
Risk Analysis DOI: 10.1111/j.1539-6924.2011.01602.x

Animal and Human Dose-Response Models
for Brucella Species
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Human Brucellosis is one of the most common zoonotic diseases worldwide. Disease trans-
mission often occurs through the handling of domestic livestock, as well as ingestion of unpas-
teurized milk and cheese, but can have enhanced infectivity if aerosolized. Because there is
no human vaccine available, rising concerns about the threat of Brucellosis to human health
and its inclusion in the Center for Disease Control’s Category B Bioterrorism/Select Agent
List make a better understanding of the dose-response relationship of this microbe necessary.
Through an extensive peer-reviewed literature search, candidate dose-response data were ap-
praised so as to surpass certain standards for quality. The statistical programming language,
“R,” was used to compute the maximum likelihood estimation to fit two models, the expo-
nential and the approximate beta-Poisson (widely used for quantitative risk assessment) to
dose-response data. Dose-response models were generated for prevalent species of Brucella:
Br. suis, Br. melitensis, and Br. abortus. Dose-response models were created for aerosolized
Br. suis exposure to guinea pigs from pooled studies. A parallel model for guinea pigs in-
oculated through both aerosol and subcutaneous routes with Br. melitensis showed that the
median infectious dose corresponded to a 30 colony-forming units (CFU) dose of Br. suis,
much less than the N50 dose of about 94 CFU for Br. melitensis organisms. When Br. meliten-
sis was tested subcutaneously on mice, the N50 dose was higher, 1,840 CFU. A dose-response
model was constructed from pooled data for mice, rhesus macaques, and humans inoculated
through three routes (subcutaneously/aerosol/intradermally) with Br. melitensis.
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1. INTRODUCTION

The genus Brucella contains gram-negative, fac-
ultative, nonspore forming, intracellular pathogens
per Corbel.(1) As a zoonotic disease, the manifesta-
tions of Brucella are linked to differences between
the species and diversity between hosts that can af-
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fect any organ and tissue producing protean clinical
symptoms. Underdiagnosis of brucellosis is common
because it displays nonspecific manifestations that
can mimic various diseases depending upon which or-
gan is affected, similar to syphilis. Analysis through
blood culture growth is slow (≥7 days) and sensitiv-
ity is variable, ranging between 50% and 90% de-
pending on the stage of the disease. Serodiagnosis
is complex because antibody readings in cases of re-
lapses of chronic brucellosis are difficult to interpret
compared to those of endemically exposed popula-
tions.(2−4) Although human brucellosis has low mor-
tality rates, it has significant morbidity and can be an
acute or chronic disease. The disease presents with
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many common symptoms including fever, fatigue,
anorexia, sweats, and depression.(5,6) Brucella can ac-
cess the host through ingestion, inhalation, penetra-
tion through the skin, or conjunctival contact. How-
ever, if it is aerosolized, its infectivity increases.(5)

All of these characteristics have qualified this bacte-
ria for inclusion in the Center for Disease Control’s
(CDC) Bioterrorism Disease/Agents List as a Cate-
gory B agent and spurred efforts to better understand
the mechanisms of this microbe’s infectivity, prevent
outbreaks, and improve disease treatments.

Genetic analysis has grouped the genus Brucella
into six different species related to their primary
hosts, which include Brucella melitensis (derived
from sheep and goats), Br. suis (hogs), Br. abor-
tus (cattle), Br. ovis (sheep), Br. canis (dogs), and
Br. neotomae (wood rats).(7) However, newly recog-
nized species include Br. pinnipedialis (seals), Br. ceti
(dolphins, porpoises), Br. microti (voles, foxes), and
Br. inopinata (unknown).(8−10) Of the many species
listed, the three with the most pathogenic effect (Br.
melitensis, Br. Suis, and Br. abortus) and difficulty in
eradication(6,11) will be highlighted in this work.

Brucellosis ranks number one in occurrence
among zoonotic diseases in the world with over half
a million new cases reported every year, predomi-
nantly in Asia, Africa, and near the Mediterranean
basin. Brucellosis trends positively with low socioe-
conomic status, and livestock propagation. Some ar-
eas, such as the Middle East and South America,
have had a long history of endemic brucellosis that
continues into present day. However, 7 of the top
25 countries ranked in order of the highest incidence
of brucellosis worldwide used to belong to the So-
viet Union.(12) In some of these countries (Albania,
Bosnia, Herzogovina, Armenia, Azerbaijan, Turk-
menistan, Uzbekistan, Kazakhstan, Tajikistan, Kry-
gyzastan, and Mongolia) political and economic in-
stability have created a resurgence of the disease
due to economic dislocations following the disin-
tegration of the Soviet Union. Several researchers
have reported that many of the former Soviet-bloc-
supported programs for veterinary care, vaccina-
tions, and strict livestock controls have suffered dur-
ing the switch to underperforming free markets.
Lack of funds has also diminished the overall level
of healthcare available, affecting patient diagnosis,
treatment, disease prevention, and access to medical
supplies.(12−15)

Reduction of human brucellosis has best been
promoted through elimination of its occurrence
in livestock. The disease is commonly transferred

through the handling of livestock and its byprod-
ucts, as well as ingestion of unpasteurized milk and
cheese. This is evidenced by eradication of Br. abor-
tus through cattle vaccination in the 1960s whereas
previously it had been the most prevalent source
of human brucellosis in the United States. In the
subsequent decades, Br. suis outbreaks among abat-
toir workers dominated but the overall levels were
low.(12,16) However, since the early 1990s, the rising
incidences of Brucellosis in the United States have
been traced back to Hispanic immigrants coming
from the mid to northern states of Mexico with pock-
ets of endemic Br. melitensis (Sonora, Chihuahua,
Coahuila, Nuevo Leon, Sinaloa, Zacatecas, Durango,
and Guanajuato).(12) The concomitant rise in food-
borne transmission of Br. melitensis in the past 20
years is related to the import and consumption of
goat cheese, and other dairy products,(12,17) and is re-
ported worldwide as an important transmissive vec-
tor as well.(4,12,18) In contrast to some other zoonotic
diseases, most researchers have concluded from sev-
eral epidemiological surveys of various wildlife popu-
lations (such as caribou, wild deer, sheep, and boars)
that wildlife do not serve as reservoirs of the disease,
but are only the occasional victims after contact with
domesticated animals.(19) Even though this is fortu-
itous, the prevalence of brucellosis throughout the
world even after the development of livestock vac-
cines points to the need for both a concerted effort
to provide adequate worldwide aid for livestock vac-
cination programs and the development of a human
vaccine. The rising concerns about the threat of Bru-
cellosis to human health and its inclusion in the CDC
Category B Bioterrorism/Select Agent List(20) make
the understanding of the dose-response relationship
of this microbe necessary.(21)

