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In malaria holoendemic settings, decreased parasitemia and clinical disease is associated with age and cumula-
tive exposure. The relative contribution of acquired immunity against various stages of the parasite life cycle is
not well understood. In particular, it is not known whether changes in infection dynamics can be best explained
by decreasing rates of infection, or by decreased growth rates of parasites in blood. Here, we analyze the dynam-
ics of Plasmodium falciparum infection after treatment in a cohort of 197 healthy study participants of differ-
ent ages. We use both polymerase chain reaction (PCR) and microscopy detection of parasitemia in order to
understand parasite growth rates and infection rates over time. The more sensitive PCR assay detects parasites
earlier than microscopy, and demonstrates a higher overall prevalence of infection than microscopy alone. The
delay between PCR and microscopy detection is significantly longer in adults compared with children, consis-
tent with slower parasite growth with age. We estimated the parasite multiplication rate from delay to PCR and
microscopy detections of parasitemia. We find that both the delay between PCR and microscopy infection as
well as the differing reinfection dynamics in different age groups are best explained by a slowing of parasite
growth with age.
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Plasmodium falciparum infection is estimated to cause
over 1 million deaths annually [1]. The majority of
symptomatic malaria occurs in children aged less than
5 years, and increasing age and exposure to infection is
associated with a reduced risk of pathology and
reduced level of parasites observed in the blood. The
mechanisms of this acquired resistance to P. falciparum
are unclear. Cell-mediated and humoral immune re-
sponses targeting pre-erythrocytic stages may reduce
the number of sporozoites that invade hepatocytes and/

or impair progression through hepatic schizogony,
thereby preventing the initiation of new Figure 2A
blood-stage infections. Alternatively, immune respons-
es targeting the erythrocytic stage of infection may
inhibit parasite replication and slow or prevent parasite
growth in the blood. A number of studies have attempt-
ed to correlate the levels of different immune responses
and protection from malaria [2–8]. However, it has
often proved difficult to find an association between a
particular immune response and protection. Moreover,
because exposure to repeated infection is thought to be
necessary to induce age-associated resistance, this
would likely also induce a variety of immune responses
(be they protective or not), confounding the analysis.
Thus, any observed association between immune re-
sponse and clinical and parasitological outcome may
not necessarily be causal.

One alternative to measuring immune responses and
attempting to correlate these with protection is simply
to observe how the characteristics of infection itself
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change with age. That is, if we can identify how the dynamics
of infection change with age, we can potentially infer what
immune mechanisms might have been responsible for these
changes. A number of recent studies have used an approach of
prior treatment to cure existing infections and subsequent close
monitoring of cohorts living in malaria-endemic areas [9–15].
This allows observation and comparison of the dynamics of in-
fection in individuals of different ages. Early studies of treat-
ment and infection found no effect of levels of
circumsporozoite antibodies in patients experiencing reinfec-
tion by 98 days posttreatment [16]. However, recent studies
show an increasing delay in the timing of first infection with
age, and a decrease in the prevalence and level of parasitemia
with age. The central question is then whether the observed dy-
namics can be best explained by changes in liver-stage immuni-
ty (reducing the number of emergent blood-stage infections),
or blood-stage immunity (slowing the growth of parasites in
blood). Using a combination of statistical analysis and modeling
of the changes in time-to-first-infection with age, we have recent-
ly demonstrated that the dynamics of infection could be best ex-
plained by a decrease in parasite multiplication rate with age [17].

In the present study, we aim to estimate parasite growth rate
in blood using a number of different approaches to compare
growth rates in individuals of different ages. Using a combination
of microscopy and polymerase chain reaction (PCR) detection of
parasites over time, we show a significant slowing of parasite
growth rate with increasing age. We argue that the major age-
associated changes in infection dynamics can be explained, at
least in part, by changes in parasite multiplication rate with age.

METHODS ANDMATERIALS

Field Study
The field study data were obtained from a cohort study of 201
patients in a holoendemic region of western Kenya, performed
in 2003 [8]. Subjects were treated with Coartem, which is effec-
tive against blood-stage infection but does not affect liver-stage
parasites [18]. After treatment, blood smears were monitored
weekly for 11 weeks for the presence of P. falciparum parasites
by light microscopy. Patients were removed from the study if
they were found microscopy-positive by week 2 after treatment
(due to presumed treatment failure), or if weekly samples were
not collected after the second week after treatment, thus leaving
197 individuals for analysis. The cohort was divided into 4 age
groups for analysis (1–4, 5–9, 10–14, >15 years old). The groups
are referred in the study as C1, C2, C3 (children of increasing
age), and A (adults), respectively. The results of the microscopy
study [19] as well as an analysis of the dynamics of infection
using the microscopy data [17] have been previously published.

