 1B. A satisfactory
agreement is observed, demonstrating a higher concordance and cor-
relation. The CI of vaccine potencies for the NIH and SPT are plotted in
Fig. 2. To demonstrate the calculation precision, the lower and upper
confidence (25% and 400%) intervals for the calculated potencies are
plotted as well, as recommended for the NIH test (Brasil, 2010a). The

vaccine C interval was very wide, therefore, this outlier sample was
excluded due to high variability, allowing to elaborate a more didactic
chart. It was observed that the potency values calculated in SPT were
outside the CI.

3.2.2. Reliability
Pools of sera from three different dilutions (1:50, 1:250 and 1:1250)

of the Refvac from two independent SPT assay runs (01 and 02/17)
were tested in mRFFIT in three new assay runs (SPT 06, 08 and 09/18).
The results were used to evaluate the reliability by determining the
intra- and inter-assay precisions. Intra- and inter-assay variances of the
NA titer logarithms were calculated by dilution. The intra-assay gCV%
of 31.99 (SPT 01/17) and 31.65 (SPT 02/17) and inter-assays gCV% of
31.82%.

4. Discussion

The present study was carried out to pre-validate a serological po-
tency test (SPT) for human rabies vaccines, in consonance with other
researchers (Krämer et al., 2013). The SPT uses fewer animals (n=15)
compared to the NIH test (n= 48), providing a considerable reduction
(69%) of the use of animals. In addition, a refinement is achieved by
replacing the ic challenge by blood sample collection under anesthesia
and reducing the test duration by at least two weeks.

Three different potency calculation approaches were used to com-
pare the NIH and SPT results. The calculation using the ap-WHO pro-
duced better agreement between SPT and NIH, when the interpretation
was based on an indirect quantal endpoint with all or nothing response
(seroconversion or no seroconversion). This was based on the WHO

Fig. 1. (A) The relative potency calculation approaches; MPR - minimum po-
tency requirement (≥2.5 IU/ dose). Pearson correlation of the potency loga-
rithms (B) between SPT ap-WHO and NIH test.

Table 3
Summary of statistical analysis of the serological potency test against the NIH
test.

Descriptors Values Confidence intervals

Sensitivity 100.00 47.82–100.00
Specificity 100.00 39.76–100.00
Positive Predictive Value 100.00 –
Negative Predictive Value 100.00 –
Accuracy 100.00 66.37–100.00
Kappaa 1.0000 –
Concordance (%) 100.00 –
pcb 0.88 0.63–0.96
Precision (Pearson ρ) 0.93 –
Trueness 0.95 –

a Cohen’s Kappa Coefficient.
b Lin’s Concordance Coefficient. Source on line available in: https://www.

graphpad.com/quickcalcs/kappa2/ and https://www.medcalc.org/calc/
diagnostic_test.php.

Fig. 2. 95% Confidence intervals upper (UCL) and low (LCL) control limits of
the relative potencies determined in the NIH and Serologic Potency Test. The
sample C, which was excluded due to high variability, is not represented in
these figures. n= 4.
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recommendation of 0.5 IU/ ml rabies neutralizing antibodies titer as the
clinical predictor of vaccination response (WHO, 2007). In all runs in
which SPT ap-WHO was used, valid assays were obtained and this ap-
proach was chosen for the pre-validation study.

The SPT relevance had great sensitivity, specificity, accuracy, PPV
and NPV, indicating a perfect performance. The correlation coefficient
(r 0.9267) showed high agreement with NIH as observed by other re-
searchers for in vitro assay (ELISA) (Gamoh et al., 1996; Perrin et al.,
1990; Gibert et al., 2013; Morgeaux et al., 2017). The SPT also had a
higher correlation compared to the fluoroimmunoassay test (Lin et al.,
2017) and other serological tests (Krämer et al., 2009; Winsnes et al.,
2003; Hendriksen et al., 1991). A few differences were observed when
comparing the relative potencies obtained by SPT and NIH. However,
full compliance of absolute potency values cannot be expected due to
the high lack of accuracy inherent to animal and cell assays (Krämer
et al., 2013; Stokes et al., 2012; Schrock, 2012; Rieder et al., 2010).
Despite this, the SPT and NIH results were highly correlated as required
by Stokes et al. (2012).

A modern approach for comparing assays is the understanding that
the substitute method should not be required to have a significant
correlation with the reference method, since the NIH has inherent
variability. The new test should agree with the clinical potency of the
vaccine and should be able to discriminate between potent and sub-
potent lots. This is why some authors refer to “agreement” rather than
“correlation” (European Partnership for Alternative Approaches (EPAA,
2012), although many studies still use correlation as a method of
analysis (Krämer et al., 2009, 2013; Morgeaux et al., 2017). As the NA
titer can be used as a clinical efficacy predictor of rabies vaccines in
humans (WHO, 2005), the SPT can directly predict the vaccine clinical
potency, a requirement referred by the EPAA (2012).

