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In this paper, we investigate the transition of asexual blood stages of P. falciparum to
gametocytes. The study is based on daily data, collected from 262 individual courses of
parasitaemia. We propose several mathematical models that follow biological reasoning. The
models are fitted with maximum likelihood and are compared with each other. The models
differ in the assumptions made about the mortality of circulating gametocytes and about the
transition rate of the asexual parasites. Gametocyte mortality is modelled as being (i) constant
over time, (ii) linearly increasing over time, (iii) linearly increasing over gametocyte age, and
(iv) exponentially increasing over gametocyte age, respectively. The transition rate is either
kept constant per patient or piecewise constant within intervals that correspond to waves of
asexual parasitaemia which are assumed to be caused by different Pf.,,,,;-variants. According
to likelihood ratio tests, the models with age-dependent mortality rate and wave-dependent
transition rates are superior to the models with constant transition rate and/or constant or
time-dependent mortality rate. The best fits are reached for models with exponentially
increasing (Gompertz-type) mortality. Furthermore, an impact of high asexual parasite densit-
ies on the survival of gametocytes, interpreted as a cytokine-mediated effect, is evident in some

cases.

1. Introduction

In terms of morbidity, the sexual stages of Plas-
modium falciparum and other malaria parasites
probably play only a minor role although an
essential one in terms of the parasite’s transmis-
sion, as only they can infect mosquitoes. There-
fore, a realistic model for the generation and
persistence of the sexual stages of P. falciparum
detectable in the human blood, ie. the P.
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falciparum gametocytes, would be relevant for

malaria control. Each cycle of erythrocytic
schizogony, i.e. of multiplication within human
red blood cells (RBC), lasts about 48 h, at the end
of which the parasitized red blood cell (PRBC)
bursts, liberating on average 16 merozoites.
A successful merozoite invades another RBC
within minutes and takes one of two routes: it
either goes into another round of schizogony or
develops into a single gametocyte, male or fe-
male. Commitment to gametocytogenesis is pre-
sumably made during the immediately preceding
cycle of schizogony. Newly invaded RBCs of
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both kinds circulate for about a day, then seques-
ter for either a day until rupture and release of
new merozoites, or for the period it takes for
gametocyte maturation. Mature gametocytes are
released into the circulation, where they are de-
tectable by standard microscopy, and can be
picked up by an anopheline vector, in the midgut
of which gametocytes develop into gametes and
fertilization allows the life cycle to continue.
Commonly available parasitologic examinations,
including those used to produce our data, are not
able to distinguish between rings which are com-
mitted to become gametocytes and others which
will develop into schizonts, nor between male and
female gametocytes (Bruce et al., 1990; Carter
& Graves, 1988; Carter & Miller, 1979; Day et al.,
1998; Garnham, 1988).

Gametocytogenesis has been studied exten-
sively in vitro for different biological purposes,
not necessarily relevant for gametocytogenesis in
vivo. Of potential though questionable relevance
may be the marked and rapid increase in
gametocytogenesis associated with increasing
parasite density, and its marked and rapid de-
crease associated with dilution with fresh RBCs
(Carter & Miller, 1979; Bruce et al., 1990). With
respect to gametocyte survival, it has been shown
for P. cynomolgi, p. vivax and P. falciparum that,
in non-immunes, a parasite-mediated release of
cytokines, commonly associated with high asex-
ual stage densities, increases gametocyte mortal-
ity (Naotunne et al., 1991, 1993; Karunaweera
et al., 1992). At least in the case of P. vivax,
acquired anti-disease immunity neutralizes this
effect (Karunaweera et al., 1992). With respect
to acquired immunity against P. falciparum, a
positive effect on gametocytogenesis has been
observed in vitro (Smalley & Brown, 1981), but
a negative gametocytaemia, in excess of the effect
on asexual parasitaemia, has been observed in
vivo, perhaps explained by an antibody-mediated
increase in gametocyte mortality (Baird et al.,
1991).

The purpose of this paper is to describe differ-
ent models, predicting gametocytaecmia from
asexual parasitaemia, and the process by which
they were fitted to the data and compared to each
other. In Section 2, we describe the data. In
Section 3, we formulate different model assump-
tions and incorporate them into increasingly

complex models. In Section 4, we describe how
the models are fitted to individual case histories.
In Section 5, we compare the fits of the different
models and identify the model which in general
yields the most satisfactory fit to the data. In
Section 6, we outline some previously published
models, present a summary of our parameter
estimates and discuss some unsatisfactory fits.
A detailed discussion of the parameter estimates,
obtained with the best model, and their biolo-
gical implications will be presented elsewhere.

