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The issue of variation is highly important in dose-response analysis: variation among
genetically related pathogens infecting the same host, but also variation among hosts, in
susceptibility to infection by the same pathogen. This latter issue is addressed here for the
protozoan parasite Cryptosporidium parvum, the causative agent for many outbreaks of
water-borne gastrointestinal illness. In human feeding studies, infectivity has been shown to
be low in subjects with high preexisting anti-Cryptosporidium IgG-levels. Here we adapt the
hit theory model of microbial infection to incorporate covariables, characterizing the
immune status of the susceptible host. The probability of any single oocyst in the inoculum
to cause infection appears to depend on preexisting IgG-levels. This does not necessarily
imply direct protection by the humoral immune system; high IgG-levels may reflect a recent
episode of infection/illness, and be an epi-phenomenon associated with other protective
responses. The IgG-dependence of the dose-response relation can be easily applied in
quantitative risk analysis. The distribution of anti-Cryptosporidium IgG levels in the general
population is accessible by analyzing serum banks, which are maintained in many Western
countries. Using such an approach provides first insights into the variation of susceptibility
to infection in the general population.

1. INTRODUCTION

The susceptibility of a human host to infection
and/or illness depends on a number of recognized
and unrecognized factors that predispose (or protect)
an exposed individual from parasite replication. Two
well-documented factors are age and immune status.
These factors again may depend on multiple other

parameters, which are probably more difficult to
characterize. Further, infection and illness should be
regarded as related, but separate, outcomes since
oocyst excretion can occur in humans without any
attendant symptoms, and because Cryptosporidium
isolates given in equal doses vary in their ability to
cause diarrhea.

Cryptosporidium challenge studies of healthy
volunteers have provided the opportunity to mon-
itor infection and illness under controlled conditions
where the prechallenge health, immune status, and
oocyst dose were known. These individuals were
further followed for six weeks after challenge and
studied for oocyst excretion patterns, clinical mani-
festations, and immunological responses.

For one of the isolates (the ‘‘Iowa’’ isolate),
infectivity was studied in subjects without preexist-
ing anti-Cryptosporidium IgG (ELISA) and in
subjects with high preexisting anti-Cryptosporidium
IgG (DuPont et al., 1995; Chappell et al., 1999).
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Analysis of this data as determined by comparing
ID50s, defined as cumulative percent end point by
the method of Reed and Muench (1938), indicated a
sharp decrease in susceptibility to infection in the
subjects with high preexisting anti-Cryptosporidium
IgG levels, compared to those with low IgG levels
(Chappell et al., 1999).

This finding can be interpreted as an indication
for the existence of some protective effect resulting
from prior infection with this organism. A high serum
IgG level is not necessarily protective by itself, if only
because Cryptosporidium only infects the intestinal
tract and does not cause systemic infections and the
principal host defense mechanisms to Cryptospori-
dium are mediated by cellular immunity. Thus, the
physiological function of an IgG response to this
organism is unclear, but elevated serum IgG levels
are probably correlated with recent infection (and/or
clinical cryptosporidiosis). Since serum IgG titres are
known to decrease slowly after infection by other
pathogens (Auranen et al., 1999; de Melker et al.,
2000; van Herck et al., 2000), it also seems reasonable
to assume that the higher a subject’s IgG titre, the
more recently this person was infected.

It must be noted that in a separate study, some of
the subjects (with low preexisting anti-Cryptospori-
dium IgG) who had been infected in the first experi-
ment (DuPont et al., 1995), were re-exposed one year
later. In these subjects, susceptibility to infection (as
well as probability of cryptosporidiosis) appeared not
to have changed (Okhuysen et al., 1998). Therefore, if

there is a protective response, it may be short lived,
with a duration less than one year. Consequently,
repeated exposures to Cryptosporidium parvum are
needed to develop protective immunity.

We investigated the relationship between the
relative anti-Cryptosporidium IgG values and pro-
tection from infection. The microbial dose-response
model was modified to allow the use of covariables.
Since IgG levels are measured in individual subjects,
we also need to slightly modify the statistical
analysis, to separately incorporate the contribution
of each individual subject to the likelihood function.