The present study extends this work by the analysis of
whole-blood samples by PCR to increase the sensitivity of de-
tection of P. falciparum parasitemia. The nested PCR method

that was used in analyzing the data is described in [20]. This
analysis was performed post-hoc, and thus did not affect the in-
clusion criteria for the field study.

Estimating the Delay Between PCR and Microscopy Detection
In order to estimate the delay between PCR and microscopy de-
tection, we tracked each patient longitudinally from the time of
treatment and identified the first week when parasites were de-
tected by PCR, and then the delay until parasites were detected
by microscopy. If both were detected first in the same week,
then the delay was zero. In the case where a patient became
PCR positive but did not subsequently become microscopy
positive before the end of the study period, we simply estimated
the minimum delay from PCR to microscopy positive as being
the time from PCR detection to the end of the study.

Estimating Growth Rate Using PCR and Microscopy Data
We also can assess the growth rate of parasites (expressed as the
mean parasite multiplication rate [PMR]) in individuals of dif-
ferent ages using the time between PCR and microscopy detec-
tion for each study participant. Because the PCR measurement
shows only the presence or absence of parasites above a thresh-
old rather than the concentration of parasites, we cannot esti-
mate the growth rate precisely. However, we can estimate the
minimal growth rate, being the rate that would allow for
growth from the last PCR-negative time point to the level of
parasitemia at the first positive microscopy time point. Similar-
ly, the maximal growth rate can be estimated from the first PCR
positive to the first microscopy positive time point. The scheme
of estimation of growth rate is shown in Figure 1. Using a geo-
metric growth assumption, we can calculate the growth rate

Figure 1. Method for estimated growth using PCR and microscopy mea-
surements in each patient. Minimal and maximal growth rates (incline
lines) are estimated from the last PCR negative (A) or first positive (B)
week of PCR detection through to the observed level of parasitemia on the
week of microscopy detection. Horizontal lines indicate microscopy and
PCR detection thresholds. Minus or plus denotes negative or positive mea-
surement, respectively. Abbreviation: PCR, polymerase chain reaction.

Decreased P. falciparum Growth With Age • JID 2014:209 (1 April) • 1137



between 2 measurements as

r ¼ ðC=AÞ2=ðtmicro�tpcrÞ: ð1Þ

Formula (1) was derived from CðtÞ ¼ Art=2, where r is the
growth rate (PMR); A is the concentration of parasites detected
by PCR; C is the concentration of parasites at the microscopy
detection point; t the time passed after the initiation of blood-
stage infection; and tPCR and tmicro the time of detection by
PCR and by microscopy, respectively.

We note that the minimal PMRs calculated will tend to
exclude patients with very low PMR who do not become mi-
croscopy positive before the end of the study. Therefore, for
these patients, we estimate the maximal PMR given the data (ie,
assuming the study participant was at the PCR-detection
threshold on the first PCR-detection day, and at the microsco-
py-detection threshold at the last day of the study).

Modeling the Dynamics of Infection
The analysis of the infection curves from the field study data in-
dicates a delay in the timing of infection between the youngest
children and older children and adults in the study using mi-
croscopy detection. However, in the PCR detection data, the
curves are much more similar (Figure 2). We have previously
applied a mathematical modeling approach to “reverse engineer”
the infection curves derived from the microscopy infection data
[17]. In that study, we showed that the microscopy infection
curves in the different age groups are consistent with the reduc-
tion in the PMR with age, leading to a delay in the time until the
detection of infection, as well as a reduced peak of parasitemia.

We could not obtain the observed infection dynamics by model-
ing liver-stage immunity alone. In the current paper, we extend-
ed mathematical models that were developed in [17] for both
PCR and microscopy data to find if our previous conclusion is
consistent with the more sensitive PCR detection method.

In this study, we first repeated our fitting of the infection
curves for different age groups, changing only the average
growth rate between groups. However, we fitted the model to
the infection curves of both PCR and microscopy detection
(detailed in Supplementary Text 1, Part 1). We also used alter-
native models to explore whether liver-stage immunity, or com-
binations of liver- and blood-stage immunity, may also explain
the observed infection curves. The detailed descriptions of
these models are in Supplementary Text 1, Parts 2, 3, and 4.

