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For pathogenic organisms, faster rates of multiplication promote transmission
success, the potential to harm hosts, and the evolution of drug resistance. Par-
asite multiplication rates (PMRs) are often quantified in malaria infections,
given the relative ease of sampling. Using modern and historical human infec-
tion data, we show that established methods return extraordinarily - and im-
plausibly — large PMRs. We illustrate how inflated PMRs arise from two facets
of malaria biology that are far from unique: (i) some developmental ages are
easier to sample than others; (ii) the distribution of developmental ages
changes over the course of infection. The difficulty of accurately quantifying
PMRs demonstrates a need for robust methods and a subsequent re-evaluation
of what is known even in the well-studied system of malaria.

How and why multiplication rates are calculated

The rate at which pathogenic organisms multiply determines their capacity to harm their hosts
[1,2] and to evolve traits of concern like drug resistance [3]. Accordingly, substantial effort has
gone into characterizing multiplication rates in pathogenic organisms that impose major health
burdens, such as malaria parasites (e.g., [4—17]). Despite considerable effort and the comparative
ease of sampling blood-borne parasites, it has proven difficult to link faster multiplication rates
with disease severity in human malaria infections (reviewed in [18]). The lack of a consistent pat-
tern suggests either a gap in understanding — where faster multiplication does not result in greater
pathology due to as yet unidentified reasons — or methodological challenges that prevent accu-
rate estimation of PMRs. The challenge of linking multiplication rates to infection outcomes will
only be magnified in pathogenic organisms that are harder to sample.

Multiplication rates are the fold change in numbers over a generation, or for pathogenic organ-
isms, a replicative cycle. Malaria parasites take time, typically a multiple of 24 h that depends
on the malaria species [19], to develop and replicate within red blood cells (RBCs) before bursting
out of infected RBCs (iRBCs) (see Glossary) to invade new RBCs and continue the replicative
cycle. The PMR represents the fold change of the iRBC population over each replicative cycle.
For the human malaria parasite Plasmodium falciparum, PMR indicates the fold change over 2-
day intervals (e.g., [4]), typically estimated either directly from observed iRBC counts (PMRps)
or via log-linear regression (PMR¢), illustrated in Figure 1A,B. Observed PMRs (PMR,s in Equa-
tion 1 in Figure 1B) are calculated by taking the observed iIRBC count 2 days in the future divided
by the present iRBC count. PMRs via linear regression (PMR,¢4 in Equation 2 in Figure 1B) are ob-
tained by linear regression for each patient of log; iIRBC count as a function of day, where m is
the determined intercept and b is the slope [5,18]. PMR,,s can be estimated whenever the iRBC
counts are available from the relevant times (¢, t + 2) and can change over time to reflect changes
in population growth rates over the course of infection. In contrast, PMR, is only appropriate
when iRBC abundance is growing in a log-linear fashion and returns a single, constant population
growth rate.
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Theory assumes that multiplication rates
of pathogenic organisms have substan-
tial influence on disease severity and
spread.

Malaria infections represent one of the
most straightforward systems in which
to measure parasite multiplication rates
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to link to health outcomes.

