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ABSTRACT
Dose-response data for Variola major (V. major), the causative agent of smallpox,

were obtained from the open literature, summarized, and fitted with three dose-
response models. It is known from prior outbreak experience that there is generally
a difference in infectivity of the agent and its subsequent mortality depending on
the age of the patient. A source of animal dose-response data were found with
age delineation for the exposure group (suckling mice, intraperitoneal exposure).
This delineation was used to adapt current dose-response models to include an
age dependency parameter. The degree of the models’ fit to the data was ascer-
tained using maximum likelihood estimation (MLE). The effect of host age could
be described quantitatively using modifications to the beta Poisson and exponen-
tial dose-response models. The modifications improvement in the accuracy of risk
prediction by 72% for the beta Poisson model and 7% for the exponential model,
compared to the original (unmodified) models.
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INTRODUCTION

Smallpox is thought to have originated more than 3,000 years ago in India or
Egypt, and is a highly virulent and contagious disease (Koplow 2003; WHO undated).
Despite no effective treatment, smallpox was declared eradicated in 1980 due to the
worldwide vaccination program (WHO undated; WHO 1968). The use of V. major as
a bioterrorist agent is of great concern due to the high mortality, communicability,
and lack of effective treatment. Added to these concerns are the current state,
availability, and condition of the worldwide reserve stocks of vaccine (WHO 2005a,
b). The consequences of a malicious release of V. major would be widespread and
deadly, making further progression to a human risk analysis for V. major exposure
necessary.
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V. major is a double-stranded DNA virus, and considered a very large viral genome
with 186,102 base pairs (Massung et al. 1994). Animal models have been difficult to
develop due to the high doses and different routes of infection required to induce
disease in cynomolgus monkeys, which results in bypassing the incubation and early
symptom periods seen in humans (WHO 2005b). Due to the difficulties in per-
forming animal studies as well as the mandate from the World Health Organization
(WHO) that “no one other than two collaborating centers in the U.S. and Russian
Federation have in their possession . . . viral DNA for V. major” (WHO undated; WHO
1968), animal model data is scarce.

Source of Dose–Response Data

To obtain data necessary for the conduct of the dose-response analysis, an exten-
sive literature search was performed. In order to ensure the quality of the data, the
following criteria were used:

� The animal model results must be published in a peer-reviewed journal.
� If the animal model study is a vaccine or prophylaxis trial, there must be more

than one control with a response other than one or zero.
� Exposure route must be clearly defined and justifiable.
� The dose must be clearly defined in known units (in this case pock forming

unit).
� Endpoint of the study must be clearly defined (i.e ., host death, infection, etc.).
◦ If endpoint is death, then the number of any euthanized animals must be

reported.
� The stated number of subjects at each dose administered must be reported.

Through the literature search, data were discovered and subsequently used in the
dose-response analysis (Marshall and Gerone 1961). Suckling mice were infected
with V. major intraperitoneally and intracerebrally. The intraperitoneal route con-
tained the age delineation, therefore, this dose-response data was used to develop
this work. Since suckling mice do not typically show resistance to V. major (Rabonivitz
and Bernkopf 1952), the authors were attempting to describe susceptibility to V. ma-
jor. Marshall and Gerone (1961) showed that mice developed resistance to V. major
“within a few days after birth”; this determination of resistance development was
the goal of the researchers. A functional form of the age–dose relationship was not
developed by Marshall and Gerone (1961); this work intends to close this gap and
develop this functional form.