2. DATA AND METHODS

2.1. Dose-Response Data Sources

Druett et al.(22) researched the effects of expos-
ing guinea pigs to aerosolized Br. suis organisms as
reported in Table I with the endpoint of infection.
The guinea pigs weighed 350–400 g at the time of ex-
posure and were held for 4 weeks postinoculation be-
fore euthanasia. Positive diagnosis for infection was
based on organ macroscopic inspection and also by
identifiable Br. suis colonies growing on agar cul-
tures of the incised surfaces of the spleen, liver, cer-
vical, and bronchial lymph glands of the euthanized
tested animal. The mean time to infection was not
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Table I. Dose-Response Data of Guinea Pigs Exposed to Aerosol Clouds of Individual Organisms of Brucella Suis and Evaluated at 4
Weeks Postinfection as Investigated by Druett et al.(22)

Aerosol Particles’ Dose Transformed Dosea Positive Negative Total No.
Diameter (μm) (Organisms-min/L) (No. of Organisms-CFU) Response Response of Subjects

(A) 0.6b 82 12 10 30 40
136 20 13 27 40
219 32 29 11 40
364 53 31 9 40
573 83 35 5 40

(B) 0.6 94 14 4 16 20
141 20 6 14 20
227 33 7 13 20
413 60 22 7 20
593 86 18 2 20

(C) 0.6 238 34 15 15 30
363 52 17 13 30
390 56 23 7 30
412 60 25 5 30
519 75 23 7 30
924 134 30 0 30

(D) 0.6 87 13 6 14 20
162 23 8 12 20
280 40 11 9 20
525 76 13 7 20
633 91 17 3 20

aOriginal mass flow rate of Brucella organisms’ data from a nebulizer machine (organisms—min/L) was transformed to dosages inhaled by
the test guinea pigs through multiplication of 0.1445 L/min (the ventilation rate). The ventilation rate was estimated based on an average
breathing rate of 85 breaths/min multiplied by the tidal volume breathing rate of 1.7 mL/breath, which corresponds to normal ranges for
guinea pigs weighing between 350 g and 400 g.(23)

bEstimated average diameter (0.5 μm–0.7 μm) of Br. ceti and pinnipedialis species isolated from marine mammals, genetically and taxo-
nomically related to the six classical nomen species of Brucella, including Br. suis as reported by Foster et al.(40)

Note: All data were successfully pooled.

provided in the study because it was partially depen-
dent upon dosage and particle size. Aerosol expo-
sures (organisms-min/L) of microbial organisms were
converted to total dosage by applying the ventilation
rates of guinea pigs and mice as reported by Klein-
man and Radford.(23) The average breathing rate (85
breaths/min) was calculated from the range of 70–
100 given for guinea pigs provided by the same re-
searchers. The breathing rate was combined with the
corresponding tidal volume of 1.7 mL/breath (based
on the mammal’s body weight) to obtain the venti-
lation rate of 0.1445 L/min with confidence intervals
±15% as mentioned by the author. The ventilation
rate (L/min) was multiplied by the aerosol produc-
tion rate (organisms-min/L) to obtain the total num-
ber of organisms in the inoculation. The apparatus
used by Druett et al.(22) to produce aerosols of indi-
vidual infective organisms was designed by Hender-
son.(24) Druett et al.(22) estimated that approximately
90% of the droplets as they emerged measured less

than 10 μm in diameter. To make clouds with par-
ticles ≥8 μm, an inert bulking agent (dextrin) was
added to the mixture to control the number of organ-
isms while adjusting the size of the particle diameter
to what was desired and produced via the Henderson
apparatus.

In Elberg and Henderson’s study,(25) guinea pigs
(weighing between 350 g and 400 g) were exposed
to aerosol doses of Br. suis and Br. melitensis. Eu-
thanasia occurred 30 days postinoculation, with the
spleen, liver, lung, and respiratory tract lymph nodes
removed for analysis. The organs were ground or
minced, and suspended in a tryptose-saline mix-
ture that was applied to tryptose agar for culture.
Histopathological examination of sections of the lung
and spleen were done as well. Henderson’s appa-
ratus was used to generate aerosol particles of spe-
cific diameters for the study by Elberg and Hender-
son(25) and was also utilized by Druett et al.(22,26) in
their research. However, conversion of the aerosol
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generation rates (seen in Druett et al.’s paper)(22)

were not required for using the data, as estimated
dosages were provided by Elberg and Henderson.(25)

Herzberg et al.(27) focused on studying the ef-
fectiveness of a streptomycin-dependent strain vac-
cine of Br. melitensis against a challenge of the wild
type of Br. melitensis delivered subcutaneously to
both guinea pigs and mice. The control groups tested
with the virulent wild-type challenge dose alone were
used for the dose-response data. An initial paper
by Herzberg and Elberg(28) describing the isolation
of the vaccine elucidated in more detail the meth-
ods for this test, including that infection was posi-
tively identified in each case by spleen culture that
was evaluated at 4 weeks after inoculation for guinea
pigs (weighing 300–500 g), and at 3 weeks postinjec-
tion for male BRVS Webster mice weighing 18–20 g.
Spleen preparation and culturing followed the same
methods as described by Elberg and Henderson.(25)

Elberg et al.(29) extended testing the
streptomycin-dependent strain vaccine of Br.
melitensis reported on by Herzberg et al.(27) to rhesus
monkeys (Macacus rhesus). Although the vaccine
was injected subcutaneously (similar to the previous
study), the virulent challenge doses of the wild type
Br. melitensis strain 6015 were administered through
aerosol clouds using the same Henderson apparatus
used in the other studies above.(24) The number of
animals infected was evaluated at several periods
postinfection: 14 days, 28 days, 35 days, and 45 days,
but only the 4-week and 6-week attack rates were
reported alongside the scaled infective doses. A
positive determination of infection was from ground
tissues (inguinal and axillary lymph nodes, spleen,
liver, lung, cervical and bronchial nodes, and heart
blood) being suspended in solution, streaked, and
cultured on fortified tryptose agar with identifiable
Brucella organism colony growth after several days.
A parallel study tracked the distribution differences
of infected tissue related to the same levels of a
vaccine along with a challenge dose being adminis-
tered through an inhalation route, or a subcutaneous
route. The control groups for this study presented
distinct profiles of allocation between the tissues
exhibiting infection.

Foster and Ribi(30) researched the effective-
ness of a Br. abortus strain 19 vaccine. Male white
Swiss mice of the Rocky Mountain Laboratory strain
(28 days to 30 days old) were injected with the vac-
cine, and later dosed intraperitoneally with the chal-
lenge strain of Br. abortus 2308 and sacrificed 12–
15 days later. The control groups used in this study

provided the data for the dose response used in this
study. Positive identification with Brucella infection
was indicated by colony-forming units growing after
5 days incubated at 37◦C on tryptose agar streaked
with the ground mouse spleen suspended in tryptose
broth.