2. EXPERIMENTAL DATA

Data used here are from two studies: the first
established the dose-response relation for oocysts of
Cryptosporidium parvum (the ‘‘Iowa’’ isolate) in
seronegative subjects, selected to have low IgG
levels (DuPont et al., 1995). These subjects were
assumed to not have a recent history of infection
with Cryptosporidium.

Subsequently, a separate group of volunteers
were selected for the presence of anti-Cryptospor-
idium serum IgG. These volunteers were given
different doses of the Iowa isolate to compare
infectivity in a naı̈ve versus preexposed population
of healthy individuals. Results are summarized in
Table I.

Registered responses include both fecal detec-
tion of Cryptosporidium oocysts by means of an

Table I. Dose-Response Data for the Iowa Isolate of Cryptosporidium parvum in Seronegative Human Subjects (DuPont et al., 1995) and
in Subjects with High Preexisting Anti-Cryptosporidium IgG (Chappell et al., 1999)

Oocyst + Diarrhea Clin Def

Dose Tot Neg Pos Neg Pos Neg Pos

Iowa
30 5 4 1 4 1 3 2

100 8 5 3 4 4 4 4
300 3 1 2 2 1 1 2
500 6 1 5 3 3 1 5

1000 2 0 2 2 0 0 2
10000 3 0 3 1 2 0 3

100000 1 0 1 0 1 0 1
1000000 1 0 1 0 1 0 1

29 11 18 15 13 9 20
Iowa, high IgG

500 3 3 0 2 1 2 1
5000 6 4 2 4 2 3 3

10000 5 2 3 1 4 0 5
50000 3 1 2 0 3 0 3

17 10 7 7 10 5 12
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immune assay (DFA) and clinical symptoms of
cryptosporidiosis. As argued elsewhere (Chappell
et al., 1999; Okhuysen et al., 1999), either response
indicates infection. By the clinical definition used
here, having DFA and/or clinical symptoms means a
positive response.

Antibody levels, measured by absorption in an
enzyme-linked immunosorbent assay (ELISA) are
not treated as categorical variables. Instead, each
individual subject is used with her or his preexisting
IgG value, after log-transformation (since these
values are typically determined by serial dilution).
The actual (measured) IgG levels of the two subject
categories (high and low preexisting IgG levels) do
not appear to be in clearly distinct categories, as can
be seen in Fig. 1.

3. DOSE-RESPONSE ANALYSIS: INFECTION

By definition for dose-response modeling, the
pathogenic organism multiplies within the host (or
its intestinal tract). For this to occur, three condi-
tions must be fulfilled: the organism must have been
ingested (entry), the organism must have survived
until a site suitable for growth is reached (survival),
and then the organism needs to be vital enough
to multiply (growth). Note that detection of fecal
excretion is a sufficient but not per se necessary
condition for infection.

The single hit model is based on the following
assumptions: the inoculum is known but for
Poisson uncertainty (randomness), organisms act

independently, individual probabilities of success
do not depend on their numbers (independence),
and any single organism can start infection (single
hit).

In case of m successive barriers, the probability
that any single organism successfully passes all
these barriers is pm. The probability that at least
one of the ingested organisms survives and infects
the host is

PinfðD; pmÞ ¼ 1 � e�Dpm ; ð1Þ

the exponential dose-response relation according to
Haas (1983).

If variation in pm (between individual pathogens
and/or between hosts) is described by a beta
distribution with density function f ðpm; a; bÞ, the
marginal probability of infection can be calculated
as

PinfðD; a; bÞ ¼ 1 � 1 F1ða; a þ b;�DÞ ð2Þ

in which 1F1ðÞ is the Kummer confluent hypergeo-
metric function (Teunis and Havelaar, 2000). We
refer to this function as the ‘‘hypergeometric’’ dose-
response relation.

