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Summary 
We report here the results of a joint WHO/EDQM study for the characterization of a preparation 
of diphtheria toxoid, adsorbed, and its calibration in terms of the Third International Standard (IS) 
for Diphtheria Toxoid, adsorbed, coded Preparation C (98/560, 160 IU/ampoule).  Calibration 
was performed using established World Health Organisation (WHO) and European 
Pharmacopoeia (Ph. Eur.) protection models by challenge.  Two candidate toxoid preparations 
(coded Preparation A and B) were included in the collaborative study, one of which was adopted 
as a replacement Ph. Eur. Biological Reference Preparation (BRP, batch 4) in February 2009.  
The second candidate toxoid preparation was recommended as the 4th WHO IS and was found to 
have a unitage of 213 IU/ampoule based on the calibration by in vivo bioassay in 19 laboratories 
in 16 different countries.  
 
Stability of the replacement standard preparation was assessed in vitro as part of candidate 
characterization and in vivo in a follow up to the collaborative study proper.  Although no formal 
predictions of stability could be made, results suggest that the replacement standard will have 
satisfactory stability. 
 
This study also provided an opportunity to assess performance of the replacement standard in 
mouse and guinea pig serological assays.  Participants were asked to test both candidate 
preparations and potency was expressed in relative terms only.  Fourteen laboratories 
participated by performing the mouse Vero cell assay according to in-house protocol and 8 
laboratories participated by performing serology in guinea pigs, again according to in-house 
protocols.  Results suggest that the replacement WHO IS preparation may be suitable for use as 
the reference vaccine in these serological models subject to confirmation or validation for 
particular products. 
 
Based on the results of this study and with the agreement of participants, the preparation coded 
Preparation B is suitable for adoption as the 4th WHO International Standard for Diphtheria 
Toxoid, Adsorbed and should be assigned a potency of 213 IU/ampoule.   
 

Introduction 
Diphtheria is an acute, often fatal bacterial disease caused by toxigenic strains of Corynebacteria.  
Diphtheria toxin (DTx) is the major virulence factor of these organisms and the clinical 
manifestations of the disease are due mainly to the presence of circulating toxin in the 
bloodstream of infected individuals [1].  Active immunization against diphtheria is based on the 
use of a formaldehyde-detoxified preparation of DTx, diphtheria toxoid (DTxd) to induce 
protective antibody responses.  The introduction of routine immunization programs against 
diphtheria in the 1940s and 1950s led to almost complete eradication of this disease from many 
countries by the 1980s.  However, diphtheria is still endemic in certain parts of the world and 
several outbreaks have occurred, the most serious of which occurred in Russia and the Newly 
Independent States (NIS) of the former Soviet Union where the WHO registered 47,000 cases of 
disease with more than 1,700 fatalities [2].  It is clear that disease can re-emerge in previously 
low-prevalence countries under particular conditions – for example gaps in childhood 
vaccination coverage combined with waning immunity in adult populations.  A number of 
population immunity studies has identified sizeable proportions of adults with diphtheria 
immunity levels below the putative protective threshold, even in countries with good childhood 
immunization coverage [3,4,5], and in most countries it is recommended that adults should 
receive booster vaccinations [6]. 
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Good childhood vaccination coverage and appropriate booster immunization of adults is 
necessary to maintain protection against diphtheria in the population, and the supply of effective 
vaccines is dependent on confirmation of vaccine potency.  The WHO and Ph. Eur. impose 
recommendations to confirm efficacy of every new batch of diphtheria vaccine manufactured 
[7,8].  The specifications for these vaccines are therefore dependent on the use of the IS or 
material calibrated against it, with vaccine potency expressed in IU.  The 3rd WHO IS for 
Diphtheria Toxoid, Adsorbed (coded 98/560) was established by the WHO Expert Committee on 
Biological Standardization in 1999 [9].  This material, with an assigned unitage of 160 
IU/ampoule was used extensively as a working reference preparation and for calibration of in-
house reference preparations according to the intention of the WHO and Ph. Eur. Commission.  
The demand for this standard preparation increased significantly in the last decade as a result of 
the introduction of new combination vaccines containing diphtheria toxoid.  Due to rapid fall in 
available stocks at NIBSC and on request by the WHO, a project was initiated at NIBSC to 
calibrate and establish a replacement standard in terms of the current standard so that 
continuation of IU and traceability can be maintained among the vaccine manufacturers and 
national control authorities. Two candidate materials for the replacement standard were provided 
to NIBSC for stabilization and filling prior to freeze-drying.  Preliminary studies performed at 
NIBSC confirmed that the freeze-dried products were suitable for evaluation as candidate 
replacement standards.  Collaborative study (NIBSC code CS 357) was initiated with the 
primary aim of calibrating these materials in terms of the 3rd IS for Diphtheria Toxoid, 
Adsorbed, using established WHO/Ph. Eur. protection methods in guinea pigs.  30 laboratories in 
20 countries (Australia, Belgium, Canada, China, Croatia, Denmark, Egypt, France, Germany, 
India, Indonesia, Italy, Japan, Republic of Korea, The Netherlands, Norway, Russian Federation, 
South Africa, United Kingdom and Vietnam) participated in the collaborative study and 21 of 
these performed protection assays used for calibration of the replacement standard.  The 
participating laboratories are listed in the Appendix and are referred to throughout this report by 
a code number, allocated at random, and not related to the order of listing. 
 
The WHO/Ph. Eur. challenge models in guinea pigs are the gold standard methods to confirm a 
protective response to diphtheria vaccination.  Serological methods based on the measurement of 
antibody responses in vitro after immunization and bleeding of mice or guinea pigs are 
alternative methods to the direct challenge models.  The WHO and Ph. Eur. allow the use of the 
Vero cell toxin neutralization test (TNT) to measure functional antibody responses after 
immunization and bleeding of animals, and allow the use of ELISA subject to validation for a 
particular product [10, 11].  In each case, the serological response to the test vaccine is compared 
to that of the reference preparation and vaccine potency is expressed in IU.  Therefore, a 
secondary aim of the collaborative study was to assess performance of the candidate replacement 
standards in serological assays.  Participants were asked to perform a serological assay in mice 
(Vero cell assay) or in guinea pigs (Vero cell assay or ELISA) according to in-house protocols.  
14 laboratories participated by performing the mouse Vero cell assay and 8 laboratories 
participated by performing serology in guinea pigs.  Participants were asked to test both 
candidate preparations and potency was expressed in relative terms only. 
 