Vaccine trials with a Br. melitensis Rev I strain,
given intradermally and followed for 48 weeks after
exposure, were conducted on 10 male human volun-
teers in a study conducted by Pappagianis et al.(31)

Clinical symptoms, blood cultures, and serology (ag-
glutinin and complement fixation [CF]) tests were
evaluated at least weekly to determine responses to
graded dosages of the pathogen. Positive responses
for infection were determined by a nonnegative ag-
glutinin Rev I titer, which usually corresponded to a
positive CF response as well.

The influence of particle diameter sizes on the
modeled dose response was elucidated from the pre-
vious study of Br. suis by Druett et al.,(22) and their
earlier research with anthrax spores.(26) The data
used for analysis in both studies used the same lab-
oratory subjects (guinea pigs) weighing between 350
g and 400 g and exposed to aerosols generated by the
same apparatus under the same conditions.

2.2. Modeling and Analysis Method

Candidate dose-response data as extracted from
an extensive literature review had to meet quality
standards to determine whether they qualified for in-
clusion in the analysis. The criteria included a clear
description of methods, a mode of exposure, report-
ing of the number of affected and unaffected sub-
jects, as well as defined criteria for the physiological
endpoint (mortality or infection symptoms). A mini-
mum of three dose points with at least one interme-
diate response (other than 0 or 1) were required. A
Cochran-Armitage test of trend was employed to dis-
cern whether the data displayed increasing propor-
tions of infection that paralleled higher dosages.(32)

When a significant trend was observed, maximum
likelihood estimation (MLE) was utilized for fitting
the dose-response models.(32)

The statistical programming language “R”
(www.r-project.org) was used for the MLE com-
putations to fit two models to dose-response data.
These two models, exponential (Equation (1)) and
approximate beta-Poisson (Equation (2)) have been
widely used for quantitative risk assessment, and
depend on a mechanistic predictive dose-response
relationship that relies on two assumptions. The



Animal and Human Dose-Response Models for Brucella Species 5

host must ingest one or more organisms capable
of causing the disease, but only a fraction of those
organisms passing into the body can reach a site of
incipient infection due to the host’s immune defense
system or natural decay of the organism. Thus, the
framework of predicting disease development is
described as an estimated probability of a number
of infectious organisms surviving and successfully
initiating infection in the host:(32)

P(d) = 1 − e−kd, (1)

where P(d) is the probability of response at dose d
and k is a rate parameter affecting the dose relating
to the probability that a single organism can survive
and initiate infection.

P(d) = 1 −
[

1 +
(

d
N50

)
· (21/α − 1)

]−α

, (2)

where N50 is the median infective dose and α is the
slope parameter for the beta-Poisson model.

The exact beta-Poisson model is based on the
Kummer confluent hypergeometric function (Equa-
tion (3)) as described by Abramowitz,(33) and refer-
enced by Teunis and Havellar(34) as to their appli-
cable limitations in regards to calculating accurate
dose-response models:

P(d; α, β) = 1 − 1 F1(α, α + β,−d), (3)

where 1F1 is the Kummer confluent hypergeo-
metric function and d is the dose for the exact
beta-Poisson model. Binomial maximum likelihood
estimates were used to optimize the fit of the like-
lihood function by selecting possible parameters for
the best fit of the models in order to minimize the
deviances of the estimated model to the observed
data.(32) Estimates were made using the Broyden-
Fletcher-Goldfarb-Shanno algorithm for optimiza-
tion. Confidence intervals of the parameters for the
best-fitting models were determined via bootstrap-
ping with 10,000 iterations. The goodness of fit was
evaluated by comparing the minimized deviance of
the MLE to the critical chi-squared distribution with
m − n degrees of freedom, df = m − n (where
df is the degrees of freedom, m is the number of
doses, and n is the number of model parameters) at a
95% confidence level (denoted as χ2

0.95, df ). The ap-
proximate beta-Poisson model could be selected as a
best-fitting model only if the difference in minimal
deviances between the beta-Poisson and the expo-
nential model was greater than the critical chi-square
value for a single parameter (1 df ). The hypergeo-
metric model (Equation (3)) was run concurrently

with the approximate beta-Poisson model (Equation
(2)) to check for validity, especially at low doses.
For many data sets where β � 1, and α � β, the dif-
ferences between the approximation errors provided
by applying the approximate beta-Poisson as com-
pared to those of the hypergeometric function are
negligible. However, errors in the approximate beta-
Poisson estimates can become quite large in areas
of low dose where there are insufficient data, where
there is a chance that the calculated probability can
exceed the maximum limit of the single-hit exponen-
tial dose-response model of Equation (1) where k =
1.(34) Although the hypergeometric is able to evalu-
ate the maximum probability curve, the approximate
beta-Poisson parameters are not bound, and their
limits of application are ignored. If data were best
fit by the approximate beta-Poisson model, graphi-
cal plots of the maximal exponential limit probability
and the hypergeometric curves were provided along-
side for confirmation of the validity of using the ap-
proximate beta-Poisson. Maximum limit probability
curves were calculated for k = 1 in the exponential
Equation (1), where every single-hit dose would have
the 100% probability of producing infection.

Pooling between data sets underwent the statis-
tical analyses and tests for lack of fit (as described in
several publications).(32,35−38) Only successful pool-
ing data sets were listed in tables and graphically rep-
resented. Bootstrapped curves are presented along-
side the variance distribution of the optimal model
equation’s parameters. Lack of fit of optimized mod-
els to the data was examined for systematic patterns
or exceptionally large magnitudes of the data’s resid-
ual deviances that could contribute to the sum of
the residual deviances being above the critical chi-
square value. Residual deviances should be small and
randomly distributed around a mean of zero. Sys-
tematic patterns of the residual deviances can in-
dicate the need of an additional essential parame-
ter (or set of parameters) that is not included in
the model. Normal binomial probability histograms
for a discrete population data set when compared
to a normal binomially distributed population with
the same mean and standard deviation should pro-
duce a centralized peak in the probability histogram
profile that should display limited skew and match
the ideal profile within limits.(39) Unidentified addi-
tional model parameters or correlation between fac-
tors unaccounted for produce a beta-binomial distri-
bution.(32) Overdispersion of replicate responses due
to greater variability produces a flattened and broad-
ened curve when compared to a centralized, peaked
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Table II. Druett et al.(22) Dosage Data for Aerosol Clouds of Br. suis with Specific Aerosol Particle Size Diameters and Exposed Guinea
Pigs’ Responses Assessed at 4 Weeks

Table Aerosol Particles Dose Transformed Dosea Positive Negative Total No.
(Particle Diameter) Diameter (μm) (Organisms-min/L) (No. of Organisms-CFU) Response Response of Subjects