RESULTS

Detection of Infection by PCR Changes Observed Infection
Dynamics
We and others have previously reported that the infection dy-
namics of the different age groups show an unusual pattern of
infection when infection is defined by detection using micros-
copy [17]. That is, for the youngest age group, the infection
curve conforms nicely to a simple exponential curve, where the
rate of initiation of new blood-stage infection is around 0.5 per
week. However, the curves in adults show a much more complex
pattern, with an apparent delay until the first detection of infec-
tion by microscopy. The curves observed for PCR detection are
quite different from that for microscopy. For all age groups, in-
fection is first detected earlier by PCR, and looks much more

Figure 2. The dynamics of infection. A, The “survival curve,” indicating the fraction of uninfected patients for different age groups detected by micros-
copy (dashed lines), or by PCR (solid lines). Different colors indicate different age groups; C1 (1–4 years old), blue triangles and blue lines; C2 (5–9), green
diamonds and green lines; C3 (10–14), orange squares and orange lines; A (>15), red circles and red lines. B, The delay between PCR and microscopy de-
tection is indicated for each patient. Solid diamonds are patients where both PCR and microscopy measurements are present. Open diamonds are patients
where only PCR detection occurs before the end of follow-up; in this case, the delay indicated is from PCR detection to the final follow-up time (week 11).
Median growth rates and interquartile range are indicated. Horizontal bars above indicate groups that are significantly different (P < .05, Kruskal–Wallis
test). Abbreviations: A, adults; C1, C2, C3, children of increasing age; PCR, polymerase chain reaction.
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like the simple exponential curves observed for microscopy
among children (Figure 2A). This change in infection curves is
consistent with altered parasite growth being the major diffe-
rence between age groups; the lower threshold for parasite de-
tection by PCR minimizes any delay caused by slower parasite
growth that we previously observed in the microscopy data.

A number of previous studies have observed a delay in time-
to-first-infection after treatment with age, and in this study,
such an association was previously observed using microscopy
data [14, 17]. Comparison of the rate of infection obtained by
microscopy with that observed using PCR shows that a higher
proportion of individuals were observed to be infected earlier
after treatment using PCR, as might be expected from a more
sensitive test. Figure 2A shows the microscopy and PCR infec-
tion curves for each age group over the 11 weeks of the study.
The curves were estimated using the Kaplan–Meier method,
which is suitable for the processing of censored data.

Increasing Delay From PCR Detection to Microscopy Detection
With Increasing Age
In order to determine the reason for the delay in detection of
parasites by microscopy in the older cohorts, we studied the
time taken to go from becoming PCR positive to become mi-
croscopy positive. That is, if delayed detection in adults is due
to slower parasite growth, then we expect that there should be a
greater delay between PCR detection and microscopy detection
the slower the parasite growth (Figure 3A). However, if delayed
detection of adults were due to a decrease in the rate of initia-
tion of blood-stage infection, but parasites all grew at the same
rate after infection, then we would expect no change in the
delay between PCR detection and microscopy detection with
age (Figure 3B). Consistent with slower growth of parasitemia

with age, we saw a significantly greater delay between becoming
PCR positive and microscopy positive in older individuals
(Figure 2B). Children aged <5 years had a mean delay of 9.23
days. By contrast, adults (>15 years) showed a mean delay of
24.5 days, which was significantly slower (P < .05, Kruskal–
Wallis with posttest).

Slower Growth of P. falciparumWith Age
The delay between PCR detection and microscopy detection
discussed above ignores the data we have on parasitemia levels
by microscopy, and instead merely asks if the microscopy was
positive or negative. However, it is also possible to directly esti-
mate parasite growth from the timing of initial PCR detection
(which is not quantitative) and the level of parasitemia when
first observed by microscopy (which is quantitative). Our PCR
detection approach gives only a “plus” or “minus” level—
whether the parasitemia exceeded the threshold for detection
or not. Moreover, the threshold for detection is also an esti-
mate. Therefore, our measurement of PMR must frequently
rely on estimating the minimal growth rate that could have pro-
duced the observed data. However, any inaccuracies in the
threshold or issues with estimating growth rate should be mini-
mized by using the same approach to estimate growth in adults
and children. Analysis of PMR estimates from the different age
groups using this approach again demonstrates significantly
slower growth of parasites in adults compared with children
(Figure 4).

