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Accurate measurement of malaria parasite clearance rates
(CRs) following artemisinin (ART) treatment is critical for
resistance surveillance and research, and various CR metrics
are currently used. We measured 13 CR metrics in 1472
ART-treated hyperparasitemia infections for which 6-hour
parasite counts and parasite genotypes (93 single nucleotide
polymorphisms [SNPs]) were available. We used heritabili-
ty to evaluate the performance of each metric. Heritability
ranged from 0.06 +£0.06 (SD) for 50% parasite clearance
times to 0.67 £0.04 (SD) for clearance half-lives estimated
from 6-hour parasite counts. These results identify the mea-
sures that should be avoided and show that reliable clearance
measures can be obtained with abbreviated monitoring proto-
cols.
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Artemisinin-based combination therapies (ACTs) are key to
global malaria control efforts. However, the emergence of
artemisinin-resistant malaria in western Cambodia [1-3] and
along the Thai-Myanmar border [4] threatens these efforts. Ar-
temisinin (ART) resistance is characterized by slow parasite
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clearance in treated malaria patients [2] and has a strong
genetic basis [5]. Although predictive molecular markers for
ART resistance have not yet been identified, recent studies offer
promise [6, 7]. There are currently no reliable in vitro tests
for measuring ART resistance; standard growth inhibition
assays fail to discriminate ART-sensitive from ART-resistant
parasites [2]. Therefore, ART sensitivity must be measured
in patients from the decline of parasitemia following ART
treatment.

Several measures of parasite clearance have been used. Early
studies used 24-hour sampling of parasites following treatment
and examined time to the first negative blood slide or calculated
a parasite reduction ratio (PRR), which is the proportional re-
duction in parasitemia at 24 or 48 hours [1, 2, 8-11]. Other
studies used 50% and 90% parasite clearance times [12] (time
taken for the initial parasite density to fall by 50% or 90%).
More recently, 6-hour blood sampling following treatment
until clearance has been advocated [13]; plots of log parasite
clearance against time are used to measure parasite clearance
rates or half-lives (t;,P) [3, 4]. Frequent quantification of para-
sitemia decline following treatment is clearly ideal. However, it
is also intrusive, expensive, and labor intensive and is only feasi-
ble when patients remain hospitalized for several days following
treatment [4]. This intensive sampling approach may not be
possible in many clinical or field study situations. In addition,
consensus on whether or not to account for the lag phase (the
initial period following treatment when the relationship
between log parasite density and time is not linear [13]) when
estimating parasite clearance rates is lacking.

The central goal of this study was to evaluate the perfor-
mance of different parasite clearance monitoring schemes and
statistics in order to help others choose strategies that maximize
accuracy while minimizing sampling effort and expense.
Because there is no gold standard against which different mea-
sures of ART susceptibility can be compared, we used heritabili-
ty (the proportion of variation in parasite clearance attributable
to parasite genetic factors) as a benchmark for evaluating the
utility of each metric [10]. The rationale for this approach is
that accurate measures of clearance will show strong heritability,
while inaccurate measures will show poor heritability. Parasite
clearance rates following ART treatment are highly heritable [5].
On the Thai-Myanmar border, 66% of the variation in t;,,P
is attributable to parasite genetic factors [4]. Therefore, we
can assess the usefulness of each clearance metric by esti-
mating the proportion of the maximal genetic signal that it
captures.
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MATERIALS AND MIETHODS

Ethics Statement
The ethics review boards of the faculty of Tropical Medicine at
Mabhidol University, Bangkok, Thailand, approved these studies.

Parasite Clearance Data

Parasite clearance data were collected from 1472 hyperparasite-
mic Plasmodium falciparum malaria patients presenting to 4
clinics on the Thai-Myanmar border (2007-2010) and treated
with ART-combination therapy [4]. The Thai-Myanmar
border is a region of emerging artemisinin resistance [4] and
declining malaria transmission (VI Carrara, et al, unpublished
data) [14]. We derived 13 parasite clearance metrics for each in-
fection and used a subset of infections (n = 1057), genotyped at
96 genome-wide single nucleotide polymorphisms (SNPs) [4],
to measure the heritability of each clearance metric.

Parasite Clearance Measures

For each infection, we calculated t;,,P from parasite counts at
6-hour intervals following ART treatment until clearance. t;/,P
is the first-order parasite clearance half-life and is estimated
from the plot of natural log parasite density vs time as t;,P =In
(2)/—k, where k is the slope. We also calculated t;,,P from para-
site counts taken at 12- or 24-hour intervals following treat-
ment until clearance; t;,,P from 6-hour parasite counts only
during the first 24 or 48 hours of treatment; and 24- and 48-
hour parasite reduction ratios (PRR,, and PRRyg), calculated as
follows: (1 + parasite density at 24 or 48 hours)/(1 + parasite
density before treatment). In addition, 50% and 90% parasite
clearance times (PC50 and PC90), defined as the time taken for
the initial parasite density to fall by 50% or 90%, and parasite
clearance time (time until the first negative slide) were calculat-
ed. We also estimated t;,,P by incorporating or excluding the
lag phase. We used the parasite clearance estimator [13], devel-
oped by the WorldWide Antimalarial Resistance Network
(WWARN), to account for the lag phase when estimating t;,,.
P. Furthermore, we estimated t P by modeling parasite clear-
ance data using both standard regression, which excludes zero
parasite counts, and tobit regression, which accounts for uncer-
tainty in the measurement of parasitemia below the microscopy
detection threshold [13]. Data from patients showing poor fit
to a linear model (r* < 0.75) or with <3 data points were excluded.
Hence, sample sizes varied for the different clearance measures.

