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1. Introduction

BCG vaccine is based on a live attenuated strain of Mycobac-
terium bovis. The viability of the organisms is essential for the
stimulation of a protective immune response and monitoring viable
count is an integral part of quality control. Although measure-
ment of viable count is not in itself an assay of potency, it has
been used as a surrogate of BCG potency [1,2]. The cultural viable
count assay, often known as Colony Forming Unit (CFU) test, is
problematic and very time consuming, as mycobacteria are very
slow growing organisms, thus re-testing of bulk samples before for-
mulation is usually impossible. The slowness, poor reproducibility
and high variability of test results are the main driving forces for
manufacturers and control laboratories to look for a rapid, more
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ganisation (WHO) initiative to update the current requirements for BCG
s carried out to establish the robustness, reproducibility and the suitability
assay was developed by Statens Serum Institut, Denmark, as a potential
etection of viable counts of BCG vaccine which is routinely used as a quality
BCG preparations, of same strain but different production methods, were

o different storage conditions of −20 or 37 ◦C were used in order to establish
testing heat-treated BCG vaccine as in the temperature stability test. The
tested using the ATP reagents from the same source and same principle
l modifications were allowed to accommodate different equipment and
t laboratories. Data from four laboratories showed that the heat-treated
antly lower ATP content per sample than the untreated control stored at
consistent mean ATP contents, especially for control samples, even with

he present study showed that this modified ATP assay is very robust and
rrelation of cultural viable count and ATP content of a BCG vaccine product

d alternative assay may be used to monitor BCG viable count. Due to the
further investigation is planned. A collaborative study will be carried out
in parallel with the cultural viable count method in the establishment of
ternational Reference Preparation of BCG vaccine.

© 2008 Elsevier Ltd. All rights reserved.
reproducible alternative viable count assay. This issue has been
addressed in recent WHO consultation meetings on characterisa-
tion and improvement of the quality control of BCG vaccines [3,4].
An improved ATP luminescence assay has been discussed and pro-
moted as a choice of alternative viable count assay for collaborative
study.

This modified ATP assay, including the step of overnight incu-
bation of reconstituted BCG in suitable culture medium, has been
introduced and developed by Statens Serum Institut (SSI) as an
alternative rapid assay for viable count of BCG vaccine [5]. The assay
was tested at NIBSC as part of its evaluation. The method for esti-
mation of ATP content in BCG vaccine is based on the reaction of
firefly luciferase with ATP which results in bioluminescence pro-
duction [6]. The intensity of light emission measured is directly
proportional to ATP content in the sample which can be estimated
by using the ATP standards for calibration.

As part of the WHO initiative to update the current requirements
for BCG vaccine [1] and to establish a replacement for the WHO First
International Reference Preparation of BCG vaccine, a collaborative
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study was carried out to evaluate the robustness, reproducibility
and the suitability of the modified ATP assay for viable counts of
BCG vaccine. Many alternative biochemical assays for BCG viable
counts failed to show significant differences in viability in tem-
perature stability tests. In this study, it is important to show that
this modified ATP assay can detect significant differences in via-
bility of lyophilised BCG samples stored under control (−20 ◦C) or
heat-treated (at 37 ◦C for 4 weeks) conditions.

2. Materials and methods

2.1. Study materials

Two BCG vaccine preparations of the same strain (Danish 1331)
but different production methods were provided by Satens Serum
Institut, Denmark as test samples. Lyophilised BCG in ampoule
(containing 2 mg lyophilised BCG) and vial (containing 0.75 mg
lyophilised BCG) preparations were coded (ampoule A1–A20; vials
V1–V20) and blinded at NIBSC. The pre-incubation at 37 ◦C for 4
weeks of ten randomly selected ampoules and vials from each sam-
ple group (Table 1) was performed at NIBSC. After heat treatment,
samples were stored at −20 ◦C. All test samples were shipped on
dry ice and recipients were advised to store them at −20 ◦C until
testing.

2.2. Participants

Seven laboratories including four manufacturers, one national

control laboratory and two research laboratories agreed to par-
ticipate in the study. However, one research laboratory withdrew
its participation without testing the samples due to the failure of
essential equipment. The six participants were assigned with a code
number not corresponding to the order of listing and are detailed
in Appendix A.

2.3. Study design and testing protocol

Participants were requested to test the two sets of samples
without any information on which ampoules/ vials had been heat-
treated, using the modified ATP assay with protocol provided. Some
minor modifications of the test method were allowed to accom-
modate different equipment (e.g. luminescence plate or cuvette
reader) availability. Results were recorded and data sent to NIBSC
for collation and statistical analysis.