2. The Data

Malariatherapy data have made a major con-
tribution to our knowledge of patterns of asexual
parasitaemia, gametocytaemia and infectivity to
the vector, for different species of human malaria
parasites, including P. falciparum. The data used
here were collected by the USPHS in the NIH
Laboratories in Columbia, SC, and Milledgeville,
GA, at a time when malariatherapy was a recom-
mended treatment of neurosyphilis. Detailed de-
scriptions of the available data have been given
in numerous previous publications (Eyles &
Young, 1951; Jeffery & Eyles, 1954; Jeffery, 1960).
The parasite of choice was P. vivax, to which
Afroamericans were however found to be refrac-
tory, and so they were treated with different
strains of P. falciparum under close medical
supervision. They were inoculated either with
sporozoites (generally through mosquito bite) or
with infected blood. Inoculations were preceded
by variable sequences of blood and mosquito
passages of the strain. Microscopic examination
of the blood was performed on an almost daily
basis. In principle, 0.1 pl of blood was examined,
less in case of high densities, occasionally more;
the detection threshold was thus about 10
PRBC/ul (Earle & Perez, 1932). Two classes
of PRBC were counted separately: “asexual
parasites” (including immature gametocytes less
than one day old) and “gametocytes” (i.e. mature
gametocytes of unknown sex). Usually, gameto-
cyte stage densities were reported as ten-fold of the
actual counts. This fact was taken into account in
the analysis. The data which were evaluated in
this study concern only primary P. falciparum
inoculations and, among those, only cases with at
least four positive gametocyte observations.
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3. Hierarchy of Models

In order to describe the dynamics of gameto-
cytaemia, it is necessary to make assumptions
concerning the transition of asexual parasites to
gametocytes, the sequestration time and the sur-
vival of gametocytes. The biological literature
reports relevant observations and hypotheses,
but is not very conclusive (Carter & Graves,
1988). With respect to gametocytogenesis, the
simplest assumption is that a constant propor-
tion of asexual parasites convert to gametocytes
within each cycle. Indeed, at first glance, the
parasitaemia of several patients conveys the im-
pression that waves of asexual parasites are fol-
lowed by waves of gametocytes in which the
latter are displaced by some days—the sequestra-
tion phase—and have lower amplitudes (see
Figs 2-5). Assuming a constant conversion prob-
ability of asexual parasites into circulating gameto-
cytes as well as a constant force of gametocyte
mortality, one expects a constant ratio of the area
under the gametocyte curve to the area under the
asexual curve, but a closer look at the curves
suggests that the ratio of the two areas varies
among waves. There are indications that the ob-
served waves of asexual parasitaemia reflect the
development of different intraclonal variants of
the parasite molecule Pfemp1, expressed on the
surface of PRBCs, corresponding to different
cytoadherence phenotypes and responsible for
sequestration of asexual parasites (Borst et al.,
1995). Furthermore, the same molecule is in-
volved in the sequestration of gametocytes and
its expression has been shown to be genetically
linked with gametocytogenesis on the parasite’s
chromosome 9 (Day et al., 1998). Thus, it seems
justified to vary the conversion probability
among asexual waves.

Based on inspection of the data and on the
suggestions from the biological literature, we for-
mulated different models and fitted them to indi-
vidual case histories, thus obtaining case-specific
parameter estimates. All our models predict the
number of mature gametocytes entering the cir-
culation at time ¢ from the reported number
of “asexual” parasites at time t — Dy, where Dy is
the sequestration time which is needed for
gametocyte maturation. The different models
are defined by the following options: (i) the

probability of successful gametocytogenesis (i.e.
the product of the conversion probability and the
probability to survive the sequestration period) is
either constant for the patient or step-wise con-
stant for each wave of asexual parasites; (ii) the
mortality rate of circulating gametocytes is either
constant or it increases over time or gametocyte
age; (iii) additional gametocyte mortality may
be caused by the presence of asexual parasites.
We present combinations of options as a branch-
ing hierarchy of models.

The basic structure of all proposed models
can be described as follows. Circulating asexual
parasites A(t) on day t convert to sequestered
gametocytes at rate y(t). After time delay D;,
sequestered gametocytes enter the circulating
blood and from then on can be detected via
microscopic blood examination. The circulating
gametocytes, G(t), die at rate p(t). This leads to
the delay equation

S0 _ y¢ — Dyt - Dy - w160, (1)
The examined family of models makes different
assumptions concerning the conversion rate y(t)
and the mortality rate u(z). The model hierarchy
is schematically depicted in Fig. 1 and a compila-
tion of all proposed models is given in Table 1.