When b � 1, and a � b, the simple relation

PinfðD; a; bÞ ¼ 1 � 1 þ D

b

� ��a

ð3Þ

given by Haas (1983) holds. Note that this relation is
scalable, i.e., the parameter b is a scale parameter.
Changes in b cause the beta Poisson dose-reponse
relation to be shifted along the dose axis, without
changing shape. The hypergeometric relation cannot
be scaled. This is due to the nonscalability of the
beta distribution for pm.

3.1. Immune Response as a Covariable

The hypergeometric dose-response function is
not the only valid single hit model. Mixture density
functions f ðpm; hÞ other than the beta distribution
may be used, leading to different dose-response
relations. Alternative parametrizations may be more
convenient than the beta distribution, for instance
with regard to covariables, as the mean and variance
of the beta distributed pm are not simple linear
functions of the parameters (McCullagh and Nelder,
1989).

For the analysis of data sets with covariate
information, the dose-response parameter pm may
be expressed as a function of the covariable(s). One
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Fig. 1. 10 log IgG levels (absorption in immunosorbent assay) in
the low (left) and high IgG groups of subjects.
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solution could be to use a parameter transformation.
For instance, a covariable x can be factored into the
dose-response model using a logit function:

log
pm

1 � pm

� �
¼ a þ bx ð4Þ

so that a and b may have any real value
ð�1 < a; b < 1Þ. Extension to multivariate models
is straightforward. While this gives much more
freedom of choice for the distributions of the
coefficients (a and b in this example), the resulting
marginal dose-response relation cannot be obtained
in closed form.

For our analysis, we want pm to vary with IgG
level x, not between 0 and 1, but between arbitrary
minimum and maximum levels for highly susceptible
subjects with low IgG levels and highly protected
subjects with high IgG levels, respectively. To do
this, we introduce two additional parameters c ð> 0Þ
and d ð> 0Þ. The dose-response parameter pm,
dependent on covariable x (Equation (4)) then can
be written as:

pmðx; a; b; c; dÞ ¼ e�d þ eaþbx�c

1 þ eaþbx
ð5Þ

thereby limiting pm to the interval {e�d; e�d þ e�c}.
The probability of infection now depends on

both dose and IgG-level x.

PinfðD; x; a; b; c; dÞ ¼ 1 � e�pmðx;a;b;c;dÞ	D ð6Þ

The dose-response Equation (6) above ‘‘wraps’’ the
logistic regression function into the single hit rela-
tion. The resulting model still is a single hit model,
but also retains the property of having an exponen-
tially shaped maximum possible risk curve (Teunis
and Havelaar, 2000).

Say we have dose-response data from subjects
with different values of some relevant immune
parameter. There are m dose groups ði ¼ 1; . . . ;mÞ.
A dose group (dose Di) consists of ni subjects, with
immune status xij ðj ¼ 1; . . . ; niÞ. The binary variable
qij describes the response of each subject (1 for
infection, 0 for not infected).

The contribution of a single subject to the
likelihood is

PinfðDi; xij; a; b; c; dÞqij 	 ½1 � PinfðDi; xij; a; b; c; dÞ�1�qij

ð7Þ

for all subjects in every dose group

‘ða; b; c; dÞ¼
Ym

i¼1

Yni

j¼1

PinfðDi; xij; a; b; c; dÞqij

	 ½1 � PinfðDi; xij; a; b; c; dÞ�1�qij

¼
Ym

i¼1

Yni

j¼1

1 � e�pmðx;a;b;c;dÞ	D
� �qij

	 e�pmðx;a;b;c;dÞ	D
� �1�qij ð8Þ

3.2. Infection Dose Response: Results

When the dose IgG model Equation (5) is fit to
the separate data sets, weak evidence for IgG effects
is found (increasing pm with increasing (log) IgG
levels in the low IgG data, and decreasing pm with
increasing (log) IgG levels in the high IgG data).
Note the values of b̂b in Table II. When tested in a
likelihood ratio test against the same models with b
set to zero (i.e., absence of IgG effect), unfortu-
nately, these interesting effects do not appear to be
statistically significant.