Suckling mice are generally not considered a good analog to humans when de-
veloping an animal model (Marshall and Gerone 1961; Rabonivitz and Bernkopf
1952). However, this study can be used when considering that the age analysis is
considering the extremes of age. Humans are generally exposed by direct contact
or inhalation of the virus (Wehrle et al. 1970), which is greatly different from the
intraperitoneal exposure used by Marshall and Gerone. Despite this difference in
exposure route, the specific parameters reported here will likely require some mod-
ification for application to human health effect assessment. From prior outbreaks
the very elderly and the very young were the worst affected groups, thus looking
at the effect of age at the one extreme of the age groups will be a first step in

1246 Hum. Ecol. Risk Assess. Vol. 15, No. 6, 2009

D
ow

nl
oa

de
d 

by
 [

U
S 

E
PA

 L
ib

ra
ry

] 
at

 0
5:

44
 0

6 
D

ec
em

be
r 

20
11

 



Dose Response of Variola major in Suckling Mice

quantifying the effects of age. Having age data such as presented in Marshall and
Gerone (1961) for the older age groups as well would give a better picture of the age
dependency of the dose-response relationship. Having these older age groups would
complete the age dependency picture and provide more insight and likely a better
improvement post modification; however, this was not available from Marshall and
Gerone (1961). Also, considering the difficulties in using nonhuman primates in
symptomatic disease progression animal models as mentioned previously, and the
constraints of the quality controls, host species other than the ideal are needed for
symptomatic disease progression animal models.

Purpose of Current Work

As already mentioned, the very elderly and the very young have a greater risk
of mortality from smallpox when compared to the total population. Also, since the
animal model study separated the animals into groups based by age (in hours), this
work attempted to quantify the effect of age on the dose response. This analysis is
the first known quantification of the dependency of age in microbial dose-response
modeling.

METHODS AND MATERIALS

Dose–Response Model Fitting

Maximum likelihood estimation (MLE) was used to fit dose-response models to
the source data (Table 1) from Marshall and Gerone (1961). In this method the

Table 1. Dose-response data delineated by age of mouse exposed
intraperitoneally.

Positive responses Negative
Mouse age Dose (PFU) Number of mice (death of mouse) responses

0 to 24 hours 100000 9 9 0
10000 9 9 0
1000 9 4 5
100 9 3 6
10 8 1 7

24 to 48 hours 1000000 11 11 0
100000 8 8 0
10000 8 3 5
1000 8 5 3
100 7 1 6

48 to 120 hours 2000000 9 9 0
200000 9 7 2
20000 8 4 4
2000 7 1 6

120 to 168 hours 5000000 9 8 1
500000 9 6 3
50000 8 0 8
5000 8 0 8

Hum. Ecol. Risk Assess. Vol. 15, No. 6, 2009 1247
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predicted response (π i ), which is a function of the dose (di ) and model parameter(s)
(�) (Eq. 1), is compared directly to the observed response (π o

i ), which is a function
of observed positive responses (p i ) and total number of subjects (ni ), from the
dose-response data (Eq. 2).

πi = PI (di , �) (1)

π o
i = p i/ni

(2)

The model parameter(s) � are adjusted to minimize the negative two log-likelihood
ratio, herein termed the deviance (Haas et al. 1999). The deviance directly compares
the predicted response using the models to the observed response from the data.
This goodness-of-fit test statistic is minimized using the MLE function in the statistical
analysis package R.

With the deviance minimized the goodness-of-fit must be investigated and shown
statistically significant. In order to accomplish this, the minimized deviance is com-
pared to the chi-squared (χ 2) distribution with degrees of freedom defined as the
number of parameters (m) subtracted from the number of doses (n). The null hy-
pothesis (the fit is satisfactory) is rejected if the minimized deviance is greater than
the upper 5th percentile of the χ 2 distribution.

In this work two dose-response models were employed, namely the exponential
and beta Poisson models, and their approximations can be seen in Eqs. (3) and (4),
respectively (Haas et al. 1999). Both dose-response models establish the probability
of a specific response (P(R)), and since the response defined in the data is death,
these models describe the probability of death.