The most basic model assumes that y and u are
constant. The solution of eqn (1) for this case is

G(t) =y ﬁ) At — Dy)e " dr.  (2)

In the parameter estimation routine, we use the
discretized approximation

Git)=y Zt: A(t — Dg)e~ 70 (3)

t=D,+1

as the prediction formula because we have only
one data point for each day. Asexual parasites
circulate for one day only, so that the product
y times one day may be interpreted as transition
probability. Maximum likelihood estimates of
the parameters u, y and D, are calculated as
described in Section 3. To motivate the following
extensions of the basic model, we anticipate some
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of the results by referring to Figs 2-4 (a detailed
model comparison will be performed in Section
4). The figures show the observed asexual para-
sitaemia and gametocytaemia of three arbitrarily
selected patients and their gametocytaemia, as

M, 1
M2
T W G,
T, w, G,
Time Extended Gompertz
branch  Weibull branch
branch

F1G. 1. Hierarchical model structure. M; denotes the
basic model with constant transition rate y from asexual
stages to gametocytes and constant gametocyte mortality
rate u. In M,, the mortality is still constant, but—as in all
higher models—the transition rates y differ between asexual
waves. There is a bifurcation in the model hierarchy leading
to three model branches: (1) in models Ty and T, we assume
that mortality increases linearly with time; (2) in models
W, and W,, we assume that mortality increases linearly with
the age of the gametocytes (Weibull-type mortality); (3) in
models G; and G,, we assume that mortality increases
exponentially with the age of the gametocytes (Gompertz-
type mortality). The models of highest complexity (T,
W, and G,) furthermore include the feature of “cytokine-
mediated” gametocyte mortality produced by asexual para-
sites (see text for details).

predicted by the proposed models. Note that in
all figures one parasite is added to each observed
or predicted value in order to depict zero obser-
vations on a logarithmic scale. The dotted lines
(marked M) show results of the basic model as
described above. The basic model fails to fit the
data well. The amplitudes of the expected curves
(M) indicate that the basic model mainly fails
because the various waves of the asexual para-
sitaemia produce gametocytes at different rates,
whereas for most patients with a single asexual
wave, constant y and y are sufficient (data not
shown).

We now introduce a piecewise constant y by
assigning to each wave of asexual parasitacmia
a different value of y. In order to structure the
asexual parasitaemia in waves, we first identify
peaks: a parasite density A(t) at time ¢ is called
a peak if
At —1) < At) = At +71), =12,...,6. (4
For each peak there is exactly one wave of asex-
ual parasitaemia which ends halfway between
two subsequent peaks. Some results of the ex-
tended model are shown in Figs 2-4, marked M ,.
Waves of asexual parasites lead to waves of
gametocytes which approximately match the ob-
servations. The arrows on the upper margins of
the plots designate the peaks. The estimates of
consecutive y vary in a non-systematic manner
and exhibit no clear tendency.

We now allow for possible effects of immunity
by incorporating a gametocyte mortality which

TABLE 1
Model compilation: the models differ in gametocyte produc-
tion and in the gametocyte mortality

Model Transition rate Mortality rate
to gametocytes
M, y = const u(t) = to
M, 7 = p(wave) 1(t) = po
T, 7 = y(wave) w(t) = po + ort
T, 7 = y(wave) p(t) = po + ot + Blogyo(A(r) + 1)
Wi 7 = y(wave) u(t, a) = po + awa
W, 7 =y(wave)  u(t,a) = po + owa + flogio(A(1) + 1)
G, 7 = y(wave) u(t, a) = poe™*

G, 7 = j(wave)

wu(t, a) = poe™* + flogio(A(r) + 1)
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F1G. 2. Comparison of the observed and expected gametocytaemia as predicted by models M, M, T, and T,, (see Table
S for parameter estimates). M;: constant mortality and transition rates. M,: constant mortality rate; this and all further
models assume different transition rates for each asexual wave. T';: mortality rate grows linearly with time. T',: like T, but
with additional cytokine-mediated mortality (see text for details). The asexual parasitaemia is used as input function
from which the gametocytaemia is calculated. Maxima which define asexual waves are marked with arrows at the upper

margin: (=-—--- ) asexual parasites; (@) observed gametocytes; (

grows over time, i.e.

u(t) = po + ort. )

This leads to the following discretized approxi-
mation of G(t) which is used as the prediction

formula in the parameter estimation routine of
model T;:

x exp<— Lot — 1) — % (t* — 12)>. (6)

The results fit better to the data than in the
previous models (see Fig. 2, dashed line, marked
T:), but dips in the observed gametocytaemia
which seem to coincide with asexual peaks are
frequently missed.