The simple model in Equation (4) can also be fit
to the separate data sets (high and low IgG).
However, when fit to pooled data (high and low
IgG), a strong IgG effect is found, but the goodness
of fit decreases to an unacceptable level. This is
caused by the discrepancy between the dose-
response relations of the two groups and the
corresponding IgG levels. There appeared to be a
23-fold increase in ID50 in the subjects with high
preexisting anti-crypto-IgG (Chappell et al., 1999),
while the IgG levels of the two groups were
overlapping (see Fig. 1).

Since the preexisting IgG levels were the only
criterium for selection of volunteers for these two
experiments, there are no obvious other variables
that could explain this discrepancy. We therefore

Table II. Dose-Response Model in Equation (6) Fitted to Data
from Either the Study with Subjects Selected for Low IgG Levels,
or the Study with High IgG Subjects, or Pooled Data from Both

Studies

�2 log ‘̂‘ âa b̂b ĉc d̂d

low IgG 25.54 85.7 237.8 1.62 1.90
high IgG 14.34 151.6 �200:7 2.16 2.21
low + high IgG 44.22 29.11 �251:9 1.66 2.12

Note: ‘̂‘ ¼ maximum likelihood. A likelihood ratio test for pooling
the two data sets shows that the four parameter model fits the
merged data adequately (44:22 � 25:54 � 14:34 ¼ 4:34; less than
v2

0:95ð4 þ 4 � 4Þ:
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have to accept that there is a steep change in the
relation between IgG levels and infectivity. This
is illustrated by the results for the four-parameter
model. The dose-response relation is a function of
two variables, dose and IgG level. A three-dimen-
sional graph of the maximum likelihood estimate of
this function is shown in Fig. 3, for parameter
estimates obtained from both the high and low
IgG subsets at once. It can be seen that when IgG
levels exceed about 1.4 units ð10log 1:4 ¼ 0:15Þ, the
probability of infection decreases sharply.

Most informative for this model is the way the
probability of infection for a single organism, the
parameter pm, depends on the covariate. Fig. 2
shows pm as a function of preexisting log-IgG levels.
Also shown here is the uncertainty in the shape of
this response function, as determined by Markov

chain Monte Carlo methods, as described earlier
(Teunis and Havelaar, 2000).

Parameter values are listed in Table III. Fig. 4
shows the maximum likelihood dose-response rela-
tion, with a 95% credible interval, based on the same
Markov chain Monte Carlo methods.

4. DOSE-RESPONSE ANALYSIS: ACUTE
ILLNESS

For the present, the only illness response we
consider is acute gastroenteritis. Although this still
implies a spectrum of symptoms, listed in DuPont
et al. (1995), we assume that, at least in an
experimental setting, cryptosporidiosis can be diag-
nosed with sufficient accuracy. The occurrence of
illness is considered conditional on infection. Only
infected subjects can become ill. As with infection,
we start by defining the basic concepts for the dose-
response model.

The components of the model are (Teunis et al.,
1999): an infected host, many living pathogens are
present in (parts of) the gut; a hazard of illness,
during infection, there is a certain nonzero hazard
of becoming ill; and the duration of infection, the
length of the period that colonization persists.

The length of the infection period is the key
variable in these models: a host with strong defenses
against the pathogen is assumed to clear infection
rapidly. Conversely, a highly virulent pathogen is
assumed to be able to sustain intra-intestinal growth
for a long period (Teunis et al., 1999).

The probability that illness has occurred by time
t after onset of infection is

Pill;infðt; cÞ ¼ 1 � e
�
R t

v¼0
hðvÞdv ð9Þ

with hazard function hðtÞ, and duration of infection
s. The hazard function can have arbitrary shape, as
long as it can be written as a function of t=s. This
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Fig. 2. Dose-response parameter pm, showing the relation to the
IgG level, for the combined High + Low IgG data. Black: maxi-
mum likelihood curve, hatched: posterior mode curve. Also
shown (hatched) are MCMC-based 95% limits.
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Fig. 3. Posterior mode dose-response relation for the model in
Equation (6) fitted to the combined High + Low IgG data. Dots
show data (0 ¼ negative response; 1 ¼ infection).