Modeling Slower Parasite Growth and Delayed Time to
Detection With Age
In our previous study, we analyzed the curves of “time to detec-
tion” of first microscopic detection of P. falciparum infection of
the different age groups, and used a deterministic model of

Figure 3. Schematic of the possible mechanisms for delay in detection of infection. If parasite growth is reduced by blood stage immunity (A), the delay
between the PCR and microscopy detections will be shorter in individuals with high growth (i) compared to patients with low PMR (ii). If infection is
delayed because liver-stage immunity blocks some infective bites (B), then the delay between the PCR and microscopy detection is the same in individuals
with low immunity (i) and in individuals with stronger immunity (ii). Incline lines indicate schematic parasite growth curves. Horizontal lines indicate the
PCR and microscopy detection thresholds. Abbreviations: PCR, polymerase chain reaction; PMR, mean parasite multiplication rate.
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parasite growth to argue that the dynamics of infection are ex-
plained by a model of decreasing PMR with age, with a distri-
bution of PMR within age groups [17]. After generating
“survival curves” of time to first detection, we showed that a
model of decreasing mean PMR can fit the field study micros-
copy data on time to infection extremely well, with only 1 pa-
rameter (mean PMR) changing between age groups. If this
mechanism and modeling is correct, then we should be able to

use the same model to simultaneously fit both the microscopy
and PCR data on time to detection, using only 1 additional pa-
rameter: the threshold of detection by PCR.

We used a step-wise approach of first fitting a model with
the same PMR and rate of initiation on new infections for all
age groups. This produced a poor fit to the data, as shown in
Supplementary Text 1, Part 3. We then allowed the PMR to
differ with age group, and also to have a distribution within age
groups. In this case, we fitted 7 parameters. Figure 5 shows the
simultaneous fitting of the microscopy and PCR-derived sur-
vival curves for the different ages, fitting the optimal PMR for
each age group. This illustrates how a simple change in mean
growth rates in different age groups can explain features such as
the unusual sigmoid shape of the adult microscopy reinfection
curve, as well as the shift to the left and change in shape ob-
served with the PCR detection curve (Figure 5). The best-fit pa-
rameters are shown in Table 1.

The estimated PMR differed significantly between age
groups, varying from approximately 6.0 per day in the youngest
age groups to approximately 1.5 per day in the adults. The esti-
mated rate of initiation of new blood-stage infections was con-
sistent with that estimated by fitting of an exponential to the
survival curve of the youngest age group (0.48 bites per week).
The estimated PCR detection threshold was 0.12 parasites per
microliter, which conforms to estimates in the published data
[21–28]. This lower detection threshold reduces the time from
emergence of the liver stage until detection, and makes the
overall infection curve much more exponential (Figure 5B).
The figures of distributions of PMR and delays to detection are
in Supplementary Text 1, Part 1.

We also fitted models assuming liver-stage immunity, or
combinations of liver- and blood-stage immunity, and found
that either liver-stage immunity alone, or combinations of

Figure. 5. Modeling reinfection simultaneouly fitting to PCR and microscopy curves. The “survival curves” until detection of P. falciparum infection by
microscopy (left) or PCR (right) of the different age groups are indicated for both the experimental data (solid shapes) and the model fit (solid and dashed
lines). The model shows that both the shapes and delay in the curves can be explained simply by reduced parasite growth rate with age. Abbreviation:
PCR, polymerase chain reaction.

Figure 4. Reduced parasite growth rate with age. The estimated para-
site growth rates for individuals in the different age groups are indicated.
Median growth rates and interquartile range are indicated. Horizontal bars
above indicate groups that are significantly different (P < .05, Kruskal–
Wallis test). Abbreviations: A, adults; C1, C2, C3, children of increasing
age; PMR, mean parasite multiplication rate.
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liver- and blood-stage immunity, did not give a better fit to the
reinfection data (Supplementary Text 1, Parts 2–4).

DISCUSSION

Older individuals in holoendemic malaria regions show reduced
rates of clinical malaria and reduced prevalence and levels of par-
asitemia. The mechanisms of this age- and exposure-associated
protection are unclear, but may provide significant insights to
aid the development of vaccines and immune therapeutics.
Here, we have analyzed the dynamics of infection of a cohort of
individuals of different ages living in a holoendemic setting in
western Kenya in order to assess the changes in parasite infec-
tion dynamics with age. We look at the rate of detectable infec-
tion that was observed using both microscopy detection of
parasitemia (previously reported [17]) and PCR detection of
parasitemia performed on the same samples. We observed that
there was a significantly greater delay between PCR detection
and microscopy detection in older children and adults than in
younger children (age <10 years), consistent with slower para-
site growth associated with increasing age and cumulative expo-
sure to malaria. Direct estimates of the growth rate of parasites
and modeling of the dynamics of reinfection confirm a reduc-
tion in parasite growth rate with age in this cohort. Our esti-
mates of parasite multiplication rate are in keeping with
previous estimates in the literature [29, 30], and significantly
lower than estimates derived from studies of unexposed volun-
teers [22, 31]. This suggests that even in our youngest age
group, there is already likely to be a significant reduction in
parasite growth rate compared with unexposed individuals.