3 5 38 5 3 37 40
45 7 8 32 40
98 14 13 27 40

116 17 15 25 40
117 17 21 19 40
146 21 17 23 40
188 27 26 14 40
222 32 27 13 40
342 49 29 11 40
747 108 40 0 40

4 7.6 67 10 11 19 30
116 17 8 22 30
325 47 14 16 30
473 68 20 10 30

1,750 253 22 8 30
2,290 331 26 4 30

5 12 926 134 1 39 40
1,020 147 6 34 40
1,840 266 6 34 40
1,930 279 6 34 40
3,390 490 8 32 40
3,440 497 10 30 40
4,330 626 18 22 40
8,790 1,270 14 26 40
8,850 1,279 15 25 40

20,700 2,991 29 11 40
51,500 7,442 31 9 40

aOriginal mass flux data of Br. suis were transformed by multiplication of 0.1445 L/min to obtain estimates of the microbial dosage as
described by Kleinman and Radford.(23)

Note: Data were run successfully for maximum likelihood estimates (MLE). However, one set of data (Table II) for the dose responses for
particle diameters of 2.5 μm did not pass goodness-of-fit test requirements for MLE tests for either the beta-Poisson or exponential models
and was excluded from the table. The dose-response data for each of the particle sizes could not be pooled.

profile. Residual deviances are greater in magnitude
on average for beta-binomial distributions. However,
some anomalously large residual deviances for single
data points were identified as outliers and removed
from the data set dependent upon passing certain cri-
teria. Deletion of the data point was accepted only
if the data point produced statistically significant im-
provements for the model’s fit, but had low leverage
on the dose-response parameters as detailed by Haas
et al.(32)

3. RESULTS AND DISCUSSION

3.1. Best-Fitting Dose-Response Models

Several individual tests of aerosolized individual
organisms of Br. suis with approximate average di-
ameters of 0.6 μm(40) applied to guinea pigs were re-

ported in the study by Druett et al.(22) with their data
included in Table I in the subset referenced Tables
I(A)–(D). The dose-response data for each of the
subset Tables I(A)–(D) were successfully modeled
by best-fitting predictive exponential models (see Ta-
ble III) with minimized deviances ranging from 2.39
to 6.81, well below the minimal critical chi-square
distribution of 9.4877 (associated with 4 df ). The ef-
fect of increasing aerosol diameters on dose response
were also evaluated by Druett et al.,(22) who assessed
the percentage of infected guinea pigs for different
doses delivered as 2.5-μm, 5.0-μm, 7.6-μm, and 12.0-
μm diameter Br. suis aerosols (see Table II). How-
ever, the data set in Table II for the 2.5-μm diameter-
sized particles failed the Cochran-Armitage test of
trend and a likelihood test for significance of the
fitted dose-response model. In contrast, the MLE
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response model (Equation (2)).   

Fig. 1. Dose-response data (points) for Br. suis aerosols(22) tested on guinea pigs with selected aerosol particle diameter sizes of 5.0 μm,
7.6 μm, and 12.0 μm (Table II) with the best-fitting dose-response models represented by curves. The individual best-fitting dose-response
models’ fitting parameter values are listed in Table III. The best-fitting exponential dose-response model for 5.0-μm diameter aerosols has
a k-fitting parameter of 0.031966 with a minimized deviance of 10.4656, less than the upper χ2 limit of 16.9190 associated with the 9 df in
the model. Both the 7.6-μm and 12.0-μm diameter aerosol dose-response data are best represented by beta-Poisson models. The 7.6-μm
model’s alpha and N50 estimates are 0.4839 CFU and 36 CFU, respectively. The 12.0-μm model has an alpha value of 0.7740 and an N50 of
1,609 CFU.

results for the other three particle diameter sizes (5.0
μm, 7.6 μm, and 12.0 μm of Br. suis) could success-
fully be fit with the modeled graphs seen in Fig. 1 with
the model parameters detailed in Table III. The best-
fitting dose-response models for guinea pigs exposed
to Br. suis aerosols are presented together in Fig.
2 to show a possible relationship between increas-
ing dosage requirements correlating to increases in
aerosol diameter size. The two smallest size diameter
predictive curves (for the pooled data sets (A)–(D)
for individual organisms of approximate average of
0.6 μm and the individual dose-response model for
5.0 μm) are best represented by exponential models
with k values ranging from 0.018 to 0.032; specific pa-
rameter values are provided in Table III. The larger
diameter-sized particles of Br. Suis (7.6 μm and
12.0 μm) best-fitting predictive dose-response curves
are beta-Poisson modeled.

Druett et al.(26) in their anthrax spore research
reported a sigmoidal curve with aerosol diameter size
(μm) graphed on the horizontal axis, and the N50

doses on the vertical axis. Aerosol particles of indi-
vidual organisms with small diameters exhibited the
highest infectivity rates (and corresponding lowest
N50 dosages). Review of the graphed Br. suis aerosol

Fig. 2. Effects of different aerosol particle sizes of Br. suis on
guinea pigs are reflected in the distributions of the N10, N50, and
N90 doses for the best-fitting dose-response models based on data
reported by Druett et al.(22) Lines connecting the points are in-
cluded only for ease of interpretation and do not imply a con-
tinuous relationship between points. The N10, median N50, and
the N90 for the dose-response studies of four different diameter-
sized aerosols show that a progressive increase in the required
dose is needed to induce the same rate of infection that is initiated
for particles with diameters equal or higher than 7.6 μm. Smaller
aerosols with diameters of approximately 0.6 μm and 5.0 μm ex-
hibit a lower required dose plateau.
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Table IV. Elberg and Henderson(25) Dose-Response Data for
Aerosol Clouds of Single Organisms of Br. suis Tested on Guinea

Pigs with Their Infection Response Measured after 30 Days
After Contact

Dose Positive Negative Total No.
(CFU) Response Response of Subjects

(A)a 102 11 5 16
262 19 0 19
705 16 0 16

(B) 89 13 5 18
338b 14 4 18
1110 14 1 15
1950 20 0 20

(C)a 145 17 2 19
345 19 0 19
870 20 0 20

2,200 19 0 19

(D)a 126 18 1 19
320 19 1 20
690 13 0 13

1,800 20 0 20

(E)a 115 16 4 20
430 18 0 18
970 18 0 18

2,460 18 1 19

(F) 26 8 10 18
58 13 6 19
97 15 5 20

320 17 1 18

(G) 21 6 13 19
49 11 9 20

108 17 1 18
270 18 0 18

(H) 22 6 13 19
53 13 7 20

108 15 2 17
228 17 0 17

(I) 24 7 13 20
40 13 7 20

117 17 2 19
270 19 0 19

aData in individual table did not have a minimum of three differ-
ent dose responses.
bData point (dose 338 in subset B) was excluded from pooled data
set.
Note: Each data set (in subsets A–I) was tested individually, and
four of them did not have the required minimum of three different
doses and responses (subsets A, C–E). Therefore, they were not
run for maximum likelihood estimates (MLE) modeling, nor were
they included in the successfully pooled set of data.

various 10%, 50%, and 90% infectious dose values
(N10, N50, and N90) for the best-fitting modeled dose-
response curves in Fig. 2 show a lower plateau of
necessary aerosols in colony-forming units (CFU) for
particles with diameters less or equal to 5.0 μm, and a

steady rise in dosage for particles equal or larger than
7.6-μm diameter to attain the same percent infectiv-
ity. The 12.0-μm beta-Poisson N50 value (1,609 CFU)
is more than 40 times the minimum dosage required
to induce a similar infectivity of a 7.6-μm particle di-
ameter of the same agent (Fig. 2).