Table III. Posterior Mode Parameters for the Dose-Response
Model in Equation (6) Fitted to Data from Either the Study with
Subjects Selected for Low IgG Levels, or the Study with High IgG

Subjects, or Pooled Data from Both Studies

�2 log p̂p âa b̂b ĉc d̂d

low IgG 57.11 6.93 14.9 1.59 2.15
high IgG 45.77 5.15 �6:90 2.11 2.33
low + high IgG 75.95 3.56 �53:3 1.64 2.12

Note: p̂p ¼ mode of posterior probability.
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means that when the duration of infection is twice
as long, the integral of the hazard over this period
becomes exactly twice as large. The probability of
illness can then be written as:

Pill;infðs; cÞ ¼ 1 � e�cs ð10Þ

When s has a Gamma pdf gðs; r; kÞ, the probability
of illness

Pill;infðc; r; kÞ ¼
Z 1

u¼0

ð1 � e�cuÞgðu; r; kÞdu

¼ 1 � ð1 þ ckÞ�r ð11Þ

Without sacrificing generality, we can set c ¼ 1.

Pill;infðr; kÞ ¼ 1 � ð1 þ kÞ�r ð12Þ

Assume that the scale factor k is a function of
applied dose (D) and preexisting log-IgG level (x)
as:

kðD; x;A;B;CÞ ¼ AD � Bx þ C ð13Þ

so that

Pill;infðD;x;r;A;B;CÞ¼1�ð1þAD�BxþCÞ�r

ð14Þ

4.1. Illness Dose Response: Results

The model in Equation (14) can be used for
analysis of the illness data for the two experiments
with the Iowa isolate (Table I).

In Table IV, the likelihoods for three different
variants of the model in Equation (14) are given for
the low IgG group, the high IgG group, and for the
pooled data from both groups. Comparison of each of
these models fitted to the two separate data sets, with

the same model fitted to pooled data from both
studies, shows a nonsignificant decrease in log-likeli-
hood. We therefore consider the two studies as a
single data set. Starting from the model with constant
probability of illness ðA ¼ B ¼ 0Þ, addition of dose
dependence ðA 6¼ 0Þ decreases the deviance (differ-
ence in �2 log ‘̂‘) by a significant amount, subsequent
addition of (log) IgG dependence only slightly
improves the goodness of fit, as can be seen in Table
IV. Table V gives posterior mode values for the same
models.

Fig. 5a shows the effect of dose on the proba-
bility of illness in infected subjects at IgG level 1.0
ðlog x ¼ 0Þ. Fig. 5b indicates a weak tendency to
decreasing risk of illness with increasing preexisting
IgG levels. Fig. 6 shows the bivariate dose-response
model for illnes, with corresponding (MCMC-based)
95% range.

5. DISCUSSION

The analysis given here corroborates and
extends earlier reports, stating that the ID50 in
volunteers with preexisting antibody was approxi-
mately 20-fold higher than in serologically negative
volunteers (Chappell et al., 1999).

Support is also given for the observation that the
volunteers who developed diarrhea were among
those receiving the highest oocyst dosages (10,000
oocysts or more). Again, those receiving low-dose
challenges were less likely to develop illness. Inter-
estingly, the volunteers who did develop diarrhea had
the same median incubation period (5 days, range
3–12 days) as the seronegative hosts, but experienced
a longer illness (6.5 days) with a greater number of
unformed stools (10, range 3–35). This is an aspect of
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illness that deserves more attention, especially since
the hazard model is well suited for studying the
temporal aspects of illness (Teunis et al., 1999).