Bulk material and processing 
Adsorbed diphtheria toxoid (Lot no. IND07014) comparable to that used in the current WHO IS 
was kindly provided by Sanofi Pasteur (Marcy l’Etoile, France) and a second diphtheria toxoid 
(Lot no. BKN0701) was kindly provided by Biken (Osaka, Japan) with supporting 
documentation confirming safe handling as laboratory reagent. Full composition details of the  
two candidate materials provided to NIBSC for stabilization and freeze-drying are summarized 
in Table 1.  Diphtheria toxoid adsorbed to aluminium hydroxide provided by Sanofi Pasteur had  
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a value for antigen content of 150 Lf/ml.  Diphtheria toxoid adsorbed to aluminium phosphate 
provided by Biken had a value for antigen content of 200 Lf/ml.  The antigen content was 
confirmed by in-house capture ELISA at NIBSC (Table 1).  The potency of the liquid toxoids 
was also determined at NIBSC using the intradermal challenge method in guinea pigs [11].  
Animals, 8 per dose were immunized with 3 dilutions of one of the candidate liquid toxoids or 
the Third IS for Diphtheria Toxoid, Adsorbed (98/560) as the reference vaccine.  After 28 days, 
animals were challenged by intradermal injection of 6 dilutions of diphtheria toxin (Ph. Eur. 
BRP batch 1) [12].  After 48 h each animal was given an intradermal score based on the presence 
or absence of specific erythema at the site of toxin challenge.  The intradermal challenge scores 
were transformed (score2) and used to obtain an estimate of potency for the test vaccines relative 
to the scores obtained in animals immunized with the reference vaccine by pair wise parallel-line 
quantitative analysis.  The higher diphtheria antigen content of the Biken toxoid was reflected in 
a higher in vivo potency of 566 (410 – 798) IU/ml, compared to the Sanofi Pasteur toxoid which 
had an in vivo potency of 302 (226 – 398) IU/ml (Table 1). 
 
Five litres of each batch of diphtheria toxoid was stabilized by the addition of an equal volume (5 
L) of sterile Haemaccel® solution (3.5% w/v degraded gelatine – polygeline) before freeze-
drying. Filling (1 ml per ampoule) was performed at room temperature with constant stirring 
within NIBSC’s Standards Processing Division on 16th August 2007 (Biken toxoid) and 10th 
September 2007 (Sanofi Pasteur toxoid).  The filled materials were then freeze-dried and stored 
at -20°C in the dark at NIBSC.  The finished products were coded 07/216 (Biken) and 07/218 
(Sanofi Pasteur) respectively.  A total of 9977 ampoules of Preparation B (07/216) were filled at 
NIBSC and 3000 were donated to the National Institute of Infectious Diseases (NIID) Japan, as 
per prearranged agreement.  After collaborative study, in-house measurements and accelerated 
degradation studies, 6172 ampoules remain available at NIBSC, stored at -20oC, for use as the 
WHO IS. 
 

Characterization of freeze-dried candidate replacement standards 
After filling and freeze-drying, the candidate toxoids were examined for appearance, residual 
moisture content, oxygen head space, total antigen content and potency (results are summarized 
in Table 2).  The lyophilized product for both toxoids was of very good appearance, giving rise 
to robust and homogenous cakes.  The precision of fill was determined by weighing ampoules 
after fill.  Representative ampoules were weighed at 1 minute intervals throughout the 
production run.  A total of 374 ampoules were weighed for 07/216 (Biken) and the mean fill 
mass was 1.005 g with a coefficient of variation (CV) of 0.21%.  For 07/218 (Sanofi Pasteur) a 
total of 443 ampoules were weighed and the mean fill mass was 1.005 g with a CV of 0.18%.  
Ampoules were sealed under boil-off gas from high purity liquid nitrogen (99.999%) and 
measurement of the mean oxygen head space after sealing served as a measure of ampoule 
integrity.  The mean oxygen head space was measured using an Orbisphere Pharmapack 3600 
analyser.  Residual moisture content was measured using the colorimetric Karl Fischer method 
with total moisture expressed as a percentage of the mean dry weight of the ampoule contents.  
The results of measurements of residual moisture content and oxygen headspace are summarized 
in Table 2.  Both candidate preparations fulfil the requirements for reference preparations 
regarding precision of fill, residual moisture and oxygen head space. 
The antigen content and potency of 07/216 (Biken) was found to be 51% and 47% of the value 
determined for the liquid starting material respectively.  This is consistent with a 1:1 dilution of  
the toxoid after stabilization with Haemaccel®, and suggests near complete recovery of 
biological activity after freeze-drying.  For 07/218 (Sanofi Pasteur), the diphtheria antigen 
content of the freeze-dried material was 51% of the value determined for the starting material but 
the diphtheria potency was only 38% of that determined for the starting material.  As a result, the  
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recovery of biological activity after freeze-drying was estimated to be approximately 75% for 
07/218, which is comparable to the recovery of biological activity for the current WHO IS/Ph. 
Eur. BRP standard which was prepared using diphtheria toxoid of similar formulation [13].  
 

Collaborative study design and methods 

Calibration of candidate replacement standard 

Study design 
The two candidate toxoid preparations were included in an International collaborative study to 
calibrate the toxoids for diphtheria potency in International Units.  Assays were performed using 
established WHO/Ph. Eur. challenge methods in guinea pigs [7,11] and potency was expressed 
in terms of the 3rd IS for Diphtheria Toxoid, Adsorbed.  As stocks of the 3rd IS are very low, the 
Diphtheria vaccine (adsorbed) BRP batch 3, which is identical to the 3rd IS but which was kept 
at the EDQM, was donated by the EDQM and used for the calibration.  The BRP had been sent 
to NIBSC before the study and was distributed together with the two candidate materials by the 
NIBSC.  The 3rd IS and BRP batch 3 were tested at NIBSC using the in vitro antigen assay to 
determine diphtheria toxoid Lf content.  Results confirmed that there was no difference between 
these two materials in terms of their antigen content: 3rd IS 98/560 had an antigen content of 114 
110 – 119 Lf/ml, n=4) and BRP batch 3 had an antigen content of 111 (107 – 115 Lf/ml, n=4). 
 