Following the argument that gametocyte mor-
tality may be influenced by cytokines which are

---------- Y My (o) Ma; (seee)T15 (—) Tz

released when RBCs rupture (Naotunne et al.,
1991, 1993; Karunaweera et al., 1992), we incor-
porate an additional mortality term into the
model which depends on the logarithm of the
density of asexual parasites:

p(t) = po + art + flogio(A() +1).  (7)

This leads to the following discretized approxi-
mation of G(t) which is used as the prediction
formula in the parameter estimation routine of
model T5:

t

Gt)=

t=D,+1

’))(’L' - DS)A(T - Ds)
X exp <— po(t — 1) — ar(t? — 12)

~ 3 gt + 1)) ®)
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F1G. 3. Comparison of the observed and expected gametocytaemia as predicted by models M, M,, W; and W,,
respectively (see Table 5 for parameter estimates). M;: constant mortality and transition rates. M ,: constant mortality rate;
this and all further models assume different transition rates for each asexual wave. Wy: mortality rate grows linearly with the
age of the gametocytes (Weibull-type mortality). W,: like W, but with additional cytokine-mediated mortality (see text for
details). The asexual parasitaemia is used as input function from which the gametocytaemia is calculated. Maxima which
define asexual waves are marked with arrows at the upper margin: (----- ) asexual parasites; (@) observed gametocytes;
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Dips are often much better reproduced than in
the previous models (Fig. 2; line marked T',), but
many fits are still not fully satisfactory.
Gametocyte mortality may depend on the age
of the individual gametocyte rather than on
the immune status (represented by the time since
onset of patency) during the first parasitaemia of
a patient. Such age-dependent mortality is seen in
many species, whereby the Weibull and the
Gompertz distributions often provide satisfac-
tory models. In order to incorporate the age a of
gametocytes into the model, the dynamics have
to be described by a partial differential equation

895;[, a) + Oqga a_ ot g )

g(t, 0) = p(t — Ds)A(t — D), (10)

where g¢(t,a) is the probability density of
gametocytes which depends on time ¢ since the
onset of patency and on age a of the gametocytes.

The force of mortality wu(t, @) according to
Weibull is proportional to a’°. We choose 6 = 1
and extend the formula by adding a constant
term o, i.e. we assume that the mortality in-
creases linearly with age:

pa, 1) = (o + awa) + B logio(A(t) + 1). (11)

Incorporating this expression into eqn (9) leads
to the following discretized approximation
of G(t) which is used as the prediction formula in
the parameter estimation routines of models
W1 and Wz:

t

Gity= ).

t=D,+1

7(t — Dy)A(r — Dy)
X exp <— Uo(t — 1) —O%W (t* —1?)

— 3 gt + 1)) (12
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FI1G. 4. Comparison of the observed and expected gametocytaemia as predicted by models M, M,, G, and G,, respective-
ly (see Table 5 for parameter estimates). M ;: constant mortality and transition rates. M ,: constant mortality rate; this and all
further models assume different transition rates for each asexual wave. G: mortality rate grows exponentially with the age of
the gametocytes (Gompertz-type mortality). G,: like G, but with additional cytokine-mediated mortality (see text for details).
The asexual parasitaemia is used as input function from which the gametocytaemia is calculated. Maxima which define

asexual waves are marked with arrows at the upper margin: (---- ) asexual parasites; (@) observed gametocytes;
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Results are shown in Fig. 3 for f = 0 (model W)
and for estimated f§ (model W,). Compared to the
results of models M, and M, the improvements
are obvious.

As an alternative to the Weibull approach, we
may assume that gametocyte mortality increases
exponentially with age as predicted by the
Gompertz mortality model:

u(t, a) = uoe™* + flogio(A(t) +1). (13)

Incorporating this expression into eqn (9) leads
to the following discretized approximation
of G(t) which is used as the prediction formula in
the parameter estimation routines of models
G: and G3:

G(t) = Z V(T - DS)A(T - Ds)
t=D,+1
X eXp <— Ho (e™ 79 — 1)
ofe

~5 3 gt + 1) 14

Results of the proposed model are shown in
Fig. 4 for f =0 (model G;) and for estimated
p (model G,). The exponentially increasing mor-
tality leads to a more abrupt decline of the
gametocyte waves. Qualitative judgement of
graph G; already turns out to be quite satisfac-
tory, but the dips at the days 38 and 62 are fitted
much better by G,.

4. Fitting the Models to Individual Case Histories

A separate set of parameters was estimated for
each individual patient using a maximum likeli-
hood procedure for which we assume that the
reported gametocyte stage densities per 0.1 pl
blood are Poisson distributed. The expected time
series of gametocytes are calculated with the pre-
diction formulas of models M through G, (cf.
Table 1 for a model compilation), using the re-
ported densities of asexual parasites per 0.1 pl as
input. We fitted the course of parasitaemia up to
day 100 for each individual (unless it ended
earlier). Parasitaemias following day 100 often
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consisted of isolated observations of low density,
separated by large intervals of zeros. Our defini-
tion of waves would lead to many additional
y-parameters which may not reliably be esti-
mated from such sparse data. A 100-day fit
turned out to be a good compromise between
completeness and the capability of finding re-
liable parameter values. Unfortunately, data on
asexual parasites and on gametocytes are missing
for several days, but our formulas can only be
evaluated for a complete time series of asexual
parasites. Missing asexual observations are,
therefore, interpolated with a linear function. For
days with missing gametocyte observations, no
comparison between observed and expected
values is possible and the contribution to the
likelihood is set equal to one.