Applied to human infection data, stan-
dard methods for estimating PMRs
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ceeding the maximum expansion rate
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severity.
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Figure 1. Methods for estimating parasite multiplication rate (PMR) rely on counts of circulating infected red blood
cells (IRBCs), often yielding extraordinary PMRs. (A) Circulating iRBCs (unbroken gray line) represent more or less of the
total IRBC population (unbroken thin black line) depending on the timing of sampling (open gray circles). Simulated data
assume initial synchrony with a parasite age range spanning 9 h (i.e., 99% of the first wave of bursting occurs over 9 h) and an
initial median parasite age of 16 h. PMRs estimated from observed iRBC abundance using Equation 1 are indicated with unbroken
red lines (PMR,s, maximum bolded), and PMR from regression using Equation 2 with a broken blue line (PMR,g). (B) Both
PMR,s (closed red circles) and PMR,o, (0pen blue diamonds) greatly exceed the true PMR of 6. Individual patient time series
used to infer PMRs are shown in gray at left for controlled human infection (CHI) trials (C) and the malariatherapy (MT) data set
(B), with the trajectory corresponding to the maximum PMR ., bolded in blue. The corresponding inferred PMRs are shown at
right on a logarithmic scale (D and F, respectively). Dark gray rectangles highlight PMRs below 16, a plausible median burst
size based on in vitro assays [6]. Light gray rectangles indicate values that fall above 16 but below the maximum of 32 [24]. Indi-
vidual patients are ordered on the horizontal axis by increasing PMR 4 with a blue arrow to indicate the maximum PMRzg. Only
infections for which both PMR,»s and PMR,¢, could be calculated are shown. See Box S1 in the supplemental information online
for code and data used to generate this figure.

While PMRs are conceptually simple to calculate, they rely on repeated, accurate estimates of
iIRBC abundance within a host. Sequestered iIRBCs (Box 1) do not circulate in the blood such
that the observed iIRBC count represents some fraction of the underlying total iRBC abundance
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Glossary

Burst size: the average number of
daughter parasites released when an
iRBC bursts at the end of
intraerythrocytic development. The burst
size represents an upper limit on PMRs
since not every daughter parasite wil
necessarily infect another RBC.
Infected RBC (iRBC): a red blood cell
(RBC) that has been invaded by one or
more parasites. Younger iRBCs tend to
circulate while mature iRBCs may
sequester where they are difficult to
sample.

Intraerythrocytic development: the
process of maturation and multiplication
by malaria parasites within RBCs. This
period of development represents the
time from invasion of RBCs to bursting.
For P. falciparum, the intraerythrocytic
development period lasts 48 h.
Parasite multiplication rate (PMR):
the fold change in iRBC abundance
from one cycle of intraerythrocytic
development to the next.
Sequestration: the attachment of
iRBCs to capillary walls in the
microvasculature as parasite
development progresses within them.
Sequestered iRBCs are difficult to
sample, while circulating iRBCs — those
whose parasites are in earlier stages of
development — can be readily sampled
from the blood.

Synchrony: when the population of
parasites within the iRBCs of a host
develop in unison, causing discrete
waves of RBC bursting and invasion.
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Box 1. The problem of sequestration

For many malaria species, including P. falciparum, iRBCs become harder to sample later in intraerythrocytic develop-
ment. Parasites at later developmental ages — approximately 18 h post-invasion of RBCs onwards [28] — sequester
(reviewed in [18]), that is, adhere to the microvasculature to avoid clearance by the spleen [4,56]. Depending on the
timing of sampling with respect to the schedule of intraerythrocytic development, sequestration means that blood
samples may be more or less representative of the total IRBC population. The fraction of the total iRBC population
sampled will show the greatest variation through time when intraerythrocytic development is synchronized (Figure ).

Figure |. Sequestration can bias
counts of infected red blood
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& circulating (readily sampled). . in intraerythrocytic development, so