Diphtheria toxoids 07/218 (Sanofi Pasteur) and 07/216 (Biken) were coded as Preparations A 
and B respectively for the collaborative study.  The current WHO IS/Ph. Eur. BRP (Batch 3) was 
coded as Preparation C (defined potency 160 IU/ampoule).  These samples were sent to 
participants with instructions for storage and use.  Potency estimates for Preparations A and B 
determined at NIBSC after fill (Table 2) were provided to participants to help in the preparation 
of dilutions.  Twenty-one laboratories from 17 different countries performed protection assays 
used for calibration of the replacement standard.  A summary of participating laboratories, 
preparations tested and methods performed is listed in Table 3.  The majority of participants 
performed two independent challenge tests as requested.  Four laboratories (7, 18, 20 and 26) 
performed a single assay. Laboratories 2 and 22 performed 3 assays for both candidate 
preparations.  Laboratory 13 performed 3 assays for Preparation B and 2 assays for Preparation 
A.  The number of animals used per vaccine dilution ranged from 8-16 and the number of doses 
used per vaccine ranged from 3-6 (Table 3). 
 

Reporting of data and statistical analysis 
All raw data together with assay details (preparation of candidate standard dilutions and 
challenge toxin) were provided to NIBSC to permit independent analysis.  Participants were 
asked to provide details of response and scores measured, and data from all assays were analyzed 
using the principles of parallel-line bioassay analysis comparing transformed assay responses to 
log vaccine dose.  For systemic (lethal) challenge assays, a probit transformation was used.  For 
the intradermal challenge assays, the (score)2 transformation was used.  All analysis was 
performed using CombiStats (Version 4.0, EDQM).  Note that for laboratory 3 a probit analysis 
was performed because guinea pigs were challenged intradermally with one dilution of toxin 
only.  For all assays, the data for each candidate preparation were analyzed separately against the 
3rd IS for Diphtheria Toxoid, Adsorbed (98/560, 160 IU/ampoule) and the resulting potency 
estimates are therefore based on direct pair-wise comparisons with the sample coded  
Preparation C. 
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Some data were excluded from the systemic challenge assays before statistical analysis.  Where a 
maximum (100%) response was recorded for the two largest vaccine doses included in the assay, 
the largest dose was omitted from the analysis as the maximum response had clearly been 
achieved at the smaller of the two doses.  Similarly, if a zero (0%) response was recorded for the 
two smallest vaccine doses, the smallest dose was omitted from the analysis.  All other data were 
included in the analysis unless otherwise stated.  For laboratory 2 the smallest vaccine dose was 
omitted for all preparations in all 3 assays performed as the vaccine was too dilute and all 
animals gave an intradermal score of zero. 
 

Stability studies 
Representative samples (40 ampoules) for Preparations A and B were stored at each of +4°C, 
+20°C, +37°C, +45°C and +56°C for accelerated thermal degradation studies initiated after 
freeze-drying on 09 October 2007.  After storage at the above temperatures for 1 year, samples 
from each temperature group were removed and shipped to participating laboratories for potency 
testing relative to an identical sample of the appropriate preparation stored at -20 °C.  Six 
laboratories agreed to participate in these stability studies and each participant was asked to 
perform a single potency test using a WHO/Ph. Eur. challenge model.  The stability study design 
is summarized in Table 4. 
 
Data obtained for each degradation sample were analyzed separately against the appropriate 
preparation stored at -20°C using the parallel-line bioassay analysis methods described 
previously.  Doses used by laboratory 1 where all animals gave an intradermal score of zero were 
omitted from the analysis. 
 
Representative samples of Preparations A and B stored at the elevated temperatures listed above 
were also tested at NIBSC using an in-house antigen assay (in vitro) to measure total antigen 
content of the toxoid preparation.  After desorption of antigen from adjuvant using sodium citrate, 
the total antigen content was measured using a capture ELISA.  Antigen content was expressed 
in Lf/ml against the 2nd WHO IS for diphtheria toxoid for flocculation test (NIBSC code 02/176, 
1100 Lf/ampoule).  
 

Serological assays 

Study design 
For serology studies, participants were asked to perform a serological assay in mice (Vero cell 
assay) or in guinea pigs (Vero cell assay or ELISA) according to in-house protocols.  
Participants were asked to test both candidate preparations (Preparations A and B) and potency 
was expressed in relative terms only.  Potency estimates for Preparations A and B determined at  
NIBSC after fill (assay 1, Table 2) were provided to participants to help in the preparation of 
dilutions.  14 laboratories participated by performing the mouse Vero cell assay and 8 
laboratories participated by performing serology in guinea pigs.  The majority of laboratories 
performed two independent serology assays.  Laboratory 6 performed a single serology assay in 
guinea pigs and laboratory 24 performed a single serology assay in mice and in guinea pigs.  
Laboratory 22 performed 3 independent serology assays in mice and in guinea pigs (a summary 
of assays performed is presented in Table 5).  For the guinea pig serology assays, 4 laboratories 
performed analysis using the Vero cell assay and 3 laboratories performed analysis using ELISA.  
One laboratory analyzed results using both the Vero cell assay and ELISA.  The Vero cell assay 
is an in vitro toxin neutralization test which measures the ability of serum samples from 
individual animals to protect Vero cells from a cytotoxic dose of diphtheria toxin.  The general 
principle of the Vero cell assay was essentially as described previously [14] or with minor  
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modifications [15].   See Table 5 for a summary of analysis methods and responses used in each 
laboratory.  
 

Reporting of data and statistical analysis 
All raw data together with assay details (preparation of candidate standard dilutions and details 
of in vitro assays) were provided to NIBSC to permit independent analysis.  For the Vero cell 
assay performed as part of mouse or guinea pig serology assays, some laboratories reported 
results as negative or positive scores (representing presence or absence of a cytotoxic effect 
respectively).  Some laboratories expressed results for individual serum samples in the Vero cell 
assay relative to a positive control serum [11].  All ELISA results were expressed relative to a 
positive control serum included in the in vitro assay.      
 
Data from all assays were analyzed using the principles of parallel-line bioassay analysis 
comparing assay responses (score or log antibody level) to log vaccine dose, as described 
previously.  Where necessary, doses not on the linear section of the dose-response were excluded 
from the analysis.     
 