As the estimation procedure frequently con-
verged to local maxima, many runs were needed
for each patient before one could be sure to have
reached the global maximum. We performed up
to hundreds of repetitions, partially choosing in-
itial parameter values at random and partly start-
ing with parameter values which yielded the best
likelihood so far. The rather flat shape of the
log-likelihood may at least partly be caused by
relatively strong correlations of parameters, espe-
cially between transition rate and mortality rate.
A further problem concerns the estimation of
sequestration time D,. Being an integer, D, can-
not be estimated in a continuous maximization
procedure. Several maximization runs with fixed
values of D were performed and the value lead-
ing to the largest likelihood for the patient was
chosen.

5. Comparison of Models

A first quick model comparison can be made
by comparing the sums of the log-likelihoods
of all 262 patients for the different models.
The models T; (time-dependent mortality),
Wi (Weibull mortality) and G; (Gompertz
mortality) have the same number of parameters
and cannot formally be compared using likelihood
ratio tests. The difference of the log-likelihood
sums between T and W; equals 3913, indicating
that the assumption of Weibull mortality pro-
vided better fits than that of time-dependent mor-
tality. The difference between G; and W; equals

1054, indicating that the model with Gompertz
mortality fitted the data even better than that
with Weibull mortality. The same holds for the
models with additional cytokine-mediated mor-
tality: the difference between W, and T, equals
4661 and the difference between G, and W, equals
1253, again indicating that the data are best fitted
by using Gompertz mortality.

The model sequence Mi-M,-T1-T, 1is
hierarchically structured and, therefore, allows
comparisons with the likelihood ratio test. Forty
out of 262 cases have only one wave of asexual
parasitaemia, i.e. models M and M, are identi-
cal. For 198 out of the remaining 222 cases,
model M, leads to significantly better fits than
M (p < 0.05). Table 2 shows how the numbers of
cases where M, leads to significantly better fits
depends on the number of asexual waves (i.e. the
number of different y-estimates). Twelve out of
the 24 cases without significant improvement
show parasite courses which consist of only two
waves. A total of 129 fits is significantly improved
when going from model M, to T; (Table 2), i.e.
almost half of all cases are fitted better when
changing from a constant force of mortality to
a linearly increasing one. A monotonous trend of
the proportion of significant improvements de-
pending on the number of waves cannot be con-
firmed (p = 0.38; logistic regression). A total of 86
cases is significantly improved when going from
model Ty to T, (Table 2). The probability that
adding cytokine-mediated mortality leads to
a significant improvement of the fit grows with
the number of asexual waves per patient
(p = 0.004; logistic regression).

A second branch of hierarchically structured
models is given by the sequence M -M,-
Wi-W,. Going from M, to Wj, ie. using
age-dependent (Weibull) mortality instead of
constant u leads to 73 significantly improved fits
(Table 2) whereby the proportion of significant
improvements slightly increases with the number
of asexual waves (p = 0.04; logistic regression).
Adding cytokine-mediated mortality (model M)
leads to 76 significant improvements compared
to M, but a dependency on the number of waves
cannot be confirmed for this model (p =0.11;
logistic regression).

Finally, the sequence M ;-M,-G1-G, 1is
hierarchically structured. Model G; yields 82
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TABLE 2
Model comparison: number of significant and non-significant differences of hierarchically ordered models,
respectively, vs. number of asexual waves per patient. The 40 patients with only one wave do not allow
comparing M, and My because the two models become identical. Numbers of patients with a given number
of asexual waves are given in the bottom row

Number of asexual waves

Model Significant
Comparison difference 1 2 3 4 5 6 7 8 9 10 Y
M, vs. M, No (40) 12 5 1 2 2 1 1 0 0 24(+40)
Yes 0) 22 19 19 28 38 36 19 14 3 198
Ty vs. M, No 14 17 15 12 15 23 17 14 5 1 133
Yes 26 17 9 8 15 17 20 6 9 2 129
T, vs. Ty No 32 24 21 13 20 22 23 11 9 1 176
Yes 8 10 3 7 10 18 14 9 5 2 86
W, vs. M, No 31 21 19 12 24 34 20 11 7 1 180
Yes 9 13 5 8 6 6 17 9 7 2 82
W, vs. W, No 34 24 18 13 23 24 24 12 11 3 186
Yes 6 10 6 7 7 16 13 8 3 0 76
Gy vs. M, No 31 21 19 12 24 34 20 11 7 1 180
Yes 9 13 5 8 6 6 17 9 7 2 82
G, vs. Gy No 31 23 16 10 23 20 20 11 9 2 165
Yes 9 11 8 10 7 20 17 9 5 1 97
z 40 34 24 20 30 40 37 20 14 3 262

significantly better fits than M,, whereby the
proportion of improvements slightly increases
with the number of asexual waves (p = 0.04;
logistic regression). For 97 patients, model G,
fits significantly better to the data than model
G, again showing an increasing proportion
of significant improvements if the number of
waves per patient increases (p = 0.03; logistic
regression).