that the iIRBCs circulate freely where
they can be readily sampled from a
blood draw. Sampling time Il follows
synchronous maturation of the
population of IRBCs within the host,
so that most parasites are in later
stages of development and iRBCs
adhere to blood vessel walls where
Synchronpus b they cannot be readily sampled
maturation 2 (i.e., cannot be taken up when a per-
Circulating son is phlebotomized). (B) In the
iRBCs model used here [27] to illustrate
how sequestration alters observable
infection dynamics, intraerythrocytic
development is assumed to occur in
parallel over a series of circulating
and sequestered IRBC compart-
ments. Circulating developmental
phases are shown on a blue back-
ground and represent the IRBCs that
can be sampled. Greater transpar-
ency in iRBCs and corresponding
boxes indicates a lower likelihood of
iRBCs present (e.g., IRBCs are
unlikely to sequester early or circulate
late in development). The model
allows for gradual and incomplete se-
questration but —when parameterized
for Plasmodium falciparum (following
[28]) — implies rapid and complete se-
questration around 18 h post-RBC in-
vasion. Abbreviation: PMR, parasite
multiplication rate. This figure was cre-
ated using BioRender.
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(Figure 1A), and iRBC counts can vary considerably over short time intervals [20]. Reconstructing
the underlying abundance is by no means trivial, since it depends on the age distribution of the
parasite population residing within iRBCs and that age distribution is impossible to observe
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directly, except from autopsy of fatal cases [21]. When parasite development is highly synchro-
nized and iIRBCs containing mature parasites sequester, then iRBC counts oscillate with a period
roughly equal to the duration of the replicative cycle, for example, 2 days for P. falciparum infec-
tions [5,22]. Often a sine wave is fit to these periodic oscillations when PMR is estimated through
regression, where the amplitude of the sine wave is used as an estimate of synchrony [5]. Crit-
ically, these oscillating iIRBC counts, whether derived from gPCR or microscopy, represent circu-
lating iIRBC counts, not those sequestered in the microvasculature. Therefore, PMRs do not
reflect the entire population of iIRBCs within a host, and current opinion recommends that
PMRs be considered along with other metrics — including a modified PMR calculation that relaxes
the assumption of a 48 h life cycle and estimates of total parasite biomass — to understand dis-
ease severity [18].

Yet all metrics for quantifying PMR rely on circulating iRBC abundance (reviewed in [18]). In par-
ticular, calculations of total parasite biomass are recommended (e.g., estimating circulating and
sequestered iIRBC abundance through parasite-produced proteins like PIHRP2), but also require
estimating multiplication rates [23] (reviewed in [18]). The lack of unbiased alternatives suggests
an urgent need to discover precisely why and how estimates of multiplication rates fail to reflect
dynamics within the host. In many systems, multiplication rates must be inferred from in vivo
time series data but some human malaria parasites (in particular, P. falciparum) can also be
grown in artificial culture, where experiments have characterized the number of daughter para-
sites each iRBC releases, known as the ‘burst size’ [6,24]. The burst size represents an upper
limit on parasites’ capacity for multiplication and serves as an independent check on PMRs in-
ferred from in vivo data.

Multiplication rates should — at most — approach the upper limit defined by burst sizes (32 for
P. falciparum, [24]). Even under ideal conditions, where all daughter parasites emerging from
RBCs are successful, the PMR should fall close to the median burst size (on the order of 15—
18, depending on the strain, [6]). Nonetheless, anomalously high multiplication rates have been
reported, with model-fitted estimates exceeding median [14] and even maximum [17] burst
sizes. PMR estimates from individual patient time series can exceed 100 [15]. These rapid multi-
plication rates can appear more reasonable — exceeding median if not maximal burst sizes — if life
cycle length (i.e., the duration of intraerythrocytic development) is fitted and allowed to be
shorter than 48 h, ranging from 34 to 45 h [14]. However, expansion rates that exceed median
burst sizes are still considerable, and recent work highlights unexpected difficulties in accurately
estimating the duration of intraerythrocytic development, including bias caused by sequestra-
tion [25]. The discrepancy between PMRs and burst sizes, along with the uncertainty surround-
ing the timing of intraerythrocytic development, raises questions about what is known regarding
in vivo multiplication rates even in the well-studied system of malaria.