Results and discussion 

Calibration of replacement standard 

Assay validity 
In general, the challenge tests satisfied the requirements for validity as set out in the Ph. Eur. 
monograph for diphtheria vaccine adsorbed [11].  The results from all assays valid at the 1% 
level of inference are included in this report.  Assays where deviations from the model were 
significant at the 5% level (0.01<p<0.05) were observed as follows: for systemic challenge 
assays, non-linearity of Preparation A was observed in laboratory 11 (assay 1) and laboratory 21 
(assay 1).  Non-parallelism of results was obtained with Preparations B and C in laboratory 9 
(assay 1).  For intradermal challenge assays, non-linearity was observed for Preparation B in 
laboratory 4 (assay 2).  Non-parallelism of results was obtained with Preparations B and C in 
laboratory 2 (assay 1 and 3) and laboratory 26 (assay 1).  All of these assays are included in the 
report and are clearly indicated in the results section.  In addition, in laboratory 18 (assay 1) and 
23 (assay 2) only 40% protection was achieved at the largest dose of Preparation B although 
estimates of potency were calculated and included in the final calibration. 
 
For some assays no potency estimates have been calculated: in systemic challenge assays, ≤20% 
protection was observed at the largest dose of Preparation A in laboratory 6 (assay 1), 18 (assay 
1) and 22 (assay 1).  This was also the case for Preparation B in laboratory 22 (assay 1).  In  
laboratory 7 (assay 1), 80% protection was observed at the smallest dose of Preparation B.  In 
laboratory 22 significant non-parallelism (p<0.01) was obtained with Preparations A and C 
(assay 3). 
 

Potency of Preparation A 
Potency estimates (IU/ampoule) for Preparation A are summarized in Table 6 and Figures 1 and 
2.  Most estimates within individual laboratories were homogeneous and a weighted geometric 
mean was calculated for the laboratory mean.  Estimates from laboratories 13 and 14 were 
significantly heterogeneous (p<0.05) and a semi-weighted geometric mean was calculated for the 
laboratory mean.  The unweighted geometric mean potency estimate (with 95% confidence 
limits) for all laboratories (n=18) was 101.4 (90.1 – 114.1) IU/ampoule.  For intradermal 
challenge assays (n=3) the unweighted geometric mean potency was 98.3 (65.7 – 147.2)  
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IU/ampoule, and for systemic challenge assays (n=15) was 102.0 (88.6 – 117.5) IU/ampoule.  
The between laboratory geometric coefficient of variation (GCV) was 26.8% for all assays, 
17.6% for intradermal challenge assays and 28.9% for systemic challenge assays. 
The laboratory mean obtained for laboratory 21 was found to be an outlier (p<0.05, Grubbs test 
of log potency values).  Excluding this laboratory, the unweighted geometric mean potency 
estimate (with 95% confidence limits) for all laboratories (n=17) was 97.2 (89.5 – 105.6) 
IU/ampoule.  For systemic challenge assays (n=14) the unweighted geometric mean potency was 
97.0 (88.1 – 106.7) IU/ampoule.  The between laboratory GCV was 17.4% for all assays and 
18.0% for systemic challenge assays.  One-tailed t-test using log transformed values for lab 
means show that there is no significant difference in estimates for i.d. or s.c. assays (p=0.41; 
without lab 21 p=0.45).  See Table 8 for a summary of potency estimates calculated for each 
assay method. 
 
Material coded Preparation A was adopted by the Ph. Eur. Commission as Ph. Eur. BRP batch 4 
for Diphtheria vaccine (adsorbed) in February 2009, with an assigned potency of 97 IU/ampoule 
based on the results of challenge assays returned by 17 laboratories (lab 21 excluded as a 
statistical outlier). 
 

Potency Preparation B 
Potency estimates (IU/ampoule) for Preparation B are summarized in Table 7 and Figures 3 and 
4.  Most estimates within individual laboratories were homogeneous and a weighted geometric 
mean was calculated for the lab mean.  Estimates from laboratory 14 were significantly 
heterogeneous (p<0.05) and a semi-weighted geometric mean was calculated for the lab mean 
(Table 5).  The unweighted geometric mean potency estimate (with 95% confidence limits) for 
all laboratories (n=20) was 224.2 (189.7 – 265.1) IU/ampoule.  For intradermal challenge assays 
(n=5) the unweighted geometric mean potency was 249.0 (186.6 – 332.3) IU/ampoule, and for 
systemic challenge assays (n=15) was 216.6 (174.4 – 268.9) IU/ampoule.  The between 
laboratory GCV was 43.0% for all assays, 26.2% for intradermal challenge assays and 47.9% for 
systemic challenge assays. 
 
Laboratory 21 was found to be a significant outlier for the analysis of Preparation A.  Although 
the result returned by laboratory 21 was not a statistical outlier for Preparation B, this laboratory 
observed an unusual death pattern in animals immunized with the current WHO IS (coded 
Preparation C) which resulted in high potency estimates for Preparations A and B compared to 
other laboratories (Figures 2 and 4).  The Potency of Preparation A relative to Preparation B 
returned by laboratory 21 was consistent with the results returned by all other laboratories 
performing challenge methods in guinea pigs (Figure 5).  Excluding laboratory 21 from the 
calibration of Preparation B, the unweighted geometric mean potency estimate (with 95%  
confidence limits) for all laboratories (n=19) was 213.4 (185.7 – 245.4) IU/ampoule.  For 
systemic challenge assays (n=14) the unweighted geometric mean potency was 202.0 (170.4 – 
239.5) IU/ampoule.  The between laboratory GCV was 33.5% for all assays and 34.3% for 
systemic challenge assays.  One-tailed t-test using log transformed values for lab means show 
that there is no significant difference in estimates for i.d. or s.c. assays (p=0.23; without lab 21 
p=0.09).  See Table 8 for a summary of potency estimates calculated for each assay method. 
 

Stability studies 

In vivo potency assays 
The results from all assays were valid, showing no deviations from the model that were 
significant at the 5% level.  Potency estimates relative to samples stored at -20°C are shown in  
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Table 9. Laboratory 17 performed two assays on both samples and the weighted geometric mean 
of their assays is shown.  No significant change in the relative potencies was observed over the 
range of temperatures used and the data do not allow predictions of stability to be made.  The 
data suggest a greater loss of activity at elevated temperatures for Preparation A when compared 
to Preparation B where all assays showed no significant difference in potency compared to -20°C.  
Results obtained for Preparation B suggest that this preparation will be highly stable when stored 
at the recommended storage temperature of -20°C. 
 

In vitro antigen assay 
The antigen content results obtained for samples stored at elevated temperature were compared 
to those obtained for identical samples of the appropriate preparation stored at -20 °C.  Results 
obtained using this assay are summarised in Table 10.  The relative contents of the accelerated 
thermal degradation samples were used to fit an Arrhenius equation relating degradation rate to 
absolute temperature assuming first-order decay [16] and hence predict the degradation rates 
when stored at -20°C.  A predicted loss of toxoid antigen content of 0.71% per year when stored 
at -20°C was obtained for Preparation B. For Preparation A, a significantly poor model fit was 
noted (p<0.001) and no estimate was calculated. 
 