Summarizing, constant rates of gametocyte
production y and mortality u are not sufficient to
reproduce the observed patterns of gameto-
cytaemia. The use of wave-dependent transition
rates and non-constant mortality as well as the
incorporation of cytokine-mediated mortality
lead to considerable successive improvements of
the fits. The likelihood ratio tests of the three
hierarchic branches of models indicate that, in
general, either a time or an age dependency of the
force of mortality is given. Within each branch,
further improvements are made by adding
cytokine-mediated mortality.

A score value is introduced to compare models
which are not hierarchically connected, but have
the same number of parameters (model groups

T,-W1-G1 and T,-W,-G,, respectively). For
each patient, the likelihood values yielded by
the three models are sorted in decreasing order
and the models are given the scores 1, 2 and 3,
respectively. The frequencies of the scores, reach-
ed by each model, are depicted in Table 3.
In both model groups (with and without
cytokine-mediated immunity), the models with
Gompertz-type mortality yield the best scores.
The Weibull-mortality models rank second
whereas the models with time-dependent mor-
tality are inferior. Pairwise sign tests confirm
this ranking of models within each group
(p <0.001).

The ranking of the three models of highest
complexity T,, W, and G, is also visible in
Figs 5(a)-(c). The main differences of the models
lie in the reproduction of gametocytaemia dips
and of the phases between consecutive waves of
gametocytes. These features are best reproduced
by the Gompertz model with cytokine-mediated
mortality (G,). For a complete compilation
of all 262 individual fits see our internet web
page  http://www.uni-tuebingen.de/biometry/eu/
eu_index.html.
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6. Discussion

Gametocytes have been used in intrahost mod-
els by Hellriegel (1992) and McKenzie & Bossert
(1997, 1998), but these models lack verification by
means of comparison with data. In Hellriegel’s
model, the rate of conversion of asexual parasites
to gametocytes is constant (within a clone) and

TABLE 3
Model scores: for each patient, models with the
same number of parameters are compared with
each other: the fit with the highest likelihood scores
1, the fit with the lowest one scores 3

Number of fits with score

Model 1 2 3

Gy 128 108 26
Wy 65 172 25
T, 32 61 169
G, 147 87 28
W, 53 179 30
T, 31 62 169

sequestration is not taken into account.
Gametocytes die at a basic rate, enhanced by
immune effectors which interact with asexual
parasites and gametocytes. McKenzie & Bossert
(1997) investigate a system of three ordinary
differential equations which describe asexual
parasites, gametocytes and immune effectors.
Concerning gametocytogenesis, they examine
three cases: the number of gametocytes produced
is proportional (i) to the asexual parasite density,
or (ii) to the product of the asexual parasite
density and the immune effector density, or (iii) to
the square of the asexual parasite density. Se-
questration of gametocytes is not explicit in the
equations, but their display is delayed by ten
days. According to their model, gametocytes die
at a constant rate which is unaffected by immun-
ity. Both Hellriegel and McKenzie & Bossert
(1998) explore interactions between two parasite
clones differing in their rates of gametocyto-
genesis.

According to our estimates, the transition rates
y vary considerably between different patients
and between different asexual waves of the same
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FIG. 5. Comparisons of the results of the three models of highest complexity (T,, W, and G,; see Table 5 for parameter
estimates). All models include cytokine-mediated mortality and different transition rates for each asexual wave. T,: the
base-line mortality rate grows linearly with time. W,: the base-line mortality rate grows linearly with the age of the
gametocytes (Weibull-type mortality). G,: the base-line mortality rate grows exponentially with the age of the gametocytes
(Gompertz-type mortality). (--—---- )asexual parasites; (@)observed gametocytes; (wmmm ) Ty; (ceeer) Wy (a=ee) G
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patient: some asexual waves produce practically
no gametocytes whereas, in the other extreme,
practically all asexual parasites of a wave may
contribute to gametocyte production. Some
quantiles of y are given in Table 4, together with
those of the other parameters of G, (a stratified

analysis of the estimated y-values will be per-
formed in a later publication).