Experiments run previously by Elberg and Hen-
derson(25) with aerosolized single Br. suis organisms
(average of 0.6-μm particle diameter) were tested on
guinea pigs, similar to the experiments run by Druett
et al.(22) A series of tests produced several groups
of similar dose-response data subsets of usually four
dose levels that ranged in each data set from 21 to
2,460 CFU (data sets A–I listed in Table IV). Some
of the single data subsets did not pass the criteria
standards for data qualification and so were omit-
ted from dose-response modeling and pooling as well
(data sets A, C–E in Table IV). Individual dose-
response models were created for data sets B and
F–I (Table V) were represented by both best-fitting
beta-Poisson models (for data sets B and F) and ex-
ponential dose-response models (for data sets G–I).
The N50 estimates for the two beta-Poisson models
(data sets B and F) were different (26 and 40, respec-
tively), but the k-parameter values for the exponen-
tially modeled data sets G–I displayed less variability
(0.019–0.021), which would equate to an N50 between
33 and 36 CFU through the relationship(32) where:

N50 = ln(0.5)/ − k.

The same group of investigators(25) ran trials of
aerosol infection of guinea pigs with individual or-
ganism clouds of Br. melitensis, another species of
Brucella, with the experimental results registered in
Table V. The best-fitting dose-response model was
an exponential prediction with the rate parameter
k = 0.0069 (Table VI).

The effects of an alternative route of adminis-
tration (subcutaneous injection) was investigated by
Herzberg et al.,(27) who tested a range of Br. meliten-
sis doses on exposed guinea pigs (data in Table V).
The optimum dose-response model produced was an
exponential model, as well, with k = 0.0084 (Table
VI).

Herzberg et al.(27) evaluated dose responses of
mice to subcutaneous inoculation of Br. meliten-
sis in coordination with their work on guinea pigs.
The administered concentrations of the microbe and
the rate of infection in the rodents were evalu-
ated at 3 weeks postexposure (Table V). The best-
fitting model for this data group was the beta-Poisson
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equation (Table VI). The N50 for mice with this
particular pathogen is much greater than that of
guinea pigs receiving inoculation subcutaneously in
parallel; 1,840 organisms as compared to approxi-
mately 82 CFU. He noted that guinea pigs as com-
pared to mice are extremely susceptible to infection
by Brucella species via a variety of exposure routes
with fewer initiating infectious organisms required to
achieve the same response. Mice are much more eas-
ily immunized against Brucella than guinea pigs as
well.

Elberg et al.(29) attempted to achieve a stable
vaccine against Br. melitensis by extending their re-
search subjects to rhesus macaques whose responses
to aerosol infection were assessed at 4 weeks and
6 weeks (Table V). Both information sets were
best characterized by exponential predictive curves
(Table VI).

Physiological and serological test results from
vaccine trials of Br. melitensis Rev I(31) on human
volunteers were recorded for 44 weeks. The data
for week 9 postexposure (in Table V) were selected
for modeling because they were registered as the
first time maximum response attained for those doses
with sufficient multiple tested subjects. An exponen-
tial model with the rate parameter k = 0.00007966

provided the best-fitting model for these subjects
(Table VI).

Mice were the test subjects for analyzing the
effects of intraperitoneally delivered Br. abortus(30)

and assessed 2 weeks postinoculation (data listed in
Table V). Likelihood statistics indicated that the data
could best be fit to an exponential model (Table VI)
with the rate parameter k = 0.02475 with an approx-
imate N50 of 28 CFU.

3.2. Pooling Between Data Sets

All the data from Table I for guinea pigs exposed
to individual Br. suis organisms (with aerosol particle
diameters estimated at 0.6 μm) reported by Druett et
al.(22) (as Tables I(A)–(D)) were able to be pooled
with an exponential best-fitting dose-response model
as seen in Fig. 3 with the rate parameter k = 0.022263,
and its associated N50 approximation equal to 31
CFU (listed in Table III).

Progressive pooling of the different data sets of
the four separate particle diameter sizes (individual
organisms of 0.6 μm through 12 μm) for Br. suis
was not possible. Some research shows that differ-
ent sized particles are processed through different
physiological regimes and processes of the body’s

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

0.90

1.00

000,1001011

P
ro

ba
b

ili
ty

 o
f I

nf
ec

tio
n

Dose (CFU)

Exponential model 0.6μm

0.6 μm data

Beta-Poisson model 0.6μm

Fig. 3. Pooled dose-response data (Table I) and predictive model results (with parameters listed in Table III) from studies conducted by
Druett et al.(22) of the effect of individual 0.6-μm diameter organisms of Brucella suis given in aerosol clouds to guinea pigs. Although
both the exponential model (Equation (1)) and the beta-Poisson model (Equation (2)) display coincident predictive curves, the best-fitting
mechanistic model was an exponential model because it had both a minimal number of parameters (one variable, k) and a minimized
deviance of 22.5377 (Table III) that was lower than the critical chi-square distribution (χ2) for 20 df , which was 31.4104. The sum of the
four individual best-fitting dose-response models’ deviances (from Druett et al.’s Tables I(A)–(D)) equaled 15.0193 and their summed
number of parameters totaled 4. Subtracting the summed models’ total deviance from the combination model’s deviance of 22.5377 left
a remainder of 7.5184 (the pooling �). This was less than the critical chi-square distribution of 7.8147 associated with the difference of 3
parameters between the summed models’ total parameters (4) minus the pooled model’s single parameter. In summary, the pooled model’s
χ2 shows significant improvement over the collective χ2 of the individual models.
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Fig. 4. Residual deviances plotted for pooled aerosolized Br. suis
dose-response data for guinea pigs from studies conducted by El-
berg and Henderson.(25) No systematic bowing or trend of the de-
viances is notable. However, the residual deviance for dose 338
(circled) was higher than any of the other data points and pre-
vented the collective data from conforming to the goodness-of-fit
test. With elimination of this anomalous point, the combined sets
of dose-response data successfully passed the significance of pool-
ing test and statistically conformed to a beta-Poisson model (Ta-
bles III and IV).

immune system producing differential levels of in-
fectivity/lethality.(26,41,42) Only Druett et al.(22) data
sets from the two smallest-diameter aerosols (the in-
dividual organism 0.6 μm-pooled Tables I(A)–(D),
and the 5.0-μm data from Table III) were success-
fully pooled with a best-fitting beta-Poisson model
with an alpha value = 3.24 and an N50 of 26 CFU
(Table III). It seems possible that the clumping agent
(dextrin) used to decrease the numbers of organisms
per droplet and create larger particle sizes may in-
terfere with the physiological infectious processes.
Whatever the cause, however, pooling between the
two remaining larger Br. suis diameter aerosol parti-
cle data sets (for 7.6 μm and 12.0 μm) was not suc-
cessful, so their infectious rates are distinct.