Serological assays 

Assay validity 
The results from all assays valid at the 1% level of inference are included in this report.  Assays 
where deviations from the model were significant at the 5% level (0.01<p<0.05) were observed 
as follows: for mouse Vero cell assays, non-linearity of Preparation A was observed in 
laboratory 22 (assay 1) and laboratory 33 (assay 2).  Non-linearity of Preparation B was 
observed in laboratory 14 (assay 2) and laboratory 32 (assay 1).  Non-parallelism of results was 
observed in laboratories 2 (assay 1) and 22 (assay 2).  For guinea pig Vero cell assays, non-
linearity was observed for Preparation A in laboratory 14 (assay 2) and for B in laboratory 22 
(assay 2). For guinea pig ELISA, non-linearity was observed for Preparation A in laboratory 25 
(assay 1) and for B in laboratory 11 (assay 1).  All of these assays are included in the report and 
are clearly indicated in the results section (Tables 11 and 12).  For some assays no potency 
estimates have been calculated: in mouse Vero cell assays, significant non-parallelism (p<0.01) 
was observed in laboratories 12 (assay 1), 22 (assay 3) and 24 (assay 1).  Significant non-
linearity (p<0.01) for Preparation B was observed in laboratories 2 (assay 2) and 12 (assay 2).  
This was also the case for Preparation A in laboratory 30 (assay 2).  For guinea pig ELISA, 
significant non-parallelism (p<0.01) was observed in laboratory 4 (assay 2).  For guinea pig Vero 
cell assay 1 by laboratory 22, the antibody responses were below the limit of detection and no 
further analysis could be carried out.  

 

Relative potency results (A vs. B) 
Relative potency estimates for Preparation A against Preparation B are summarized in Table 11 
(mouse serology) and Table 12 (guinea pig serology).  For mouse serology assays, all estimates 
within individual laboratories were homogenous and a weighted geometric mean was calculated 
for the laboratory mean.  For guinea pig serology assays, the estimates from laboratory 22 were 
significantly heterogeneous (p<0.05) and a semi-weighted geometric mean was calculated for the 
laboratory mean.  The unweighted geometric mean relative potency estimate (A against B) for 
serological assays (n= 21) was 0.56 (0.47 – 0.65).  For mouse Vero cell serology assays (n = 12) 
the unweighted geometric mean relative potency estimate was 0.52 (0.46 – 0.59).  For guinea pig 
serology assays (n = 9) the unweighted geometric mean relative potency estimate was 0.61 (0.42 
– 0.88) with an unweighted geometric mean relative potency estimate of 0.45 (0.30 – 0.69) for  
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the assays analyzed using the Vero cell assay (n = 5) and 0.88 (0.47 – 1.63) for the assays 
analyzed by ELISA (n = 4).  The between laboratory GCV was 42.0% for all serology assays; 
22.7% for mouse Vero cell serology assays; 62.3% for all guinea pig serology assays (40.4% for 
assays analyzed by Vero cell assay and 47.6% for assays analyzed by ELISA).  Where 
laboratories performing challenge models (intradermal or systemic challenge) had included both 
preparations A and B, the relative potency of Preparation A against Preparation B has been 
calculated for comparison: the unweighted geometric mean relative potency estimate for all 
challenge assays (n = 15) was 0.44 (0.39 – 0.50) with a GCV of 25.3%.  A comparison of 
relative potency estimates for Preparation A against Preparation B for all methods is shown in 
figure 5.  One way analysis of variance (ANOVA) comparing log relative potency estimates for 
Preparation A against Preparation B obtained in all assay methods used in the study (intradermal 
challenge, systemic challenge, mouse Vero cell serology, guinea pig Vero cell serology and 
guinea pig ELISA serology) showed a significant difference between the methods (p<0.001).  
Tukey’s test to compare all groups showed that results obtained in the guinea pig ELISA 
serology assays were significantly different to those obtained using the other 4 methods (p<0.05). 
 

Conclusions 
Because of the high demand for diphtheria vaccine reference material, it was agreed that separate 
standards for WHO and Ph. Eur. should be made in order to avoid the need for frequent 
replacements.  Therefore, two candidate standards were included in the collaborative study.  
Ampoules coded Preparation A and Preparation B were stabilized with fragmented gelatine 
(Haemaccel®), rather than trehalose which was used in formulation of the current WHO IS/BRP.  
This approach was comparable to the formulation of the 2nd WHO IS (DIXA) and the 
appearance of the product formulated with this stabilizer was confirmed to be superior.  Sample 
coded Preparation A (07/218) was adopted as the 4th Ph. Eur. BRP by the European 
Pharmacopoeia Commission in February 2009 with assigned activity of 97 IU/ampoule, based on 
data returned from 17 laboratories in protection challenge assays. It is proposed to recommend 
sample coded B (07/216) as suitable replacement WHO International Standard for Diphtheria 
toxoid (Adsorbed) for use in established protective potency assays in guinea pigs.  It is 
recommended to assign a value of 213 IU/ampoule based on results returned from 19 
laboratories using challenge assays in guinea pigs (result from laboratory 21 excluded). 
 
Potency estimates for Preparations A and B were calculated against material coded Preparation C 
which was the European BRP batch 3 for diphtheria toxoid adsorbed, donated for the study by 
the EDQM.  This material was identical to the 3rd WHO IS but was kept at the EDQM.  
Preliminary analysis performed at NIBSC confirmed that this material and the 3rd WHO IS 
(coded 98/560) did not differ in terms of their diphtheria antigen content.  In addition, laboratory 
13 included the 3rd WHO IS for diphtheria toxoid, adsorbed (98/560) in all three systemic 
challenge assays performed for collaborative study (to enable testing of other vaccines at the  
same time).  The results for this vaccine were also returned to NIBSC which allowed for relative 
potency calculation.  The potency of BRP batch 3 relative to the 3rd WHO IS was 1.06 (0.86 – 
1.30), weighted geometric mean of 3 challenge assays.  This supports the conclusion from the 
antigen assay and confirms that there is no difference in diphtheria potency between the material 
coded 98/560 and stored at NIBSC and the BRP batch 3 stored at EDQM.    
 