Current methods return extraordinary PMRs from human infection data

We illustrate how sequestration impacts estimates of PMRs using a previously developed model
for P. falciparum infections [26,27]. Briefly, that model assumes that iRBCs progressively transi-
tion from circulating to sequestered as parasites develop within iRBCs using an empirically de-
rived functional form based on data from [28] (details of derivation in [27]). We simulate a
synchronous start to the infection, so that circulating iRBC counts oscillate with a 48 h period
as observed from human infection data (compare Figure 1A with C and E). We mimic in vivo
data by using only circulating iRBCs to calculate PMR,s and PMR,¢, (Equations 1 and 2, respec-
tively), finding that existing methods return spuriously large PMRs (Figure 1B). Perplexingly large
PMRs - that often vastly exceed median and even maximum reported burst sizes — likewise
emerge when these methods are applied to two sets of human infection data (Figure 1C-F):
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(i) modern data from controlled human infection (CHI) trials compiled by [14]; (ii) historical data
from 1940-1963 when deliberate infection with malaria parasites was an accepted treatment
for neurosyphilis, known as malariatherapy (MT, ethics reviewed in [29]).

Examining individual time series reveals apparently explosive rates of parasite multiplication, even
after accounting for other issues like detection limits (Box 2). The iRBC trajectories associated
with the maximum PMR, for each data set (bolded blue in Figure 1C,E) both span three orders
of magnitude over a 2-day period, corresponding to PMR,s in excess of 1200. Even excluding these
extreme examples, many human infections exhibited extraordinary PMRs, meaning values exceeding
the maximum observed burst size for P. falciparum, approximately 32 parasites per iRBC (Figure 1).
These extraordinary PMRs appear whether the data were obtained from modern CHI trials
(Figure 1G,D) or historical MT infections (Figure 1E,F), so do not appear to be an artifact of the method
used to quantify IRBC abundance (qPCR or microscopy, respectively). gPCR would be expected to
yield greater accuracy in PMRs given the lower detection limit [30], but that data set yields consistently
higher PMRs than the historical MT data (compare Figure 1D to F). Simulated time series also refute
the notion that extraordinary PMRs are the result of sampling error, since we recover erroneously large
PMRs without any error in circulating iIRBC counts (Figure 1A,B).

Neither can extraordinary values be tied to the method used to estimate PMR, since PMRs can
exceed the plausible upper bound whether derived from observed iRBC counts or estimated
from linear regression (Figure 1). While PMR values obtained from regression tend to fall into a
narrower range than the maximum observed PMR calculated directly from iRBC abundance, it
is still entirely possible to obtain extraordinary PMRs from regression, as we found in more than
40% of CHI infections (Figure 1D). We use maximum observed PMRs to provide a single value
for comparison with PMRs obtained from regression, focusing on the maximum values from
each infection to illustrate the extreme magnitude of the bias in PMR. The MT data consistently
exhibit lower PMRs from regression compared with maximum observed PMRs, in contrast to

Box 2. Additional considerations for estimating PMRs

Beyond sequestration, there are other considerations in estimating PMRs. First, circulating iRBC counts can be estimated
with different methods — for example, gPCR or microscopy — that entail distinct detection limits. Near the detection
threshold, counts become less reliable [57] and may lead to false zeros and spuriously large PMR estimates. Second,
PMRs can be estimated across multiple infections simultaneously or separately for individual infections. Estimating PMRs
across multiple infections requires assumptions about distributions of key parameters across patients (e.g., [5]) but can
compensate for sampling error in circulating iIRBC counts. However, if counts across patients are consistently biased — for example,
due to sequestration — that bias may only be apparent from estimating PMRs for individual infections. Finally, obtaining PMRs from
regression assumes that the parasite population is expanding in a log-linear manner, and some infections violate that assumption,
especially when sampled over a longer time period. We describe how to address these issues using the two data sources shownin
Figure 1 in main text.

In the CHI data, circulating IRBC abundance was estimated via gPCR during the acute expansion phase of 177 infections, and
iIRBC counts are reported as the geometric mean of duplicate or triplicate samples using methods designed to account for a de-
tection limit [14]. Infections were terminated with drug treatment at the last time point sampled [14]. Wockner et al. [14] estimate
PMR;¢g across all time series simultaneously with a nonlinear mixed effects model. We instead estimate maximum PMRs and
PMR o for individual infections (see Figure 1C in main text) to explore bias in existing methods.