A number of volunteers who developed a
diarrheal illness had no detectable oocysts in their
stools by IFA. This observation was especially
prominent in volunteers who had been previously
exposed to the parasite. The diarrhea in these
individuals did not differ in the incubation time,
duration, or any of the characteristic symptoms as
compared to those who had confirmed infections.
The cause of this phenomenon is not known, but
several explanations exist. First, these diarrheal
episodes may be the result of a hypersensitivity to
the organism. In this scenario, the exposure alone
would provide a sufficient stimulus for the develop-
ment of diarrhea without replication of the organism.
However, with other antigens, the hypersensitivity
response typically requires two to three days or less
to develop, a shorter time to onset than was observed
with these volunteers. Second, an infection may have

Table V. Posterior Mode Estimates for the Illness Dose-
Response Model

ÂA B̂B ĈC r̂r

low IgG 0 0 0.62 1.00
2.0510�5 0 �2:53 11.88
5.1110�5 3.40 �3:95 33.26

high IgG 0 0 1.41 1.10
3.4410�5 0 �2:55 15.85
3.1210�5 �0:58 �3:09 22.20

low + high IgG 0 0 0.77 1.10
4.0210�5 0 �2:57 12.96
4.2110�5 0.16 �2:58 13.12

Note: Prior distributions used: A: Uniformð�10; 10Þ; B: Uni-
formð�10; 10Þ; C: Uniformð�20; 20Þ; r: Uniformð0; 200Þ:

Table IV. Illness Dose-Response Model in Equation (14) Fitted to Data from Either the Study with Subjects Selected for Low IgG
Levels, or the Study with High IgG Subjects, or Pooled Data from Both Studies

�2 log ‘̂‘ ÂA B̂B ĈC r̂r df

low IgG 25.89 0 0 0.62 1.00 2
24.08 1.9510�5 0 �3:32 25.58 3
22.21 5.1810�5 3.34 �4:86 82.36 4

high IgG 10.81 0 0 1.41 1.10 2
9.66 3.1210�5 0 �5:22 222.23 3
9.64 3.6510�5 )0.56 �1:86 6.76 4

low + high IgG 38.02 0 0 0.77 1.10 2
34.13 3.7810�5 0 �4:10 58.06 3
34.12 4.2410�5 0.18 �2:83 16.67 4

Note: ‘̂‘ ¼ maximum likelihood, df ¼ degrees of freedom. Three variants are given for each of the three data sets: constant ðA ¼ B ¼ 0Þ,
dose dependent ðB ¼ 0Þ, and both dose and IgG dependent probability of illness.

Fig. 5. Bivariate illness dose response for the Iowa strain of Cryptosporidium. Left: dose response at an IgG level of 1.0 units ðlog x ¼ 0Þ.
Right: IgG dependence of the response at a dose of 1,000 oocysts. Best fitting (maximum likelihood) curve and (in grey) MCMC-based 95%
limits.
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occurred with oocyst production below the level of
IFA sensitivity (10,000 oocysts/ml). This possibility is
enhanced by the finding of low numbers of oocysts
when flow cytometry was used to assay the samples.
Approximately 75% of the IFA-negative samples
tested in this way were positive. Earlier studies
indicated that flow cytometry of human stool sam-
ples has a detection limit of approximately 1,000
oocysts per ml, although fewer oocysts could be
detected in some samples. Interestingly, however,
this left 25% of the samples negative by both
methods. Third, the asexual stages of infection could
have occurred, but the immune response may have
interrupted the cycle before the oocysts were
formed. The factors necessary and sufficient for the
development of diarrhea are not understood at
present, but it is possible that parasite replication is
needed to provide sufficient stimulus to initiate
diarrhea. Likewise, the exact immune mechanisms
governing clearance of the infection are also still
unknown, although evidence suggests that CD4þ

T-cells and interferon gamma are essential compo-
nents. Nevertheless, if the response is directed
toward either the merozoite or gametocyte stages,
oocyst production would be prevented. Further, it is
also possible that a combination of these possibilities
may be responsible for the lack of detectable oocysts.