Between-laboratory GCV (%) for all assays was higher for Preparation B than for Preparation A, 
but comparable to results obtained in calibration of the current 3rd WHO IS.  The lower 
variability in potency estimates obtained for Preparation A may be due to the fact that results are 
expressed against a reference preparation (current WHO IS) of identical formulation adsorbed to  
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the same adjuvant whereas Preparation B was formulated using diphtheria toxoid from a 
different manufacturer adsorbed to a different adjuvant. 
 
Ampoules coded Preparation B were tested and confirmed to fully comply with WHO 
recommendations for precision of fill, residual moisture content and integrity.  The recovery of 
activity for Preparation B was confirmed as approximately 94% which is superior to the current 
standard and Preparation A.  From degradation studies included as part of the collaborative study 
it was not possible to make formal predictions of long term stability, because no significant loss 
of activity was observed after storage for 1 year at any of the elevated temperatures used.  It is 
proposed to continue monitoring stability post adoption, as part of use, and/or rely on more 
sensitive in vitro method to monitor integrity of antigen on yearly basis and under recommended 
storage.  
 
Some laboratories performed additional serological studies in mice or guinea pigs following in 
house protocols and experience.  Participants were asked to test Preparations A and B and results 
were expressed as relative potency of A vs. B.  Preparations A and B were confirmed as suitable 
for use in these serological assays with both preparations showing significant regression of the 
dose response with no significant deviations from linearity in the majority of assays.  In terms of 
the relative potency estimates obtained, results from Vero cell assays used with both mouse and 
guinea pig serology methods were comparable to the results obtained in challenge assays.  This 
suggests that Vero cell serology assays may also be suitable for calibration of new standards. 
From these studies it is however not possible to predict performance with formulated vaccines 
and additional studies may need to be performed if standard is intended for use in routine 
potency testing. The results obtained using ELISA with guinea pig serology were significantly 
different from the results obtained in challenge assays.  Although only a small number of 
laboratories performed this assay as part of the collaborative study the results suggest that this  
method will not be suitable for calibration of new standards. Use of ELISA assay in routine 
testing requires validation and use of a product specific reference. 
 
A total of 9977 ampoules of Preparation B (07/216) were filled at NIBSC and 3000 were 
donated to the National Institute of Infectious Diseases (NIID) Japan, as per prearranged 
agreement.  After collaborative study, in-house measurements and accelerated degradation 
studies, 6172 ampoules remain available at NIBSC (-20oC) for use as the WHO IS.  Based on 
the recommended potency and current use, it can be predicted that this will be sufficient for the 
next 15-20 years. 
 

Recommendation 
Based on the results of direct challenge assays performed in the collaborative study, the material 
coded Preparation B can be recommended as the 4th WHO IS for Diphtheria vaccine (adsorbed). 
The recommended unitage assigned to Preparation B is proposed as 213 IU/ampoule based on 
the results of challenge assays returned by 19 laboratories. 
 

Comments from participants 
All 30 participants were asked to comment on the report content and conclusions.  15 
participants responded (50%) and all were in full agreement with the interpretation and 
presentation of their data and the conclusions of the report.   
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Table 1. Summary of candidate diphtheria vaccines – bulk material 

 

 Candidate 1 Candidate 2 

Toxoid Manufacturer Sanofi Pasteur Biken 

Lot No. IND07014 BKN0701 

Diphtheria Toxoid Content 
(Stated value) 

150 Lf/ml 200 Lf/ml 

Adjuvant Aluminium Hydroxide Gel 
2.5 mg/ml (aluminium) 

Aluminium Phosphate 
1.5 mg/ml (aluminium) 

Buffer Na2HPO4.2H2O 0.12 mg/ml 
KH2PO4 0.60 mg/ml 

Na2HPO4 3.49 mg/ml 
NaH2PO4 . 2H2O 0.56 mg/ml 

Inactivator Formaldehyde 0.06 mg/ml  Formaldehyde 0.05 mg/ml 

Preservative None Thiomersal <0.005 mg/ml 

Diphtheria Toxoid Content  
(NIBSC) 

134.5 ± 7.8 Lf/ml (n=2) 223.5 ± 6.4 Lf/ml (n=2) 

Potency (NIBSC) 302 (226 – 398) IU/ml 566 (410-798) IU/ml 

 
 
Table 2. Summary of stabilized, freeze-dried candidate replacement standards 
 

 Candidate 1 Candidate 2 

Toxoid Manufacturer Sanofi Pasteur Biken 

NIBSC Code 07/218 07/216 

Collaborative Study Code Preparation A Preparation B 

No. Ampoules Filled 9970 9977 

Appearance  Robust homogenous cake  Robust homogenous cake 

Diphtheria Toxoid Content  
(NIBSC) 

69.0 ± 4.4 Lf/ml (n=5) 113.4 ± 5.9 Lf/ml (n=5) 

Potency (NIBSC) 114 (76 – 160) IU/ampoule 268 (212-337) IU/ampoule 

Mean fill mass 1.005 g (CV 0.18%) (n=443) 1.005 g (CV 0.21%) (n=374) 

Mean dry weight 0.029 g (CV 0.57% ) (n=6) 0.031 g (CV 0.77%) (n=6) 

Mean residual moisture 0.68% (CV 18.08%) (n=12) 0.40% (CV 12.17%) (n=9) 

Mean oxygen head space 0.28% (CV 88.74%) (n=12) 0.04% (CV 99.54%) (n=12) 
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Table 3. Summary of methods used for calibration of Preparations A and B 

 

Lab  

Code 

Preparations 

Tested 

Challenge 

Method 

No. of 

Assays 

No. Vaccine 

Dilutions 

No. Animals 

Per Dilution 

1 A, B, C Intradermal 2 4 8 

2 A, B, C Intradermal 3 3 9 

3 B, C Intradermal 2 4 10 

4 A, B, C Intradermal 2 3 8 

26 B, C Intradermal 1 4 14 

      

6 A, B, C Systemic 2 3 16 

7 A, B, C Systemic 1 3 10 

8 A, B, C Systemic 2 3 12 

9 A, B, C Systemic 2 3 16 

10 A, B, C Systemic 2 4 14 

11 A, B, C Systemic 2 4 12 

12 A, B, C Systemic 2 3 16 

13 A, B, C Systemic 2 (A,B,C); 1 (B,C) 4 10 

14 A, B, C Systemic 2 3 12 

17 A, B, C Systemic 2 3 16 

18 A, B, C Systemic 1 3 10 

19 A, B, C Systemic 2 4 8 

20 A, B, C Systemic 1 4 8 

21 A, B, C Systemic 2 3 16 

22 A, B, C Systemic 3 4-6 10 

23 A, B, C Systemic 2 3 16 

 
Labs 5, 15 and 16 withdrew due to time/workload pressures or problems with animal supply. Lab 
numbers 24, 25 and 27-33 performed serology assays only. 
 