The SPT sensitivity was higher than that observed by Chabaud-Riou
et al. (2017) in serological assays using ELISA, and the 94% reported by
Sigoillot-Claude et al. (2015). This high sensitivity revealed one of the
major SPT advantages regarding recognizing rabies antigen as identi-
fied by other researchers (Sigoillot-Claude et al., 2015). Another im-
portant factor already mentioned by others is the different nature of
endpoint used in each test: NA titers in SPT versus survival rates in NIH
(Krämer et al., 2013). In this matter, although it clearly influenced SPT,
we add that the method uses probit analyses for potency determination,
as NIH, minimizing this effect.

The SPT results of untreated vaccines were examined in conjunction
with the sub-potent samples. The use of sub-potent products or bor-
derline samples is important to assess the methodology (Milne and
Buchheit, 2012). Future validation studies should include borderline
samples classified by NIH to access the SPT sensitivity. The SPT and
NIH results were concordant, i.e., the method was able to distinguish
between potent and sub-potent batches, and in agreement with NIH as
previously described (Krämer et al., 2013; Gibert et al., 2013) but in
disagreement with previous studies (Servat et al., 2015) in which a
serological potency assay using the mRFFIT and FAVN tests failed to
identify regular and sub-potent lots. Other groups found only satisfac-
tory agreement for identifying nonconforming lots (Morgeaux et al.,
2017; Chabaud-Riou et al., 2017). Some researchers have found sensi-
tivity indexes varying from 55 to 68% (Servat et al., 2015), and from 47
to 90% (Krämer et al., 2010), both lower than the value observed in this
study.

Differences were observed between the individual responses of the
mice in the test vaccine and VacRef groups, where there was a better
response in seroconversion. In particular, significant differences may
indicate a change in the immune status of the mice or in other aspects of
animal husbandry (van der Ark et al., 2000). High, low, and non-re-
sponder animals were observed in the present study. Non-responders
were found primarily in animal groups vaccinated with lower vaccine
doses as previously observed (Krämer et al., 2013). The exclusion of
non-responders may influence the test result, since this failure may be
not entirely intrinsic to the animal, but may be due to a sub-potent

vaccine (Krämer et al., 2010).
There is a gap in the detection of true non-responders, raising

questions about a given vaccine batch having low potency or the animal
being non-responder. Cellular kinetics studies are necessary to com-
plement and identify true non-responders as suggested by some re-
searches (Bordignon et al., 2002), thus determining with confidence
how many individuals can be discarded from the potency calculations.

The SPT relevance could be demonstrated by the perfect perfor-
mance (The United States Pharmacopoeia (USP, 2017). The Cohen
Kappa coefficient indicated great concordance strength of SPT when
adopting the concordance tendency rather than the correlation (Stokes
et al., 2012; Schiffelers et al., 2014).

The SPT accuracy of 100% obtained from sensitivity calculation was
higher than previously found, with CI comparable to that of ELISA
(Chabaud-Riou et al., 2017). In the present study, to compare SPT and
NIH directly, SPT was performed as a direct adaptation of the NIH
protocol, including dose range, as used in INCQS, but only 5 mice per
dilution were used in 3 dilutions per assay. The CIs were broader than
in NIH, differing from those found by other authors (Krämer et al.,
2013). This result shows the need for adjusting the dose (dilutions)
range to be used in the SPT, in order to improve the similarity of re-
sponses between reference and test vaccines, a basic assumption for
biological assays. Once the proof of concept was established, the
method can be transferred to at least one additional laboratory with the
adoption of a fourth dose which could resolve this adjustment.

This wider CIs may be also probably explained by the variation
within the group of animals in SPT. Some mice developed titers higher
than others in the same group and in the Refvac group, which is in
accordance to previous studies (Krämer et al., 2009), NIH is also in-
fluenced by the variability of individual immune responses although
not as obvious as in the SPT. Another determinant factor for the wider
CIs found was that the reference standard used in the SPT proposed
here was calibrated in the NIH. Therefore, prior calibration of the
standards in the SPT itself is strongly recommended for a future vali-
dation study.

The sample failure to reach minimum potency requirements was
readily recognized, demonstrating SPT relevance. This aspect is of
particular importance with regard to the release of anti-rabies vaccine
batches (Krämer et al., 2009).

Reliability is a pre-requisite for the validity of serological assays due
to its ability to estimate the vaccine protective activity, which was
readily obtained with the proposed SPT (Hendriksen, 1995). The assay
precision assessed by the inter-assay geometric coefficients of variation
was about 30%, indicating the good performance of SPT, and con-
sidered adequate (Kostense et al., 2012). Researchers have previously
reported intra-assay precision varying from 6.1 to 35.5% and inter-
assay from 8.6 to 37.6% per laboratory for a Pertussis Serological Po-
tency test (van der Ark et al., 2000); similar values were found for the
SPT, 31.99 -31.65% and 31.82% for intra- and inter-assay variation,
respectively.

In conclusion, the SPT is an accurate, specific and sensitive model
for estimating potency and confirming compliance with specifications
of rabies vaccines for human use and it is a candidate test for future
research and validation. The assay was able to distinguish between
potent and sub-potent vaccine lots. There was satisfactory agreement
between the corresponding potency in the NIH confirming preliminary
relevance and reliability data. It can also reduce test duration,
streamlining batch release and improving animal welfare, while en-
suring the efficacy of human vaccines.
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