Combining the similar data set of guinea pigs ex-
posed to aerosolized Br. suis data reported by El-
berg and Henderson(25) for individual organisms in
table subsets (B), and (F)–(I) (listed in Table IV)
was attempted, but successful pooling of the collec-
tive group was not possible without the elimination
of a single outlier data point, dose 338 (in data subset
B, Table IV, marked by indicator a) although the in-
dividual data sets’ iterative process successfully con-
verged. The residual deviance for this dose measured
much higher than the other data points, as evidenced
by the plot in Fig. 4. As the residual deviances of
the other data did not exhibit significant trends or
patterns such as bowing, or linear related increases
with dose that may point to an undiagnosed factor
in the relationship, the anomalous data point was
removed from the collective pooled data for analy-

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

0.90

1.00

1 10 100 1000 10000 100000

P
 (

in
fe

c
ti

o
n

)

Br. suis dose (organisms)

Elberg 1948

Druett 1956

Approx. Beta-Poisson

Exact Beta-Poisson

Maximum exponential limit

Fig. 5. Pooled dose-response data for individual organisms of Br.
suis given in aerosol form to guinea pigs from studies conducted by
Elberg and Henderson(25) and Druett et al.(22) (Tables I, III, and
IV).

sis. The successfully pooled data that now conformed
to the statistical requirements outlined previously
and the best-fitting dose-response model was a beta-
Poisson curve in contrast to the best-fitting exponen-
tial model based on Druett et al.’s(22) data (Fig. 3;
Tables I and III).

A second level of pooling was achieved when
the aerosol Br. suis data for guinea pig exposure
from Druett et al.(22) and Elberg and Henderson(25)

(Tables I and IV) were able to be successfully pooled
with model parameters α = 2.7257 and N50 = 29.87
CFU (Table III). Equal distribution of data points
about the resulting pooled MLE approximate beta-
Poisson model predictive curve can be observed
(Fig. 5). In addition, the exact beta-Poisson (hyper-
geometric) model is confluent with the approximate
beta-Poisson model and does not overlap the maxi-
mum exponential limit line at low doses.

A valid exponential dose-response model for the
experimental infection of guinea pigs through two
routes of Br. melitensis was created from pooling
two data sets with different administration routes:
aerosols, researched by Elberg and Henderson,(25)

and subcutaneous injection, reported by Herzberg
et al.(27) (Table V). However, removal of an out-
lier point (dose 59 in Herzberg et al.’s(27) data set
4, Table V) was required subsequent to scrutiny
of the deviance residuals of both the exponential
and beta-Poisson dose-response models (graphed,
respectively, in Figs. 6 and 7) to promote suc-
cessful pooling of the two data series.(25,27) The
best-fitting exponential model common to the com-
bined data sets has a k-parameter value of 0.007349,
which corresponds to an N50 estimate of 94.3 CFU
(Fig. 8; Table VI). The estimated 50% infectious dose
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Fig. 6. Residual deviances plotted for exponential model (Ta-
ble VI) of pooled dose-response data for guinea pigs exposed to
aerosols(25) or subcutaneous injection(27) of Br. melitensis. Cir-
cled residual deviance is for dosage 59 (Table V) and its related
response reported in the data set for subcutaneous injection by
Herzberg et al.(27) and deleted as an outlier.

Fig. 7. Residual deviances plotted for beta-Poisson model of
pooled Herzberg et al.(27) and Elberg and Henderson(25) dose-
response data for guinea pigs’ subcutaneous injection and aerosol
inhalation (respectively) of Br. melitensis with subsequent evalua-
tion at 4 weeks. Circled residual deviance is for a data point from
Herzberg’s data (Table V). In both models (Table VI), this data
point is an outlier, and was deleted for final pooled data set.
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Fig. 8. Pooled guinea pig dose-response data for Brucella meliten-
sis with exposure by aerosol, researched by Elberg and Hen-
derson,(25) and via subcutaneous injection, tested by Herzberg
et al.,(27) with best-fitting exponential model predictive plot (Ta-
ble VI).

Fig. 9. Residual deviances for pooled dose responses for beta-
Poisson model for rhesus macaques(29) and mice(27) (Table VI)
exposed to Br. melitensis with outlier dosage of 14,500 circled due
to its anomalously high residual deviance (Table V).

(ID50) for Br. melitensis is approximately 60 organ-
isms higher than that required for Br. suis for the
same test subjects (guinea pigs). Model fitting and
parameter results for the pooled and bootstrapped
models are listed in Table VI.

Pooling between the 4-week and 6-week experi-
mental infection outcomes for the Br. melitensis ex-
posed rhesus macaques conducted by Elberg et al.(29)

was not possible. In addition, pooling between the
rhesus macaque and guinea pig test results for Br.
melitensis vapor exposure was not statistically vi-
able. However, successful pooling between mouse
dose-response data(27) and the 6-week data for rhe-
sus monkeys(29) could be realized after removal of
an outlier data point (Fig. 9) with dose 14,500 CFU
from Elberg et al.’s(29) data (Table V). The best-
fitting beta-Poisson model (shown in Fig. 10) had an
N50 dose approximation of 1,924 CFU.

Results from the human vaccine trials of Br.
melitensis Rev I(31) were pooled with the pooled
mice-rhesus macaque Br. melitensis data successfully
as well, with very small differences observed in the
statistical parameters. The 50% infectious dose esti-
mate was 1,885 CFU (Table VI). The exact and ap-
proximated beta-Poisson models coincided and did
not intersect the maximum exponential limit curve
at any dose, which means that the approximate beta-
Poisson model is suitable for use with this data set.(34)

This model establishes that this model of a mechanis-
tic dose response can link correlations between not
only different administration routes (subcutaneous
injection, intradermal, and aerosol), but more impor-
tantly, establish parallel infectious disease processes
between two distantly related animal species and hu-
mans.



Animal and Human Dose-Response Models for Brucella Species 15

Fig. 10. Pooled dose response for rhesus
macaques(29) and mice(27) exposed to Br.
melitensis with omission of one data point
(Tables V and VI). The exact
beta-Poisson and approximate
beta-Poisson model curves are very
similar.