 
Table 4.  Design of in vivo stability studies 
 

Lab Code Preparation Method Accelerated degradation temperatures 

1 A Intradermal challenge -20, +4, +37°C 

8 A Systemic challenge -20, +20, +45°C 

11 A Systemic challenge -20, +37, +56°C 

14 B Systemic challenge -20, +4, +37°C 

17 B Systemic challenge -20, +20, +45°C 

19 B Systemic challenge -20, +37, +56°C 
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Table 5.  Summary of serological assays performed by laboratories participating in the extended collaborative study (A vs. B only) 
 

Lab  

Code 

Species Sex Strain Weight/age No. of 

Assays 

No. Vaccine 

Doses 

No. Animals 

Per Dilution 

Bleed time 

Weeks 

Serology Method Response 

4 Guinea Pig F, M# DH 250 – 350g 2 3 8 5 ELISA and VERO Log Ab 

6 Guinea Pig M/F DH 250 – 350g 1 3 10 6 VERO Score 

11 Guinea Pig F Hartley 250 – 350g 2 3 10 5 ELISA Log Ab 

14 Guinea Pig M/F DH 250 – 350g 2 4 9 6 VERO Score 

19 Guinea Pig F DH 250 – 350g 2 4 6$ 6 ELISA Log Ab 

22 Guinea Pig F Hartley 300 – 400g 3 4-6 10 4 VERO Log Ab 

24 Guinea Pig M/F DH 250 – 350g 1 4 8 5 VERO Score 

25 Guinea Pig F Hartley 250 – 350g 2 3 10 5 ELISA+ Log Ab 

           

2 Mouse F CD-1 12-14g 2 4 12 5 VERO Score 

9 Mouse M ddY 12-14g 2 4 8 5 VERO Score 

12 Mouse F ICR (CD-1) 14-16g 2 4 12 5 VERO Score 

14 Mouse F ICR 18-24g 2 4 12 5 VERO Score 

20 Mouse F NIH 12-14g 2 4 8 5 VERO Score 

22 Mouse F ddY 5 weeks 3 4-5 10 4 VERO Log Ab 

24 Mouse F NIH (RIVM) 10-14g 1 5 8 5 VERO Score 

27 Mouse M ddY 12-14g 2 6 8 5 VERO Score 

28 Mouse F ddY 26g 2 4 10 4 VERO Log Ab 

29 Mouse F CD-1 17-24g 2 3 16 5 VERO Rel score 

30 Mouse M ddY 5 weeks 2 5 10 4 VERO Log Ab 

31 Mouse M ddY 13-15g 2 4 12 5 VERO Score 

32 Mouse F ddY 5 weeks 2 4 10 4 VERO Log Ab 

33 Mouse F ddY 24g 2 5-6 12 4 VERO Log Ab 

 
M = Male, F = Female; #female guinea pigs assay 1, male guinea pigs assay 2; $sera was pooled for ELISA analysis; +3 ELISA assays were performed 
for each assay and the antibody titres were combined for relative potency calculation 
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Table 6. Potency estimates (IU/ampoule) for Preparation A against Preparation C (3rd WHO 
IS/Ph. Eur. BRP Batch 3) 
 

Lab Code Challenge Method Assay 1 Assay 2 Assay 3 Lab Mean 

1 Intradermal 65.5 97.7  81.7 

2 Intradermal 119.8 99.1 100.1 105.2 

3 Intradermal    NT 

4 Intradermal 114.0 107.8  110.6 

26 Intradermal    NT 

      

6 Systemic Invalid# 81.0  81.0 

7 Systemic 123.3   123.3 

8 Systemic 100.4 106.9  104.5 

9 Systemic 108.3 104.3  105.5 

10 Systemic 88.7 92.5  90.4 

11 Systemic 138.4* 131.3  135.8 

12 Systemic 95.2 132.7  113.7 

13 Systemic 58.6 127.7  86.0 

14 Systemic 61.8 107.8  80.4 

17 Systemic 80.5 94.7  86.0 

18 Systemic Invalid#   N/A 

19 Systemic 72.2 105.5  83.4 

20 Systemic 85.5   85.5 

21 Systemic 209.5* 207.5  208.5 

22 Systemic Invalid# 94.1 Invalid# 94.1 

23 Systemic 93.5 124.0  106.0 

 
NT = preparation not tested; *denotes non-linearity of the dose response for preparation A 
(0.01<p<0.05); #see text for details of invalid tests. 
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Figure 1. Individual laboratory estimates for potency of Preparation A as determined by 

intradermal or systemic challenge in guinea pigs.  Data are IU/ampoule with 95% confidence 
limits. *denotes non-linearity of the dose response for preparation A (0.01<p<0.05). 
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Figure 2. Histogram showing the estimates of potency (lab mean), expressed in IU/ampoule for 
Preparation A, as determined by intradermal challenge (open boxes) and systemic challenge 
(grey boxes) against Preparation C (3rd WHO IS/Ph. Eur. BRP Batch 3).  Boxes represent 
individual laboratories and are code labelled. The estimate from laboratory 21 is a statistical 
outlier (p<0.05). 
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Table 7. Potency estimates (IU/ampoule) for Preparation B against Preparation C (3rd WHO 
IS/Ph. Eur. BRP Batch 3) 
 

Lab Code Challenge Method Assay 1 Assay 2 Assay 3 Lab Mean 

1 Intradermal 156.1 280.2  237.6 

2 Intradermal 253.0§ 287.1 254.6§ 261.5 

3 Intradermal 315.5 369.4  338.8 

4 Intradermal 268.0 236.4*  256.6 

26 Intradermal 177.2§   177.2 

      