Exponential : P (R) = 1 − exp(−k · dose) (3)

Beta Poisson : P (R) = 1 −
[

1 +
(

dose/N50

)
·
(

2
1/α − 1

)]−α

(4)

The best-fitting model must be ascertained from those that show a good fit to the
data. When there are models with differing numbers of parameters, the inclusion
of additional parameters must be justified as making a statistically significant im-
provement to the fit of the model. The exponential model (Eq. 3) has only one
parameter, k, which is the probability of one organism causing a response, and the
beta Poisson has two parameters, α and N50, which defines the slope of the model and
is the median infectious dose, respectively. The fit of the models were compared to
each other to find the best-fitting dose-response model, again using the minimized
deviance as the parameter of fit. The difference of the minimized deviances (�) is
determined and using the null hypothesis that the simpler model (the model with
fewer parameters) is the best fit, � is compared to the χ 2 distribution with one
degree of freedom, again with the rejection region being the upper 5th percentile.

Age Dependency Analysis

In the animal model study (Marshall and Gerone 1961), the suckling mice were
separated into different dose groups based on the age of the mouse (Table 1). The
models were first fitted to the data with all age groups pooled together to ascertain
if an overall model could be fitted to all age groups. The data were then delineated
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Dose Response of Variola major in Suckling Mice

in the same form as the original study report, and each of the separate age groups
were used to determine if dose-response models would fit the individual age groups.

Once dose-response models with goodness-of-fit were established it was observed
that there was a potential trend that the dose-response parameters took with age.
In order to determine if there was indeed a trend, the Cochran-Armitage trend test
(Haas et al. 1999) was performed for α, N50, and k to age of the mice in hours. Once
it was shown that there was a significant trend of the parameters with mouse age in
hours, an exploratory data analysis (EDA) was used to hypothesize the functional
forms that could describe this trend. The EDA was performed using SPSS.

Once a candidate model was chosen to describe the age dependency trend,
this model needed to be incorporated into the dose-response models for a full
maximum likelihood estimate. This results in the addition of age-dependent dose-
response parameters, which take into account the effect age has on the parameters,
to the overall dose-response model. Placing the age-dependent parameters into
the dose-response models modifies the models to allow for the effects of age on
the model. These modified dose-response models now must be optimized and the
goodness-of-fit ascertained using the same methods described before.

Rather than comparing the two separate dose-response models to determine
the best- fitting model, the modified model must be compared to the original un-
modified form. Additional parameters have been placed into the modified models;
therefore, the addition of these parameters must be justified statistically. The same
procedure for comparing models with differing degrees of parameterization was
used in an endeavor to determine if the inclusion of the additional parameters is
justifiable.

RESULTS

Fitting Dose–Response Models to Available Data

The two dose-response models were fitted to the data shown in Table 1, in an
attempt to model the overall response for the entire data set. The first run was
without separating out the different age groups, but rather pooling the age groups
together as one large data set. The goodness-of-fit analysis performed on the pooled
age groups it is shown in Table 2. As can be seen, when data from all ages pooled
together neither of the unmodified dose-response models showed a good fit to the
data. Once the data are separated into the same age groups as reported in the
original study, acceptable dose-response models can now be fitted to the data. In
Table 3 is shown that when the data are delineated by age as was reported (Marshall
and Gerone 1961), both dose-response models exhibit a good fit to the data.

Table 2. Goodness of fit for all ages pooled.

Number of Minimized Degrees of χ2
1,n−m

subjects Model deviance freedom critical Conclusions

18 Exponential 285.048 17 27.587 Neither model is a
good fit.

Beta Poisson 69.958 16 26.296

Hum. Ecol. Risk Assess. Vol. 15, No. 6, 2009 1249
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M. H. Weir and C. N. Haas

Table 3. Goodness of fit for data separated by age group.

Number of Minimized Degrees of χ2
1,n−m

Group subjects Model deviance freedom critical Conclusions

0 to 23 hours 5 Exponential 8.457 4 9.488 Both models show
a good fit to the
data.