The MT data encompass acute and chronic phases of infection, with circulating IRBC counts obtained via microscopy. Simpson
et al. [5] used regression to estimate PMR for the first 7 days of infection, excluding any infections not showing log-linear expan-
sion of iIRBC abundance over that period (e.g., because of drug treatment [5]). The MT IRBC counts are not pre-processed to
account for the detection limit (10 iRBCs/ul for microscopy, [5]). Treating any iRBC counts below the detection threshold as
missing, we re-estimate PMRs from the MT data following [5], except that Simpson et al. calculated PMR o values for all patients
simultaneously assuming a log-normal distribution across patients, and we estimate PMRs for each patient individually. Time
series of IRBC counts for all included infections are shown in Figure 1E in main text, while excluded infections (i.e., those not
conforming to log-linear expansion) are shown in Figure S1 in the supplemental information online.
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the CHI data. That pattern is explained by the fact that regressions of the MT data encompassed
7 days’ worth of abundance data, compared to 4 days for the CHI data. Though more time points
lessen the impact of large oscillations in circulating iRBC counts (e.g., Figure 1A), regressing the
MT data can nonetheless return PMR estimates that exceed median and even maximum burst
size estimates (Figure 1F).

Larger than expected PMRs are often explained as the outcome of intraerythrocytic development
taking less than the expected 48 h (e.g., approximately 37 or 39 h, [14,17], respectively). To put
these extraordinary PMRs in context, even if we assume that intraerythrocytic development re-
quires only 24 h, iRBCs would have to maintain maximum burst sizes for two consecutive cycles
to change iRBC abundance across three orders of magnitude over 2 days (327 = 1024). Maintain-
ing median burst sizes over two 24 h cycles would yield a PMR of 162 = 256, but many PMRops
and some PMR 4 still exceed that value, sometimes by an order of magnitude. Of course, devi-
ations from expectation are possible in burst sizes and in the duration of intraerythrocytic devel-
opment, but these deviations would have to be considerable to explain the PMRs we recover
from data. In contrast, we can easily recover extraordinary PMRs merely by simulating sequestra-
tion (Figure 1A,B), a well-known aspect of P. falciparum biology.

PMR estimates depend on the schedule of intraerythrocytic development
Understanding variation in the developmental schedules of malaria parasites remains a very ac-
tive area of research (reviewed in [31]), so we illustrate bias in PMRs from simulated time series
assuming a range of initial median parasite ages and synchrony levels (i.e., the width of the initial
distribution of parasite ages, extremes shown in Figure 2A). We can recapitulate the extraordi-
narily large PMRs estimated fromin vivo data even though the true PMR is constant at 6, provided
the infection is initially synchronous (Figure 2B). While the maximum PMR,,s shows greater ex-
tremes than PMR,g, both systematically overestimate the multiplication rate in synchronized in-
fections, with the largest errors in PMR estimates when the initial median parasite age is offset
from the sampling time by roughly 12 h (Figure 2B). This offset leads to such significant discrep-
ancies because some of the samples occur when most parasites are sequestered, resulting in se-
vere underestimates of total IRBC numbers at certain time points (see Figure 1A for an example
time course). In contrast, the estimates for initially asynchronous infections are close to the true
values and do not vary depending on the initial median parasite age (Figure 2C).

Even moderate levels of synchrony generate exaggerated PMRs, but estimates are especially poor
with higher levels of synchrony (see Figure S2 in the supplemental information online). Importantly,
even the more realistic values remain overestimates, and PMR estimates show worrying sensitivity
to the initial median parasite age (relative to sampling) whenever infections begin with some level of
synchrony. When simulated infections are synchronized, the deviation from the true value increases
with the true PMR, and the worst errors again appear when the median parasite age is 12 h initially
(true PMR 2-32, Figure S3 in the supplemental information online). Inflated PMRs are likewise a prob-
lem when iRBC populations are undergoing a fold-decrease in numbers, such that declining iRBC
numbers can appear as up to a fivefold increase (Figure S4 in the supplemental information online).
These spuriously large values again pose practical problems since the fold-decrease in iRBC num-
bers (i.e., the ‘parasite reduction ratio’) is used to evaluate antimalarial activity of novel therapeutics
[32]. Parasite age distributions at the beginning of sampling are typically unknown for in vivo infections,
due again to the problem of mature stages sequestering, making it impossible to evaluate whether
any particular PMR estimate is likely to fall close to, or far from, the true value.