6 Systemic 249.1 255.1  251.3 

7 Systemic Invalid#   N/A 

8 Systemic 237.4 251.2  244.4 

9 Systemic 298.6§ 280.2  288.6 

10 Systemic 222.1 283.5  252.8 

11 Systemic 212.9 216.7  214.2 

12 Systemic 160.7 188.9  175.8 

13 Systemic 162.6 239.9 157.1 185.2 

14 Systemic 156.2 271.5  203.7 

17 Systemic 167.4 244.4  199.4 

18 Systemic 146.2   146.2 

19 Systemic 130.0 187.2  154.2 

20 Systemic  346.9  346.9 

21 Systemic 558.9 582.4  572.8 

22 Systemic Invalid# 83.6 127.5 113.6 

23 Systemic 185.2 151.2  167.2 

 
*denotes non-linearity of the dose response for preparation B (0.01<p<0.05); §denotes non-
parallelism between preparations B and C (0.01<p<0.05); #see text for details of invalid tests. 
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Figure 3.  Individual laboratory estimates for potency of Preparation B as determined by 
intradermal or systemic challenge in guinea pigs.  Data are IU/ampoule with 95% confidence 
limits. *denotes non-linearity of the dose response for preparation B (0.01<p<0.05); §denotes 
non-parallelism between preparations B and C (0.01<p<0.05) 
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Figure 4. Histogram showing the estimates of potency (lab mean), expressed in IU/ampoule for 
Preparation B, as determined by intradermal challenge (open boxes) and systemic challenge 
(grey boxes) against Preparation C (3rd WHO IS/Ph. Eur. BRP Batch 3).  Boxes represent 
individual laboratories and are code labelled. 
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Table 8. Final potency estimates calculated for Preparations A and B 
 

Preparation A Preparation B Assay Method 

Potency n GCV % Potency n GCV % 

Intradermal Challenge 98 (66 – 147) 3 17.6 249 (187 – 332) 5 26.2 

Systemic Challenge 
Without lab 21 

102 (89 – 118) 
97 (88 – 107) 

15 
14 

28.9 
18.0 

217 (174 – 269) 
202 (170 – 240) 

15 
14 

47.9 
34.3 

All Challenge Assays 
Without lab 21 

101 (90 – 114) 
97 (90 – 106) 

18 
17 

26.8 
17.4 

224 (190 – 265) 
213 (186 – 245) 

20 
19 

43.0 
33.5 

 
All results are IU/ampoule with 95% confidence limits. GCV: geometric coefficient of variation 
 
Table 9.  Results of in vivo stability assays for Preparations A and B 
 

Preparation Storage temperature Lab Code 
Potency relative to -20°C sample 

(with 95% confidence limits) 

A +4°C 1 0.90 (0.62 – 1.29) 

 +20°C 8 0.85 (0.54 – 1.30) 

 +37°C 11 0.60 (0.42 – 0.86) 

 +37°C 1 0.76 (0.56 – 1.05) 

 +45°C 8 0.64 (0.39 – 0.98) 

 +56°C 11 0.78 (0.54 – 1.13) 

    

B +4°C 14 0.84 (0.59 – 1.18) 

 +20°C 17 1.00 (0.82 – 1.21) 

 +37°C 19 1.09 (0.68 – 1.76) 

 +37°C 14 1.08 (0.76 – 1.54) 

 +45°C 17 1.01 (0.82 – 1.23) 

 +56°C 19 0.99 (0.59 – 1.66) 

 
Table 10.  Results of in vitro stability assays for Preparations A and B 
 

Total antigen (Lf/ml) Preparation Storage  

temperature Ampoule 1 Ampoule 2 Ampoule 3 

Geometric mean 

relative content 

A -20°C 122 93 85 . 

 +4°C 77 108 86 0.91 

 +20°C 93 76 71 0.80 

 +37°C 80 92 84 0.87 

 +45°C 71 77 91 0.80 

 +56°C 55 65 65 0.62 

      

B -20°C 163 162 162 . 

 +4°C 182 130 194 1.02 

 +20°C 130 174 179 0.98 

 +37°C 132 134 143 0.84 

 +45°C 120 117 152 0.79 

 +56°C 111 115 136 0.74 
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Table 11.  Summary of relative potency estimates obtained in mouse Vero cell serology assays 
 

Lab Code Assay Method Assay 1 Assay 2 Assay 3 Lab Mean 

2 Vero cell assay 0.52§ Invalid#  0.52 

9 Vero cell assay 0.48 0.39  0.44 

12 Vero cell assay Invalid# Invalid#  - 

14 Vero cell assay 0.42 0.56*  0.52 

20 Vero cell assay 0.42 0.54  0.49 

22 Vero cell assay 0.47* 0.45§ Invalid# 0.46 

24 Vero cell assay Invalid#   - 

27 Vero cell assay 0.36 0.39  0.38 

28 Vero cell assay 0.45 0.50  0.47 

29 Vero cell assay 0.45 0.44  0.44 

30 Vero cell assay 0.69 Invalid#  0.69 

31 Vero cell assay 0.73 0.73  0.73 

32 Vero cell assay 0.55* 0.73  0.69 

33 Vero cell assay 0.60 0.50*  0.54 

 
*denotes non-linearity of the dose response for Preparation A or B (0.01<p<0.05);§denotes non-
parallelism between Preparations A and B; #see text for details of invalid assays 
 
Table 12.  Summary of relative potency estimates obtained in guinea pig serology assays 
 

Lab Code Assay Method Assay 1 Assay 2 Assay 3 Lab Mean 

4 Vero cell assay 0.59 Invalid#  0.59 

6 Vero cell assay 0.43   0.43 

14 Vero cell assay 0.51 0.49*  0.50 

22 Vero cell assay Invalid# 0.31* 0.22 0.26 

24 Vero cell assay 0.59   0.59 

      

4 ELISA 0.56 Invalid#  0.56 

11 ELISA 1.60* 0.93  1.17 

19 ELISA 0.79 0.65  0.72 

25 ELISA 1.47* 0.98  1.26 

 
All lab means are weighted geometric means with the exception of the estimate for lab 22 which  
is semi-weighted due to the significant heterogeneity between the assay estimates; *denotes non-
linearity of the dose response for Preparation A or B (0.01<p<0.05); #see text for details of 
invalid assays 
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Figure 5.  Histogram showing the estimates of potency (lab mean), expressed in relative terms 
for preparation A against preparation B, as determined by intradermal challenge (open boxes), 
systemic challenge (grey boxes), mouse Vero cell serology (dark grey boxes), guinea pig 
serology Vero cell assays (diagonal lines) and guinea pig serology ELISA assays (vertical lines).  
Boxes represent individual laboratories and are code labelled.  Note that estimates obtained by 
guinea pig serology ELISA assays are significantly different from the estimates obtained in the 
other methods (p<0.05, ANOVA with Tukey’s test). 
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