The modified ATP assay was developed by SSI [5] and the same
method was recommended, except that for the statistical purposes
of this WHO collaborative study, additional dilutions were included
in the testing protocol with the intention of making statistical anal-
ysis more accurate. It was recommended to prepare three different

Table 1
The coding system of BCG samples randomly selected for pre-incubation at 37 ◦C for four

Ampoule samples
No. A1 A2 A3 A4

37 ◦C, 4 weeks − + + −
No. A11 A12 A13 A14

37 ◦C 4 weeks + − − +

Vial samples
No. V1 V2 V3 V4

37 ◦C, 4 weeks − + − +

No. V11 V12 V13 V14
37 ◦C 4 weeks − − − +

For samples not pre-incubated at 37 ◦C, they were stored at −20 ◦C for the same period o
for four weeks, respectively.
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dilutions from each vial/ ampoule and with triplicates for each read-
ing. In brief, lyophilised BCG samples were reconstituted with 1 ml
Dubos medium (SSI Diagnostica, Denmark) and the BCG suspen-
sions were incubated at 37 ◦C for 22–26 h. Dilutions of overnight
BCG culture were prepared in pre-warmed Dubos medium as undi-
luted, 1:2 and 1:5 dilutions. ATP extraction was performed by
adding 100 �l of BCG suspension directly to the pre-heated 500 �l
Tris–EDTA (TE) buffer at 96–98 ◦C and incubating at this temper-
ature for exactly 6 min. Negative control was prepared as samples
using Dubos medium without BCG. After heat treatment, the result-
ing extracts were required to cool to room temperature before
addition of ATP reagent (BioThema AB, Sweden). ATP standard (Bio-
Thema AB, Sweden) in serial dilutions was prepared and 100 �l of
each diluted standard was added to 500 �l of TE buffer without
heating. The ATP extract or standard was then added with appropri-
ate amount of ATP reagent and the bioluminescence of the samples
and ATP standards was measured in a luminescence counter at
about 5 min delay after addition of ATP reagent.

2.4. Calculation and statistical methods

Standard curves were generated by linear regression of log10
response on log10 concentration of ATP standard. Responses for
the test samples were converted to results in pmol (of ATP)/100 �l
(of reconstituted BCG sample in 1 ml) using the fitted regres-
sion lines of ATP standard. All results have been combined as
unweighted geometric means with variability expressed using
geometric coefficients of variation (GCV). All comparisons have

been made by unpaired t-test or analysis of variance using log-
transformed results.

3. Results

Six data sets were collected from participants. Among them,
two sets of data were not used and considered invalid for direct
comparison. Laboratory 5 performed the assay by reconstituting
the BCG samples in 2 ml of Sauton medium and did not perform
the crucial step of overnight incubation of the reconstituted BCG
samples at 37 ◦C before the assay of ATP content. Laboratory 6 per-
formed the ATP extraction step at 94 ◦C (96 ◦C was set as the lower
limit) and the data showed that all luminescence readings (except
one ampoule) of tested samples fell well below the lowest point
(<0.31 pmol/100 �l) of the ATP standard calibration curves. Thus the
ATP content of the samples could not be estimated correctly. There-
fore, these results were excluded and only four data sets were used
in direct comparisons. With the data used for direct comparison,
only two participants performed the ATP assay with three different
dilutions and three sample readings each as listed in the protocol
provided.

weeks

A5 A6 A7 A8 A9 A10
− − + − + +

A15 A16 A17 A18 A19 A20
− + + − − +

V5 V6 V7 V8 V9 V10
− − + + + −
V15 V16 V17 V18 V19 V20
+ + + − + −

f time. Keys: ‘+’ or ‘−’ indicates sample with or without the heat treatment at 37 ◦C
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Table 2
Details of the modified ATP assay conditions used by participating laboratories in the collaborative study

Laboratory 1 2 3 4

Culture medium used Middlebrook 7H9 Dubos Dubos Dubos
No. of samples test per experiment 6–10 10 5–6 2–4
Samples prepared per ampoule/vial 1 (undiluted) 1 (undiluted) 3 (undiluted, 1:2, 1:5) 3 (undiluted, 1:2, 1:5)
Luminescence reading per sample 1 1 3 3
Luminescence reader Cuvette Cuvette Plate Cuvette

content of ATP (pmol/100 �l) 95% C.I. GCV (%)

2.70–3.06 9
1.14–1.50 18
6.42–7.32 9
3.90–5.10 21

4.37–5.02 10
1.70–1.90 8

11.56–21.93 57
5.14–13.35 95

2.21–3.69 43
0.74–1.23 41
5.77–8.05 26
2.69–4.49 43

2.39–3.57 32
0.87–1.20 24
4.52–7.26 39
1.97–3.69 50
Table 3
Summary of results of ATP content in undiluted BCG samples

Laboratory Set Estimate mean

1 Vials 2.85
Vials (37 ◦C) 1.31
Ampoules 6.88
Ampoules (37 ◦C) 4.46

2 Vials 4.69
Vials (37 ◦C) 1.80
Ampoules 15.92
Ampoules (37 ◦C) 8.29

3 Vials 2.85
Vials (37 ◦C) 0.95
Ampoules 6.82
Ampoules (37 ◦C) 3.47

4 Vials 2.92
Vials (37 ◦C) 1.02
Ampoules 5.73
Ampoules (37 ◦C) 2.70

Keys: C.I. = confidence interval; GCV = geometric coefficients of variation.