If synchrony is lost over time, maximum observed and regression PMR estimates should revert to
more biologically reasonable values (Figure S5A in the supplemental information online). Because
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synchrony is decaying, the minimum measurable fraction of iRBC counts will increase with each
cycle of intraerythrocytic development (Figure S5B in the supplemental information online), lead-
ing to substantial overestimates of the true PMR. PMR estimates should be reasonable once syn-
chrony has decayed into asynchrony and a consistent fraction of the iRBC population is
measurable over the course of infection, but that suggests two important quandaries. First, ex-
cluding early time points may improve estimates, since extraordinary PMRs are more likely
early in infection (max. PMRs, Figure S6 in the supplemental information online); however,
those early dynamics are important for understanding the role of immunity [33], and early time
points may represent the entirety of obtainable data from some experiments, such as CHI trials.
Second, one solution would seem to be excluding iIRBC counts from highly synchronized infec-
tions, but synchrony is itself challenging to quantify [31], due in part to sequestration. Even if ini-
tially synchronized infections could be identified, it remains unknown how long initially
synchronized infections maintain synchrony, and without that information it is impossible to
make sensible recommendations about which time points to exclude from analysis. Extraordinary
PMRs appear throughout the brief span of time that can be examined in CHI trials and hundreds
of days into the MT infections (max. PMR,s, Figure S6 in the supplemental information online).
The prevalence of extraordinary PMRs is consistent with frequent reports of synchrony in malaria
infections (reviewed in [31,34]) and suggests that inflated PMRs will often be an issue.

Estimated PMRs depend critically on the timing of sampling

The sensitivity of estimated PMRs to sampling schedules extends beyond the typically unknown
initial parasite age distribution to encompass variation in sampling time. Whether iRBC abun-
dance is quantified from humans or animal models, it is not feasible to sample an entire treatment
group simultaneously. Even small shifts in sampling time mean large changes in circulating iRBC
abundance, increasing variation in PMRs estimated early versus late in a sampling window
(Figure 3). As before, a combination of sequestration and synchrony generate large changes in
circulating iIRBC abundance, especially when the initial median parasite age is around 12 h.
Wide sampling windows are likely to generate substantial variation in PMRs estimated from iden-
tical replicate infections (e.g., +3 h, Figure S7A in the supplemental information online). Narrow
sampling windows minimize the variation in estimated PMRs but may be difficult to achieve in
practice (=12 min, Figure S7B in the supplemental information online). As a result, a treatment
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— — Max. obs. late sampling window substantially
— Max. obs. early alters estimates of the parasite
105 = = From reg. late multiplication rate (PMR). When
—— From reg. early sampling occurs earlier or later than
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blood cells (RBCs) (unbroken black
circles occur late and open black circles
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max. PMR,s (red) and PMR (blue).
The unbroken lines are from early
measurements, and the broken lines are
from late measurements. See Box S1in
the supplemental information online for
. . code and data used to generate this

1 2 3 figure.
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group may exhibit artificially inflated variability in estimated PMRs, even if circulating iRBC
abundance is identical across replicate infections and can be measured with no sampling error.