Our observations suggest that the rate of initiation of new
blood-stage infections may not change significantly with age,
because the reinfection curves are well explained by a model

that uses the same rate of infection in each age group and that
invokes only differences in parasite growth rate with age. This
does not preclude some effects of liver-stage immunity, because
it could be that adults receive more infected bites but more ef-
fectively reduce the number of those that progress through the
liver stage, thus leading to the same observed rate of new
blood-stage infections. However, the most parsimonious expla-
nation seems to be that there was the same infection rate in dif-
ferent age groups. A more sensitive study, able to detect the
first release of blood-stage parasites from the liver, would be
ideal to resolve this issue. If our conclusion that growth rate dif-
ferences are the major discriminator between age groups is
true, then we should expect to see the infection curves in differ-
ent age groups become overlapping as the sensitivity of detec-
tion is reduced.

One limitation of our study is that our sampling was limited
to parasites present in peripheral blood. Thus, in principle, a
higher level of parasite sequestration in adults could lead to an
apparent reduction in peripheral parasitemia, and subsequently
an underestimation of the growth rate. However, because se-
questration is transient during the infection cycle and also
more likely to affect younger individuals, this seems unlikely to
play a major role in our observations. Studies of P. falciparum
histidine-rich protein (PfHRP2) permit some estimation of the
total body burden of parasites, avoiding the potential issue of
measuring only parasites in peripheral blood with no estimate
of those that sequestered in various vascular beds. However, we
note that these estimates are themselves strongly affected by as-
sumptions about the underlying parasite growth rate [32].

A number of studies have shown that either mosquito infec-
tion or injection with live or attenuated sporozoites is able to
elicit sterilizing immunity from mosquito infection in vaccinat-
ed volunteers [33–35]. It is therefore somewhat surprising that
we find no evidence for liver-stage immunity in this heavi-
ly exposed population. This difference of immunity may be ex-
plained by factors such as the low dose of sporozoites
inoculated during natural infection, or the effects of subsequent
blood-stage replication of the parasite on liver-stage immuni-
ty [36]. Understanding whether the lack of liver-stage immuni-
ty in the field is due to lack of priming, lack of memory, or lack
of effector function (due to factors such as antigenic variation)
is important to predicting the efficacy and longevity of liver-
stage vaccines in the field.

The present study suggests that the reduction in parasite
growth rate due to blood-stage immunity may be the major
change occurring with age and exposure to infection, and that
this may explain the relative protection from clinical disease ob-
served in adults. This suggests, in turn, that vaccines aimed at
blood-stage infection may be able to achieve similar levels of
protection by reducing parasite growth rates even if they are
unable to induce sterile immunity that would prevent blood-stage
infections. This does not preclude a role for liver-stage-targeted

Table 1. Thе Best Fit Parameters and the Goodness of Fit Statistic
for the Blood-Stage Immunity Model

Parameter Estimate Units 95% CI

Mean growth rate (PMR)

1–4 age group 6.03 Per cycle (2.90, 9.17)
5–9 age group 2.90 “ (2.44, 3.35)

10–14 age group 1.73 “ (1.64, 1.83)

≥15 age group 1.48 “ (1.42, 1.53)
Rate of initiation of
blood-stage infections

0.069 Blood
inf./day

(.060, .079)

Standard deviation of
growth rate (as
proportion of mean)

0.25 (.204, .299)

PCR detection threshold 0.12 Parasites/μL (.070, .178)

Akaike information criterion −197.7

Abbreviations: CI, confidence interval; inf., infection; PCR, polymerase chain
reaction; PMR, mean parasite multiplication rate.
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vaccines, as it may be that vaccination can achieve a level of im-
munity not seen in natural exposure. However, our studies of
natural infection do suggest that blood-stage immunity is
achievable and is a major determinant of the different infection
dynamics seen in different age groups. A major goal of future
work should be to identify the molecular and cellular mecha-
nisms of such immunity and to include reductions in parasite
growth rate as a secondary outcome in malaria vaccine trials.
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