5.1. Susceptibility to Infection and Illness

Current understanding of the factors influencing
susceptibility comes from a combination of studies,
most of which utilize animal models. Thus, the

relevance of this data for human infections is not
always clear. Neonatal animals have long been
recognized as being especially susceptible to
Cryptosporidium infection. For example, neonatal
mice can be readily infected just after birth and
remain so until they reach the point of gut matur-
ation, when they self-cure. In contrast, adult mice
given large C. parvum doses may become infected,
but only transiently for one to two days (Harp et al.,
1988; Griffiths et al., 1998). (Interestingly, neither
age group exhibits a diarrheal illness.) These obser-
vations extend to many naturally infected herbivor-
ous species. For example, calves and lambs, often
contract the infection, excrete large numbers of
oocysts, and have significant morbidity and mortality
from diarrhea (Tzipori et al., 1981, 1982; Ongerth
and Stibbs, 1989; Harp et al., 1990; Olson et al.,
1997). Adult animals may also be infected, but
excrete few oocysts and have no symptoms
(Henriksen and Krogh 1985; Harp et al., 1990). In
the human population, the largest number of recog-
nized cases of cryptosporidiosis are found in children
and decrease after age two (Wiedermann et al.,
1985; Zu et al., 1994; Agnew et al., 1998; Guerrant
et al., 1999). Unlike other species, however, adults
can also become infected, excrete large numbers of
oocysts, and experience a diarrhea, which can be
profuse (DuPont et al., 1995; Okhuysen et al., 1998,
1999; Chappell et al., 1996, 1999).

Age is inextricably tied to immune status since
the gastrointestinal tract in neonatal animals is
immature and undergoes important developmental
changes after birth. Likewise, the mucosal immune
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system is immature and comparatively inactive at
birth and undergoes significant functional changes as
stimuli are encountered, processed, recognized, and
responded to. These processes of gut and immune
maturation vary with species. Indeed, many ana-
tomical, physiological, and immunological differen-
ces are known to exist between humans and the
animal models currently used to study cryptospori-
diosis. Perhaps the most relevant models for human
illness are the porcine models since this species
appears to be closest to humans in gut anatomy and
physiology. However, chronic infections beyond the
neonatal period require significant manipulation of
the immune system, either by direct drug-induced
suppression (Rasmussen and Healey, 1992) or by
artificially delaying immune maturation via main-
taining the animal in a gnotobiotic environment
(Tzipori et al., 1982; Yuan et al., 1996). The
immuno-suppressed pig model is roughly analogous
to the immuno-compromised state seen in humans.
Thus, the porcine model may serve as a useful
system for studying different genotypes and/or
nonparvum species of Cryptosporidium and to test
new therapeutic agents for activity against the
organism.

Although all adult humans are potentially sus-
ceptible to Cryptosporidium, individuals who have
compromised immune systems are at increased risk
of developing chronic and/or progressive disease,
particularly if they have low concentrations
(<180/mm3) of CD4 T-cells. AIDS patients or
patients receiving cancer chemotherapy or other
drug-induced immuno-suppression may fall into this
category. Chronic cryptosporidiosis can be reversed
by giving antiretroviral therapy (for HIV), which
increases CD4 counts, or by discontinuing immuno-
suppressive drugs until CD4 counts recover (Meisel
et al., 1976; Smith et al., 1998; Dionisio et al., 1998).
Likewise, individuals with certain immuno-deficien-
cies, such as for IFNc (interferon gamma) (Pollok
et al., 2001; Gomez Morales et al., 1996) or IgA
(Weisburger et al., 1979), also are at increased risk
for prolonged illness. Currently, there are no recog-
nized curative therapies available for Cryptospori-
dium infection. A combination of azithromycin and
paromomycin has been shown to decrease the
number of excreted oocysts and provide some
therapeutic benefit for AIDS patients (White Jr.
et al., 1994).