The variability of estimated PMRs simply due to small shifts in sampling time may obscure real differ-
ences in PMRs, whether those differences result from environmental or genetic variation. Although es-
timated PMRs across narrow sampling windows (6 min) can distinguish quite different true PMRs
(6 vs. 12), larger sampling windows (e.g., 6 h) cannot (Figure 4A and B vs. C and D, respectively).
More similar true PMRs require finer sampling windows to distinguish (Figure S8A,B in the
supplemental information online), especially for maximum observed PMRs (Figure S8A in the
supplemental information online) due to the extreme variation in PMR,,s through time (Figure 3,
Figure S7 in the supplemental information online). While regression methods to estimate PMR routinely
outperform those calculated directly from iIRBC abundance, strains with similar PMRs remain difficult
to distinguish, especially when the initial median parasite age is below 24 h (Figure S8B in the
supplemental information online). Thus, the uncertainty in estimated PMRs may both vastly
misrepresent the true multiplication rate of a strain and make distinct multiplication rates appear similar.

Spurious PMRs may be widespread

PMRs are widely used, including to evaluate inoculation methods, vaccine efficacy, and antima-
larial drug activity in CHI trials [9,16,32], but it has proven difficult to link PMRs with clinical out-
comes (reviewed in [18]). Part of that difficulty is likely related to the challenge highlighted here,
that existing methods return spuriously large estimates of PMRs in vivo. The problem is not se-
questration per se, but rather that — because of sequestration — small changes in the parasite
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Figure 4. Larger sampling windows render differences in the parasite multiplication rate (PMR) indistinguishable.
PMRs were estimated from simulated counts of infected red blood cells (IRBCs) via PMR,s (red, A,C) and PMR (blue, B,D)
while varying the duration of the sampling window. In the top panels, an infection with a true PMR = 6 is compared with one
whose true PMR = 12 for a 12-min window (target time +6 min), either using PMR s (A) or PMR g (B). In both cases, all PMRs
can be distinguished. Those differences cannot always be distinguished with a 6 h sampling window (i.e., target time £3 h, C,D).
For example, differences can be detected when the initial median parasite age is 24 h, but not when it is 18 h. Note the log-scale
of the y-axes. See Box S1 in the supplemental information online for code and data used to generate this figure.
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age distribution can lead to enormous apparent changes in circulating iRBC counts (Figure 2).
Synchrony influences the parasite age distribution, leading to sharp oscillations in the fraction
of iIRBCs that circulate (Figure 1A). Due to sequestration, PMRs estimated from even modestly
synchronized infections are likely overestimates, with the magnitude of the error depending on
the timing of sampling with respect to the initial parasite age distribution and the level of syn-
chrony. Even when PMRs appear reasonable, apparent differences in PMRs — for example,
across strains or hosts — may instead result from variation in synchrony or in the timing of sam-
pling (Figure 4), and thus preclude understanding of this fundamental parasite trait.

Sequestration is impossible in artificial culture, so PMRs should remain reasonable. Accordingly,
PMRs typically fall below 15 in vitro [10,35,36], values that seem plausible given that median burst
sizes range from 15 to 18 [6]. In contrast, Wockner et al. [14] estimate in vivo PMRs ranging from
28.7 to 35.4 for 3D7, a P. falciparum strain with a reported PMR of approximately 8 in vitro [11].
While in vitro estimates may deviate from true burst sizes in vivo, the differences would have to be
considerable to explain the data (Figure 1). Thus, extraordinary PMRs are difficult to explain ex-
cept as spurious artifacts that emerge from sequestration whenever infections are even modestly
synchronized (Figure 2). That we and others so often observe extraordinary PMRs in vivo makes
sense given that infections are often reported to be synchronized within human hosts (reviewed in
[31,34]). Spurious PMRs may be widespread, and as PMRs are important for quantification of
transmission potential and immune control, this dramatically limits understanding of within-host
dynamics.