The population median of the estimated
gametocyte sequestration time Dj is seven days.
Fifty percent of the Dy values range from 6 to
8 days (Table 4). The strongest information
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TABLE 4
Quantiles of parameter estimates for model G,: parameter values below the numerical
precision (i.e. < 107°) are set to zero

Parameter min 10% 25% Median 75% 90% max
D, (days) 1 4 6 7 8 9 33

7 (days™1) 0 0 224E —4  344E —3 1.54E -2 518E—-2 1.00
Ho (days™1) 0 0 222E -4 3.00E -2 1.10E — 1 234E —1 1.00
og (days™1) 0 0 4.50E — 2 1.76E — 1 7.39E — 1 1.00 1.00
B (days~ ') 0 0 0 2.90E — 3 1.88E —2 394E —4 1.00

Parasites/gametocytes per pl

50 60 70 80 90 100

Time (days)

FIG. 6. An unsatisfactory fit (dotted line) which can be improved (full line) by assuming an additional asexual peak at day
24, contrary to the given rule (long arrow at the upper margin; see Table 5 for parameter estimates). G,: the model assumes
that mortality grows exponentially with the age of the gametocytes (Gompertz-type mortality) and is complemented by
a cytokine-mediated mortality term; transition rates differ for each asexual wave. (wmm ) asexual parasites; (@)observed

2ametoCytes; (smramm- ) G,; (——) corrected.

on Dy comes from the time difference between
the peak of the first asexual wave and the peak of
the first wave of gametocytaemia. Estimation of
the sequestration time may be biased because
gametocytes were only likely to be observed if
their density became larger than the detection
level 10/ul of circulating blood. An initial wave of
asexual parasitaemia with very low production
rate (small y) may have produced so few
gametocytes that none of them was observed by
the microscopist. In such a case, estimation of
Dj; relies on matching subsequent asexual waves
(which are much smaller than the initial one) with

subsequent gametocyte waves (which again are
distorted by gametocyte mortality), so that—in
case of a mismatch—D; may presumably be
overestimated. In our models, we assume that for
each patient the sequestration time is constant.
Generally, a constant D, yields satisfactory
results, but for one patient (G161; Fig. 7) the
sequestration time seems to change over time.
Attempts to incorporate a changing D; into the
models failed because of lack of information in
the data.

Some shapes of the Gompertz and Weibull-
type survival functions are shown in Fig. 8 using
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FIG. 7. An unsatisfactory fit (dotted line) which can be improved (full line) by assuming an additional asexual peak at day
24 (long arrow at the upper margin), contrary to the given rule, and by increasing the delay D, by two days (see Table 5 for
parameter estimates). G,: the model assumes that mortality grows exponentially with the age of the gametocytes (Gompertz-
type mortality) and is complemented by a cytokine-mediated mortality term; transition rates differ for each asexual wave.
(- ) asexual parasites; (@) observed gametocytes; (sasams ) G,; (=) corrected.
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F1G. 8. Gametocyte survival functions corresponding to the linearly (—, denoted “W” and “W + toxin”) and exponenti-
ally ( ----, denoted “G” and “G + toxin”) increasing mortality, respectively. The parameter values are the estimates which were
used in Fig. 3 (see Table 5). The curves without the dots show how gametocytes survive in the absence of asexual parasites,
whereas the dotted curves assume a singular asexual peak of 500000 parasites per pl at day 3. (=) G; (== ) W;
(—e— ) G + toxin; (...e... ) W + toxin.



TABLE 5
Parameter estimates of the examples presented in Figs 2-5: the first columns contain patient I1Ds and model identifiers; the suffix “-x” refers to the
additionally defined asexual waves between y, and 75 (see Figs 6-7 and text for details). The o-column refers to either oy, ay or o, depending on
the model. The units of the parameters are (days) for Dy, (days™?) for oy and oy, and (days ™) for the other parameters. Parameter values below
the numerical precision (i.e. < 107 °) are set to zero