3.3. Bootstrapped Results

All individual data sets were bootstrapped (and
are available upon request from the author) but
only the most representative or widely applica-
ble bootstrapped data sets will be discussed and
presented.

The bootstrapped pooled data sets from Druett
et al.(22) and Elberg and Henderson(25) for guinea
pigs tested by single aerosolized organisms of Br.
suis are plotted with optimized parameters for the
beta-Poisson model (Fig. 11) and exhibit narrow and
closely aligned 95% and 99% confidence intervals.

The pooled data sets of the similarly designed
experimental infection of guinea pigs exposed to
aerosols of another species, Br. melitensis,(25) were
combined with data of the same subjects’ responses
tested through subcutaneous injection(27) and opti-
mized through the bootstrap procedure to produce
an exponential model (Fig. 12). The 95% and 99%
projected confidence intervals derived from the boot-
strapped estimates display a narrow range, and the
frequency distribution of the exponential parame-
ter k shows a normal distribution with limited skew
(Fig. 13).

The pooled Br. melitensis monkey (aerosol)-
mouse (subcutaneous) data set is best represented
by an approximate beta-Poisson model (Fig. 10) that
is confluent with the modeled exact hypergeometric
model and is represented by Fig. 14, with final param-
eter and fitting results detailed in Table VI. Expan-
sion of this monkey-mouse model by inclusion of the
data for intradermal dispensation of Br. melitensis to
humans created almost a replicate predictive model
(Fig. 15).

Fig. 11. Bootstrapped and optimized best-fitting beta-Poisson
model (α = 2.7257; N50 = 30 CFU) predicting the pooled dose-
response data for guinea pigs exposed to aerosols of single-spore
organisms (with approximate particle diameters of 0.6 μm) from
research conducted by Druett et al.(22) and Elberg and Hender-
son.(25)

The only data available for representing the in-
fectious disease process for another species of Bru-
cella, Br. abortus, were investigated by Foster and
Ribi.(30) The effects of the infection, which was
intraperitoneally delivered to mice, was assessed
2 weeks postinoculation. Likelihood statistics indi-
cated that the data could best be fit to an opti-
mized exponential model (Table VI). The resulting
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Figs. 12 and 13. Bootstrap results graph for guinea pig exposed to
Br. melitensis by aerosol(25) and subcutaneous injection(27) along
with frequency diagram of exponential model parameter k (Table
VI). Estimated 50% infectious dose is 94 CFU.

bootstrapped results and confidence levels are plot-
ted in Fig. 16, along with the frequency distribution
of the exponential parameter k shown in Fig. 17. The
extrapolated ID50 was 28 CFU, significantly lower
than the ID50 of 1,840 CFU for mice subcutaneously

Fig. 14. Bootstrapped beta-Poisson model (α = 0.21243, N50 =
1,924 CFU) for pooled dose response for rhesus macaques(29) and
mice(27) exposed to Br. melitensis with omission of one data point
(Table VI).

injected with Br. melitensis and assessed 1 week later
(at 3 weeks).

3.3.1. Analysis of Outbreak Data

An outbreak of Br. abortus from an accidental
breakage of a polystyrene centrifuge tube at a uni-
versity laboratory outside of a biological safety cab-
inet was described in a study done by Fiori et al.(43)

Although evacuation was instituted immediately,
and germicidal remediation measures were com-
pleted as per standard safety recommendations, 12 of
39 employees seroconverted within 24 weeks of the
exposure. The Br. abortus biotype 1 strain was diag-
nosed through the Rose Bengal microagglutination
test. The overall attack rate of 31% indicated that the
initial exposure dosage was approximately 10 CFU
(Fig. 16; Table VI). Unfortunately, a time postinoc-
ulation (TPI) model was not available for this Bru-
cella species, so time-related comparisons could not
be made for this study.

3.4. Physiological Aspects of Brucella

The ability to pool data sets for the same Bru-
cella species (Br. melitensis) across differently ad-
ministered routes (through aerosol inhalation and
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model with confidence intervals for
pooled data from three data sets: rhesus
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mice (3 weeks),(27) and humans (9
weeks)(31) all exposed to Br. melitensis
(Table VI). Exact beta-Poisson
(hypergeometric) and approximated
beta-Poisson best-fitting model curves
coincide with an alpha value of 0.214149,
and an N50 = 1,885 CFU

subcutaneous injection) to the same test animals
(guinea pigs) at about the same evaluation time post-
exposure (4 weeks and 30 days) does not seem
remarkable because the determination of positive
infection relied on the same method of detection.
Additionally, pooling for B. melitensis data for rhesus
monkeys via aerosol (evaluated at 6 weeks) and mice
via subcutaneous (measured at 3 weeks) does not
seem unreasonable for a number of reasons as well.
In all cases, the test subject’s spleen was extracted,
ground, diluted, and streaked on a tryptose agar plate
and similarly cultured/incubated under similar con-
ditions. Growth of Br. melitensis colonies after sev-
eral days’ incubation confirmed infection. The anti-
body response seen in the positive agglutinin titers
for the human trials would precede culture of viable
brucellae in the spleen, so it is not unexpected that
the human data could correspond to dose-infection
responses for the mice and rhesus macaques. How-
ever, in a comparative trial between inhalation (a
control group of 10 rhesus macaques) and subcuta-
neous injection (a control group of 8) as a determin-
ing factor for differences in tissue localization of bru-
cellae 6 to 8 weeks after virulent Br. melitensis expo-
sure, detection through spleen and inguinal and ax-
illary lymph nodes provided the most reliable posi-
tive results no matter which administration route was
used.(29) The percentage of animals that were found

to have brucellae in the spleen following aerosol ex-
posure was 100%, whereas only 75% of them were
positive that were inoculated subcutaneously (Fig.
18). For the inguinal and axillary nodes, 80% of the
inhalation route subjects presented microbial traces,
less than the 87.5% of the injection group. Distri-
bution of brucellae in the liver, lung, cervical and
bronchial nodes, and heart blood was always higher
in those animals that received it via respiration as
compared to those who received it intradermally. It
is interesting to note that bacteremia as an indica-
tor was the least reliable—only half of the subjects
exposed through aerosol-exhibited brucellae in heart
blood, and only 12% of those administered the toxin
subcutaneously showed positive cultures.

The small numbers of culturable brucellae found
in blood compared to CFU counts per gram of cul-
tured spleen, liver, and lung tissues at 9 weeks postex-
posure to aerosol at the same inoculation doses was
confirmed by another study on Br. melitensis infec-
tion of another species of rhesus macaques (Macaca
mulatta) conducted by Mense et al.(44) Bacteremia
is only detectable at 21 days after inoculation of
105 CFUs, with the majority of test subjects ini-
tially testing positive at minimum doses of 103 post-
exposure 28 days. Inoculation with 102 CFUs of
the agent did not produce bacteremia even after 63
days; in contrast, the same inoculation dose produced
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Figs. 16 and 17. Bootstrapped exponential dose-response infection model (Table VI) for mice administered Br. abortus strain 2308 in-
traperitoneally (Fig. 16), and the associated exponential frequency distribution (Fig. 17; Table V).(30) The fitting parameter k was equal to
0.02475, which corresponds to 50% predictive infectious dose of 28 CFU.