While it is widely understood that PMRs are not representative of the entire population of para-
sites due to sequestration [18], we emphasize a more fundamental issue, that the error in iRBC
estimates — and hence in PMR — is exquisitely sensitive to small changes in the timing of parasite
development or sampling. Thus, the developmental timing and synchrony strongly influence the
circulating portion of the IRBC population, and information on synchrony could therefore dramat-
ically improve estimates of total iRBC abundance and PMRs. Unfortunately, estimating synchrony
is itself difficult, both due to sequestration and because synchrony estimates tend to be biased by
multiplication rates [31]. Considering synchrony and multiplication rates as independent pro-
cesses generates the bias of current regression methods (Figures 1 and 2). The most promising
path forward is to estimate PMRs by fitting semi-mechanistic models to data (e.g., [37]). To avoid
spuriously large PMRs, a model would need to incorporate sequestration and dynamic feed-
backs between changing synchrony and multiplication rates, ideally using an approach that esti-
mates parameter distributions across individuals (e.g., hierarchical Bayesian methods, [38]).
Individual infections could vary in the initial median parasite age and level of synchrony, the
speed at which synchrony decays, and the duration of intraerythrocytic development; if unac-
counted for, that individual variation could bias PMR estimates.

Concluding remarks

Since the fraction of IRBCs circulating in vivo varies wildly through time, it is difficult to be confident
in any particular estimate of iIRBC abundance. Much of what is understood to be true about ma-
laria parasites rests on estimates of in vivo iIRBC abundance and multiplication rates. That list in-
cludes how the risk of severe health outcomes scales with parasite biomass [1,39], how immune
defenses respond to parasite dynamics [33,38,40-41], the potential for adaptive evolution
[42,43], and the ability to detect markers of drug resistance in infections [19]. In addition, malaria
parasites, along with all Apicomplexans and a number of other pathogenic organisms, face a
trade-off between investing resources into replication within the host versus the production of
specialized transmission forms (known as transmission investment, reviewed in [44,45]). Since
the resolution of that trade-off influences disease severity and spread, a large body of research
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Outstanding questions

Methodological barriers

How can models accurately evaluate
intraerythrocytic development time,
PMR, and synchrony from data?

How much biological detail needs to
be included to enable models to
accurately estimate PMRs from data?

Data from how many intraerythrocytic
cycles is needed to accurately quantify
PMRs?

Do existing methods for quantifying PMR
accurately estimate the duration of the
proliferative cycle (i.e., intraerythrocytic
development)?

Do reports of short, noncircadian cycle
lengths represent real variation or are
they an artifact of methods?

When is a constant PMR sufficient to
describe infection dynamics?

Variation driving apparent differences
in PMRs

How much do strains vary in their PMRs
versus other traits like synchrony?

How much does the timing and degree
of sequestration vary across malaria
strains?

Does synchrony — and hence the ap-
parent PMR - vary with inoculation
route (blood-stage inoculation vs.
mosquito bite)?

How often do infections begin
synchronously, and, if so, over what
time period does synchrony persist?

How much variation is there in the
above traits — PMR, synchrony, se-
questration — across malaria species
(e.g., P. falciparum vs. Plasmodium
chabaudi)?

Effect of PMR on outcomes

How does PMR impact the likelihood
that mutations of concern (e.g., drug
resistance) will arise de novo within an
infection?

How do PMRs influence persistence
within the host?
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has focused on transmission investment in malaria parasites [12,44,46-52]. However, methods
for quantifying transmission investment rely on accurate estimates of iIRBC abundance [53,54].
That robust estimates of parasite abundance are not currently obtainable, even in the well-
studied system of malaria, raises the possibility that important aspects of the biology of patho-
genic organisms remain misunderstood (see Outstanding questions).

These issues will arise in any system in which some parts of the life cycle are easier to sample than
others and age distributions vary through time. For example, PMRs from Plasmodium vivax infec-
tions could likewise represent overestimates, since mature iRBCs can still sequester, though at a
lower rate than P. falciparum (reviewed in [55]). These methodological problems are avoided
when fold-increases are measured in vitro, for example, PMRs from clinical isolates [10], or rep-
licative capacity in HIV (reviewed in [2]). While in vitro methods can reveal genetic diversity in par-
asites and pathogens, methods for quantifying multiplication rates in vivo are urgently needed,
since that is a prerequisite for understanding host immune responses and pathology.
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