Other factors affecting the immune response
may also contribute to the severity and duration of
C. parvum infection. For example, malnourished

individuals may have a decrease in immune respon-
siveness as evidenced by decreased CD4 T-cell
levels. Malnutrition in children is associated with
prolonged Cryptosporidium infections (Zu et al.,
1994; Guerrant 1997; Agnew et al., 1998). Further-
more, there is evidence to suggest that Cryptos-
poridium infection, although self-limited in nature,
may play a role in the future nutritional status of
children (Checkley et al., 1998). Little is known
about the role of genetic factors in the suscepti-
bility of persons to Cryptosporidium infection or
illness. There is some evidence, however, that
different strains of inbred mice have different
susceptibilities to infection (Griffiths et al., 1998;
Aguirre et al., 1998; Tarazona et al., 1998). It is
possible that the same phenomenon exists in other
species, but this hypothesis has not been con-
firmed.

5.2. Health Effects

In the past, studies of human cryptosporidiosis
depended primarily on outbreaks, travelers to
developing countries, and Cryptosporidium-infected
AIDS patients. These sources revealed an illness in
the immuno-competent population that had an
incubation period of seven days and a usual duration
of 10–13 days. Symptoms included diarrhea, abdom-
inal pain and cramping, weight loss, nausea, vomit-
ing, and occasional low grade fever (Jokipii and
Jokipii, 1986; Pohjola et al., 1986; Jongwutiwes et al.,
1990; Tangermann et al., 1991; Richardson et al.,
1991). While diarrhea could be profuse (1–2 liters/
day), those requiring hospitalization were few in
number and typically involved the very young or
very old, both of whom are more susceptible to
dehydration. Mortality has been documented in rare
instances in malnourished children in developing
countries (Wiedermann et al., 1985; Agnew et al.,
1998). In contrast, serious, life-threatening infections
in developed countries have been limited to indi-
viduals with profoundly depressed immune respons-
es (Hoxie et al., 1997). In these patients, especially
before antiretroviral therapy was available, chronic
infections with 3–6 liter fluid losses were not
uncommon. Diarrhea may persist for weeks or
months and occasionally improves without specific
therapy. A more fulminant course can also be seen
with fluid losses in the range of 17–20 liters per day
and death occurring rapidly.

In humans with intact immune systems, the
parasite is thought to be in highest concentration in
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the ileal region (Harp et al., 1996). In contrast,
immuno-suppressed individuals often experience a
contiguous spread of infection into the colon, the
proximal portions of the bowel; infection can also be
found in the biliary tree and gall bladder epithelium
(Vakil et al., 1996; Chen et al., 1998). In some
cases, infection has been documented in the gastric
mucosa, esophagus, and the respiratory tract (Hoj-
lyng and Jensen, 1988; Current and Garcia, 1991).
There are even reports of Cryptosporidium sinusitis
(Davis and Heyman, 1988; Dunand et al., 1997).

Differences in the severity of illness seen
between the volunteer studies and reports from
naturally acquired infections may be due to differ-
ences in Cryptosporidium isolates, the ability to
collect accurate data from recall surveys, or other
factors. The major difference, however, may lie with
the general health status of the individual at the time
of challenge. Persons with naturally acquired infec-
tions represent all segments of the population, i.e.,
young and old, in all states of health, previously
exposed and na€��ve. Also, those reporting to the
medical establishment are self-selected for the more
severe symptoms. In contrast, the experimentally
infected volunteers were typically between the ages
of 25 and 35 and were selected for their robust
health. These subjects generally had milder illnesses
of shorter duration compared to the more general
population.

5.3. Usefulness for Quantitative Risk Assessment

The dose-response information assembled here
gives a characterization of the occurrence of human
health effects caused by Cryptosporidium that may
be more complete than that of any other pathogen.
This is because of the human feeding studies, which
have been going on uninterrupted since 1993. Here
we have concentrated on variation between hosts
with different preexisting antibody levels against
Cryptoporidium, both for infection and illness (given
infection). These results can be used for different
purposes.

The infectivity (and probability of illness given
infection) appear to correlate with preexisting IgG
levels. These can be measured in any human
population. Therefore, the dose-response informa-
tion provided here can be used to assess the
distribution of susceptibility to infection (illness)
by Cryptosporidium oocysts among human subjects
with known anti-crypto-IgG levels.
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