Patient Model D, Ho o p Y1 V2 V3 N Vs Ve Figure
S1300 M, 7 188E—-1 — — 710E -2 — — — — — 2
S1300 M, 7 1.73E—-1 — — 1.73E—1 6.03E -3 173E—2 164E—-2 0 — 2
S1300 Ty 7 I.IBE—1 294E-3 — 1.62E—1 895E —3 26lE—2 460E—-2 693E—2 — 2
S1300 T, 7 1.I7TE—-1 O S62E—2 143E—1 194E-2 30lE—2 339E—-2 638E—2 — 2
G305 M, 7 1.62E—-1 — — 454E -2 — — — — — 3
G305 M, 6 130E—-1 — — 140E—1 3.67E—2 7.68E—3 0 0 — 3
G305 W, 6 0 1.82E—-2 — 1.I0E—1 3.66E —2 671E—3 48E—-4 0 — 3
G305 W, 6 0 1.54E -2 217E—2 1.05E—1 388E-—2 127E—-2 191E—3 38lE—4 — 3+8
G305 G, 6 015SE—1 230E—1 116E—2 991E—2 3.56E—2 939E -3 1.I13E—-3 205E—-4 — 3+8
G104 M, 7 140E—-1 — — JISE-2 — — — — — 4
G104 M, 7 LISE—-1 — — 410E —2 8.56E —3 0 0 216E—-3 176E—-2 4
G104 G, 7 645E —2 596E -2 — 355E—2 944E -3 305E—-3 227E—-3 670E—-3 145E—2 4
G104 G, 7 534E—2 S58E-—-2 474E—-2 325E—2 258E -2 266E—2 103E—2 122E—2 445E-2 4
G299 T, 10 I8IE—1 O 0 834E —3 682E-—3 398E—3 688E—3 0 4.31 5(a)
G299 w, 10 0 1.67E—2 443E—-3 647E—3 435E-3 849E —4 424E-3 0 0 5(a)
G299 G, 10 127TE—-2 200E—1 9.62E—3 694E —3 392E —3 0 359E—-3 0 1.70E — 4  5(a)
G338 T, 7 401E—2 204E—-3 218E—2 172E—2 3.04E -2 146E —2 137E—2 — — 5(b)
G338 W, 6 0 836E—3 S8IE—2 143E—-2 232E-2 820E—3 0 — — 5(b)
G338 G, 6 842E—-3 180E—-1 644E—2 13lE—2 221E-2 8O07TE—3 0 — — 5(b)
S1326 T, 5 0 0 411E—-2 191E-2 0 1.03E—3 587/E—3 103E—2 951E—3 5(¢)
S1326 w, 5 269E —5 885E—-3 336E—-2 177TE—-2 0 987E —4 544E—3 983E -3 128E—2 5(¢)
S1326 G, 5 290E —5 1.00 283E—2 156E—-2 0 9.10E—4 479E—-3 872E—3 16l1E—2 5(¢)
G139 G, 8 20E—2 208E—-1 0 1.37E—-4 1.74E -2 473E—-3 286E—-3 127E—-3 — 6
G139 G,-x 8 506E—-2 126E—-1 0 1.71IE—4 297E—-4 244E—-2 527E—-3 345E—-3 121E-3 — 6
G161 G, 7 425E—-2 0 213E—1 153E—-2 195E-2 210E—1 114E—-1 214E-2 S579E-3 7
G161 G,-x 9 594dE—2 0 358E—2 278E—-2 994E—-4 S536E—2 333E—1 143E—-1 453E—-2 1I2E—-2 7

9C1

TV L4 ddNddId 'H 'H
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parameter estimates of W, and G, for patient
G305 (cf. Fig. 3). Undisturbed gametocyte sur-
vival in the absence of asexual parasites is depic-
ted with bold curves. The dotted curves show
how survival decreases on day 3 because of
cytokine-mediated mortality, caused by a large
singular peak of 500000 asexual parasites per pl.
The choice of the expression f logio(A(t) + 1) to
model cytokine-mediated mortality is somewhat
arbitrary and may be regarded as an experi-
mental feature which allows to incorporate addi-
tional mortality, caused by high asexual stage
densities. Although the fits of models G; and
W, (i=1,2) seem to differ only slightly
[Figs 5(a)-(c)], epidemiological implications can
depend crucially on the shapes of the gametocyte
survival functions.

Our parameter estimation leads to a few unac-
ceptable fits, two of which are depicted in Figs. 6
and 7 (dashed graphs). Patient G139 (Fig. 6) may
have an additional wave of asexual parasites,
caused by a different Pf.mpi-variant, between
days 15 and 30, which is not recognized as separ-
ate wave by our definition. Assuming an addi-
tional peak on day 24, one more y-value needs to
be estimated and the resulting fit becomes much
more acceptable (Fig. 6). A similar problem oc-
curs with patient G161 (Fig. 7): inserting an addi-
tional peak on day 24 and increasing the delay
D by two days improve the fit considerably. The
additional delay of two days leads to a bias at the
beginning of the curve but improves the fit for
the remainder of the curve considerably.

To conclude, we found that the gametocyte
sequestration time lasts about one week. Esti-
mates of the transition rates of asexual parasites
to gametocytes, y, change considerably among
different waves of asexual parasites of each pa-
tient. Gametocyte survival can best be modelled
by using an age-dependent Gompertz-type mor-
tality. There is also strong evidence that high
parasite densities increase the mortality of gameto-
cytes, supporting the hypothesis of cytokine-
mediated mortality. This shows that the dynamics

of gametocytogenesis and gametocytaemia are
much more complicated than assumed in pre-
viously published models.
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