Beta Poisson 5.767 3 7.815
24 to 48 hours 4 Exponential 18.674 3 7.815

Beta Poisson 8.814 2 5.992
48 to 120

hours
4 Exponential 6.604 3 7.815

Beta Poisson 1.085 2 5.992
120 to 168

hours
4 Exponential 6.978 3 7.815

Beta Poisson 2.675 2 5.992

Knowing that there are dose-response models that demonstrate a good fit to the
data the best-fitting model must be determined. In Table 4, it can be seen that all but
the youngest of mice have a dose-response relationship best described by the beta
Poisson model, rather than the exponential model. The hypothesis that the opti-
mized parameters follow a significant trend with age of the host must be examined.

Age Dependency Analysis

In order to determine if there is a statistically significant trend that the dose-
response parameters follow, the Cochran-Armitage trend test was used. In Table 5
it is shown that from the outcome of the Cochran-Armitage trend test there exists
a statistically significant trend for all parameters with respect to the age of the host.
As such, a method of quantifying the trend that the parameters are following with
respect to the age of the host is necessary.

Using the curve estimation tool in SPSS, multiple trends were examined. The
results of the curve estimation are shown in Table 6; the adjusted-R2 was the statistic
used to determine the most suitable trend (fitting criteria being the log of the sums
of the squared errors). These trends for α, N50, and k can also be seen in Figures 1
through 3, respectively, with the most appropriate trend lines superimposed.

Once the most appropriate trend is known for the dose-response models, the
process of modifying the underlying dose-response model for MLE estimation was

Table 4. Determination of best fitting dose-response model for each age group.

Number of Minimized χ2
1,0.05

Group subjects Model deviance � critical Conclusions

0 to 23 hours 5 Exponential 8.457 2.690 3.843 Exponential model
is best fit.Beta Poisson 5.767

24 to 48 hours 4 Exponential 18.674 9.860 3.843 Beta Poisson model
is best fit.Beta Poisson 8.814

48 to 120
hours

4 Exponential 6.604 5.519 3.843 Beta Poisson model
is best fit.Beta Poisson 1.085

120 to 168
hours

4 Exponential 6.978 4.303 3.843 Beta Poisson model
is best fit.Beta Poisson 2.675

1250 Hum. Ecol. Risk Assess. Vol. 15, No. 6, 2009
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Dose Response of Variola major in Suckling Mice

Table 5. Cochran-Armitage trend test results for the age dependency analysis.

Parameters Degrees of
compared χ2

1,0.05value freedom χ2
1,0.05critical p -value Conclusions

Age to α 2.178 1 3.843 0.140 Trend exists
Age to N50 2.286 1 3.843 0.131 Trend exists
Age to k 1.595 1 3.843 0.207 Trend exists

Table 6. Curve estimation results showing a linear trend for α and exponential
trends for N50 and k.

Dose-response Estimated
model Parameter curve model Adjusted R2 R2 R Conclusions

Beta Poisson α Linear 0.519 0.679 0.824 Linear curve
model is
description of
relationship.

Logarithmic 0.180 0.453 0.673
Inverse 0.147 0.235 0.485
Exponential 0.431 0.620 0.788

Beta Poisson N50 Linear 0.485 0.657 0.810 Exponential curve
model is
description of
relationship.

Logarithmic 0.214 0.476 0.690
Inverse –0.30 0.313 0.560
Exponential 0.983 0.989 0.994

Exponential k Linear 0.337 0.558 0.747 Exponential curve
model is
description of
relationship.

Logarithmic 0.637 0.758 0.871
Inverse 0.890 0.963 0.927
Exponential 0.967 0.978 0.989

Figure 1. Beta Poisson model α parameter exhibits a trend with respect to age of
the host.