Fig. 18. Distribution of Br. melitensis in
tissues of rhesus macaques 6–8 weeks
after exposure through inhalation or
subcutaneous administration routes.(29)

Columns represent the percentage of
rhesus macaques in the test groups that
presented Brucellae in those tissues.

histologic lesions causing splenic hyperplasia and
hepatitis (liver inflammation). Bacteremia is not a re-
liable indicator of brucellosis infection in humans as
it commonly produces false negative results as com-
pared to liver/lymph node aspirates.(45)

Quantification of Br. melitensis tissue distribu-
tion between a virulent strain (16 M) as compared to
a vaccine candidate (strain WR201) was conducted
on male BALB/c mice with oral inoculation by Izad-
joo et al.(46) At day 3, and weeks 1, 2, 4, 8, and
12, mice were euthanized, and the organs macer-

ated, streaked, and cultured/incubated for detection
of brucellae CFU growth. The examined organs in-
cluded the lung, liver, spleen, testis, epididymis, in-
guinal, and cervical lymph nodes. For mice, the peak
growth of brucellae was seen in the spleen, followed
by both the liver and lung CFU counts. Although
brucellae counts were not provided for the other an-
alyzed organs, attack rates were provided and the in-
guinal lymph nodes and testis exhibited higher per-
centage of subjects infected than for the epididymis
and the cervical lymph nodes. The virulent strain
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16M displayed higher intensity and longer duration
of infection than the WR201 strain (a human vac-
cine target) of Br. melitensis. Because the male gen-
itorurinary system is targeted by virulent Brucella
strains in humans and livestock, Izadjoo proposed
that male mice are a relevant animal model for eval-
uating pathogenesis of the disease.

Work done on Br. melitensis propagation and
distribution in tissues conducted by Olsen et al.(47)

shows that at nearly every dose level, the total
CFU per gram of tissue culture in 10-week-old fe-
male BALB/c mice exhibited higher concentrations
of brucellae in the spleen, followed by the lung
and the liver when evaluated at 2 weeks postex-
posure, similar to conclusions noted by other stud-
ies. A parallel test run on exposing the same mice
to the same dose ranges of Br. abortus strain 2308
showed that this agent caused organ burden (total
CFU per tissue) in the lungs, with spleen and liver
concentrations lagging equally by about an order of
magnitude. This reflects the approximate order of
magnitude difference between the N50 concentra-
tions between the pooled mice-rhesus macaque Br.
melitensis data and the mice-tested Br. abortus boot-
strapped dose-response models (Figs. 15 and 16, re-
spectively). Recent comparative analyses done be-
tween the complete genomes of Br. melitensis (16M),
Br. suis (1330), and Br. abortus (2308) show that
although extensive similarity exists between them
(>90%), examination of each species’ unique genes
(often related to phage-mediated integration re-
gions) show 33 regions of >100 base pair fragments
are unique. The drive to adapt to host specificity
has been proposed to explain these unique gene
sequences. Many of these singular conserved se-
quences relate to virulence factors related to host-
specific inactivation of transcriptional regulators and
outer membrane proteins.(10,48−50) Mapped phyloge-
netic trees of these unique gene sequences show that
more of them are common to Br. melitensis and Br.
abortus than between Br. abortus and Br. suis. An
attempt to combine the pooled mice-rhesus mon-
key Br. melitensis data (Fig. 14) with the mice Br.
abortus data (Fig. 16) for a common dose-response
model was close to passing the criteria for success-
ful pooling. In contrast, there was a wide divergence
in the dose-response data between Br. suis and Br.
melitensis so that creating a pooled dose-response
model was not possible. Within the Brucella genus,
genetic relationships between species and biovars
seem to determine observed dose responses. Testing
by Elberg and Henderson(25) and Druett et al.(22) on

Br. suis dose responses (Fig. 11) for guinea pigs were
done so long ago that it is unclear which one(s) of
the five biovars they belonged to. Genetic relation-
ships of the biovars show that four of the biovars (1–
4) are closely clustered, except for biovar 5, which
is not only phylogenetically distinct from the other
Br. suis biovars, but is exceptional when compared
to all other Brucella species. Initial multilocus gene
sequence data postulate that this may derive from
its being closer to a common Brucella ancestor and
less evolved than the other groups.(10) Whether taxo-
nomic divisions at a subspecies level based on biovar
differences can be phylogenetically meaningful is still
to be determined, but it is important to expect dif-
ferences in their pathogenesis, which may alter their
dose-response relationships.

4. CONCLUSION

Dose-response models were created for
aerosolized Br. suis exposure to guinea pigs
from pooled studies (Fig. 11). A parallel pooled
dose-response model for guinea pigs inoculated
through both aerosol and subcutaneous routes with
Br. melitensis (Fig. 12) showed that the median
infectious dose corresponded to a 30 CFU dose of
Br. suis, much less than the N50 dose of about 94
CFU for Br. melitensis organisms.

When the same pathogen (Br. melitensis) was
tested subcutaneously on mice, the N50 correlated
dose was higher, 1,840 CFU (Table VI). Crossing
species and even administration routes does not seem
to impede pooling the dose responses of mice, rhe-
sus macaques, and humans (Table VI; Fig. 15) when
exposed to Br. melitensis via subcutaneous injection
for the animals, and similarly intradermally for hu-
mans. Even though Brucella species have geneti-
cally evolved through their adaptation to different
hosts,(10) it seems that it could be likely that invasion
of different hosts through the same pathogenic pro-
cesses is not only possible, but likely. Similar phys-
iological processes are most likely between rhesus
macaques and humans since they derived from a re-
cent common ancestor, but the cross-correlation to
mice is more unexpected and inexplicable. However,
mice are susceptible to all three of the major Bru-
cella species that affect humans as well, including Br.
abortus (bovine) and Br. suis (porcine).

It is difficult to extrapolate dose-response mod-
els between different species of the same bacterial
genus, let alone between different species of test sub-
jects. The challenge of risk assessment is making
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reasonable and defensible assumptions in the ab-
sence of surety. Although the imminent threat of
Brucella as a bioterrorism agent demands that gen-
eral preparedness is mandated,(21) including the con-
struction and utilization of predictive dose-response
models, there are many sources of uncertainty re-
maining. Factors such as aerosol particle size, re-
peated dosing, and variable virulence between dif-
ferent strains and biovars that are not included in
these models can produce large effects on dose and
response and should be examined in future clinical
trials and modeling efforts.
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