The testing protocol was modified by individual laboratories as
detailed in Table 2. For example, Middlebrook 7H9 culture medium
was used instead of Dubos medium as recommended. Between two
and ten ampoules or vials were tested with a single run of a standard
curve. All laboratories used a luminescence cuvette reader except
one which used a plate reader.

One assay by Laboratory 4 did not include a standard curve, so
no result is shown for one vial and one ampoule. Although several
of the ampoules tested by Laboratory 2 were above the range of the
standard curve, it was considered as a relevant set of data and all
results have been included in this report.

The results calculated using only undiluted test samples are
summarised in Table 3 and shown in Fig. 1. Among the four
sets of data used for comparison, some differences in the mean

ATP contents were noted among laboratories (Table 3). For the
untreated/control samples Participants No. 1, 3 and 4 obtained con-
sistent results with no significant differences detected between the
laboratories. For the heat-treated samples, only Participant No. 3
and 4 obtained consistent results and showed no significant dif-
ferences between the two laboratories. Results from Participant
No. 1–4 all showed that heat-treated samples contained signif-
icantly lower ATP content per 100 �l of test sample than the
untreated control stored at −20 ◦C. This was highly significant
(p < 0.001) in all cases except for the ampoule sample of Laboratory
2 (p < 0.05), where one heat-treated ampoule gave an unusu-
ally high result. The difference in results between heat-treated
and untreated was greater for vials (55–67% less) than ampoules
(35–53% less).

Laboratory 3 and 4 also tested the diluted test samples 1:2
and 1:5. For comparison, a summary of these results is given in
Table 4. The data showed that significantly higher ATP content was
estimated after vials were diluted 1:2 (around 15% higher) or 1:5
(around 25% higher). Higher ATP content was also obtained for the
ampoules, but this was only found to be significant at Laboratory
4 and not at Laboratory 3. There is no clear explanation for this
Fig. 1. Summary of results of estimate ATP content in undiluted BCG samples. Ten
samples per group were tested in the modified ATP assay. Individual results were
plotted with geometric mean. Keys: ‘X’ vial sample stored at −20 ◦C; ‘�’ vial sam-
ple pre-incubated at 37 ◦C for 4 weeks; ‘�’ ampoule sample stored at −20 ◦C; ‘©’
ampoule sample pre-incubated at 37 ◦C for 4 weeks; ‘−’ geometric mean.

unexpected dilution effect on higher ATP content estimation from
diluted samples. This dilution effect was also observed in the raw
data (not shown) from Laboratory 5 though its data were not valid
for direct comparison in this study.

4. Discussion

This modified ATP assay is simple and easy to perform. Among
all four sets of data used for direction comparison, it is clear that
this assay is capable of detecting the significant reduction of via-
bility in lyophilised BCG vaccine (in terms of ATP content) stored
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Table 4
Summary of results of ATP content obtained using undiluted and diluted BCG samp

Laboratory Set Estimate m

Undiluted

3 Vials 2.85 (2.21–
Vials (37 ◦C) 0.95 (0.74–
Ampoules 6.82 (5.77–
Ampoules (37 ◦C) 3.47 (2.69–

4 Vials 2.92 (2.39–
Vials (37 ◦C) 1.02 (0.87–
Ampoules 5.73 (4.52–
Ampoules (37 ◦C) 2.70 (1.97–

Keys: C.I. = confidence interval.
* Significantly larger than undiluted (p < 0.05).

** Significantly larger than undiluted (p < 0.01).

at 37 ◦C for 4 weeks as in the temperature stability test when com-
pared with control samples (Fig. 1). The assay is robust as results
from three laboratories out of four valid data sets were consistent,
especially for control samples, even with variations in testing pro-
tocol such as different culture media and luminescence equipment
were used. This modified ATP assay is by far more reproducible than
the cultural method, as the GCV within each sample group is rela-
tively small (up to about 50% except one; Table 3) when compared
with the cultural methods in which the GCV can generally go up to
100–200% (data not included).

However, there is a need to establish the correlation of cultural
viable counts with ATP content of each BCG product before this
rapid assay can be applied for monitoring BCG viable counts. This
correlation was not assessed in this study. It is important for each
individual laboratory to establish this correlation by experimen-
tal determinations for each BCG product. The ATP standard should
be kept at −20 ◦C in a sealed vial for long-term storage (usually
for 2 years as recommended by manufacturer) to avoid changes

in concentration due to evaporation of water content. A replace-
ment batch of ATP standard should be tested against the current
ATP standard before the expiry date to ensure the consistency of
the calibration.

A plan is underway to further advance this collaborative study
of modified ATP assay for BCG viable count. It will involve BCG
vaccine of different substrains and production methods, and this
rapid assay will be carried out in parallel with the cultural viable
count method. These future studies will form part of the project
for the establishment of the replacement of the First International
Reference Preparation of BCG vaccine which is more than 40 years
old. The outcome of these future studies will be reported to the
Expert Committee on Biological Standardization (ECBS) for further
consideration and address the suitability of this rapid assay for rec-
ommendation to monitor BCG viable counts for manufacturers and
national control laboratories.
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