Hum. Ecol. Risk Assess. Vol. 15, No. 6, 2009 1251
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Dose Response of Variola major in Suckling Mice

Figure 2. Beta Poisson model N50 parameter exhibits a trend with respect to age
of the host.

the next step. The parameter k for the exponential model (Eq. 3) was changed
using an exponential age dependency trend as in Eq. (5). The exponential model
is modified using k∗, which has two parameters k0 and k1, thereby changing the
exponential model from a one parameter model to a two parameter model.

k∗ = k0 · exp
(
k1 · age

)
(5)

Modified Exponential P (R) = 1 − exp (−k ∗ ·dose) (6)

The age dependency for the parameters of the beta Poisson model was then exam-
ined. The unmodified beta Poisson model has two parameters, α, which exhibited

Figure 3. Exponential model k parameter exhibits a trend with respect to age of
the host.

Hum. Ecol. Risk Assess. Vol. 15, No. 6, 2009 1253
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Figure 4. Modified beta Poisson dose-response models for each age group, encap-
sulated in overall confidence bounds for the modified model.

a linear age dependency (Eq. 7) and an exponential age dependency trend for N50

(Eq. 8). Placing these age-dependent parameters into Eq. (4) results in Eq. (9),
which is the modified beta Poisson model. The modified beta Poisson model has
now been changed from a two-parameter model to a four- parameter model.

α∗ = α0 + α1
(
age

)
(7)

N ∗
50 = N500 · exp

(
N501 · age

)
(8)

Modified Beta Poisson P (R) = 1 −
[

1 +
(

dose/
N ∗

50

)
·
(

2
1/α∗ − 1

)]−α∗

(9)

The modified models show an improvement in the fit of the dose-response models
for the data. In Table 7 it can be seen that both the exponential and beta Poisson

Figure 5. Comparison of the predicted probability of response from the modified
beta Poisson model, to the observed probability of response.

1254 Hum. Ecol. Risk Assess. Vol. 15, No. 6, 2009
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Dose Response of Variola major in Suckling Mice

Figure 6. Comparison of bootstrapped age dependent parameters after 10,000
iterations.

models showed an improvement in fit. Overall the beta Poisson showed the greatest
improvement in fit, with the deviance being reduced by 72%. The exponential
model did not show as impressive an improvement, on the order of a 7% decrease
in the deviance. The age dependent parameters in the modified the dose-response
models are given in Table 8.

The modified beta Poisson models for each age group can be seen in Figure
4. It can be seen that there is a clear difference between each age group that the
modified beta Poisson model, as shown before, can quantitatively incorporate to
improve the fit. As can also be seen in Figure 4 the youngest age group shows the
highest risk of death, as is expected from what is known clinically in the very young
population. In Figure 5 it can be seen that comparing the predicted probability
of response determined using the modified beta Poisson model and the observed
probability of response shows good agreement for each of the age groups. Shown in
Figure 6 are the scatter plots and histograms of the bootstrapped parameters for the
modified beta Poisson model after 10,000 iterations of the MLE. It can clearly be
seen in Figure 6 that the parameters have a correlation to each other, which would
be expected, with α1having the narrowest confidence bands.

CONCLUSION

The modified dose-response models that incorporated the age of the host age
were capable of providing a better fit to the intraperitoneal exposure of suckling

Hum. Ecol. Risk Assess. Vol. 15, No. 6, 2009 1255
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mice to V. major. This represents the first quantitative incorporation of the host
into microbial dose-response models. These modifications are for the youngest age
groups exposed to V. major. However, the approach demonstrated is a generalized
case, therefore, application of this approach to other pathogens and age groups
will be possible. The modifications made to the dose-response models show the
potential for current dose-response models to be adapted in order to integrate
more mechanistic and physiological factors. These further advancements will enable
dose-response models to better describe the true dose-response relationship.

Although suckling mice are not the best option for depicting the human dose-
response relationship, this is a first step to expanding current dose-response models
to include quantitative factors. This work described how age dependency can modify
dose-response models for V. major. However, other factors such as host heterogene-
ity or aerosol size can be within the spectrum of potential factors to be included
in modifying current dose-response models. This work (among the other poten-
tial quantitative changes) allows exciting new developments that can advance the
understanding of the dose-response relationship for V. major and other pathogens.
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