Parasite Genotyping

We genotyped parasite infections at 93 polymorphic SNPs
across the P. falciparum genome using Illumina GoldenGate [4].
Of 1057 infections genotyped, 267 contained multiple parasite
genotypes and were excluded from heritability analyses. SNP
data from the remaining 790 single-genotype infections were
used to identify groups of patients infected with identical mul-
tilocus parasite genotypes (MLGs). MLGs recovered from

multiple patients are considered to be identical-by-descent and
can be used for heritability estimation [4, 5, 10].

Estimation of Heritability
We measured the heritability of parasite clearance metrics by
comparing the variance of each metric within and among
MLGs found in >2 patients. We then estimated heritability
(H?) from the mean squares terms in 1-way analysis of variance
(ANOVA) [4, 5]. To account for other covariates that could in-
fluence clearance measures, we performed multiple regression
analysis with each metric as the dependent variable and sam-
pling date, location, treatment type, admission parasite density,
patient age, and sex as independent variables. We then used re-
siduals from the regression analysis in 1-way ANOVA to esti-
mate H.

To assess whether lags are heritable, we treated the lag phase as
a binary character and compared the incidence of lags in the pop-
ulation with the incidence among identical parasite MLGs with
lags [15]. We estimated H* using Edward’s approximation [16] as
H? =2 x[0.57In(¢,/¢,)] /[~ In(¢,) — 0.441n(¢,/¢@,) — 0.18]
[15]. ¢, is the incidence of lags in the population calculated
as ¢, =y, n;/Nn, where n; is the number of infections bearing
lags in the ith MLG, and n is the total number of infections
scored for lags in N MLGs, each found in >2 infections. ¢, is
the incidence of lags among infections bearing identical
MLGs, calculated as ¢, = > (n; — 1)/[N,(n — 1)], where N, is
the number of infections with lags.

RESULTS AND DISCUSSION

Data Summary

The parasite clearance data analyzed will be made available
through WWARN (http://www.wwarn.org/). There were 790/
1057 (75%) infections that contained a single predominant ge-
notype; 516 MLGs were found in these infections. Of these, 129
MLGs were observed in 2-14 patients (n = 403); these are used
in our heritability analysis. Table 1 shows the results from
ANOVAs comparing clearance metrics within and between
MLGs, and Figure 1 shows heritability estimates for each
metric. These results allow direct comparison of the robustness
of parasite clearance measures derived using different sampling
schemes and slope-fitting procedures.

Effect of Sampling Frequency

Clearance half-lives obtained by 6-hourly sampling until clear-
ance show high heritability (H”=0.66+0.04 (SD), P=
5.12x 107*), as previously shown [4]. This decreases slightly
to 0.62 £ 0.04 (SD) after removing the effects of significant co-
variates (Figure 1). To assess whether less frequent sampling
can generate equally robust estimates of t;,,P, we subsampled
the 6-hour dataset and recalculated t,,,P for 12- and 24-hour
intervals and at 6-hour intervals for the first 24 and 48 hours
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Table 1.

Effect of Parasite Genotype on Different Measures of Parasite Clearance

Total Variance

Residual Variance

Clearance Metric N F Value DF(x,y) PValue F Value DF(x,y) PValue
T1/2 tobit regression + lag 1429 7.307 123, 258 5.12x 1074 5.838 123, 258 6.41 x 10733
T1/2 tobit regression no lag 1419 6.664 123, 258 1.33%x107% 5.331 123, 258 7.27 x107%°
T1/2 standard regression + lag 1429 6.878 123, 258 9.25x 1073 5.486 123, 258 8.17x 107
T1/2 standard regression no lag 1419 6.773 123, 258 3.40% 1078 5.400 123, 258 2.74x 10730
T1/2 6-hour sampling for 24 hours 1295 3.613 103, 221 7.14x 1076 3.203 103, 221 249 x 107"
T1/2 6-hour sampling for 48 hours 1431 7.069 122, 257 1.43x107°%° 5.654 122, 257 1.16x 107"
T1/2 12-hour sampling to clearance 1114 4.899 99, 190 3.49x 1072 4.374 99, 190 1.45%x 1078
T1/2 24-hour sampling to clearance 605 5.317 57,109 421x107 4.217 57,109 574x 10"
24-hour PRR 1170 1.769 96, 193 .0004 1.5647 96, 193 .0056
48-hour PRR 1158 3.084 96, 193 1.63x 107" 2.506 96, 193 3.36x 1078
50% parasite clearance time 1229 1.145 101, 205 .2085 1.174 101, 205 .1688

90% parasite clearance time 1442 2.509 121, 252 4.73x1071° 2.318 120, 251 1.31%x107°
Time to the first negative slide 1415 3.438 119, 247 1.51%x107'® 3.125 119, 247 2.45%x 107"

We estimated the amount of variation in each clearance metric explained by parasite genetic factors using 1-way analysis of variance on log-transformed parasite
clearance data. We also examined the effect of parasite genotype on residual variance in each metric after removing the effects of significant covariates.

Abbreviations: DF(x,y), degrees of freedom in the x-variable (parasite genotype) and the y-variable (clearance metric or residuals after removing effect of significant
covariates); N, number of patients with good clearance rate estimates (r? > 0.75); PRR, parasite reduction ratio; T1/2, parasite clearance half-life.

after treatment. Both 12-hour and 24-hour sampling generated
t,,P with marginally reduced heritability (H”=0.56+ 0.06,
P=349x107>" and H*=0.62 + 0.07, P=4.21 x 10™"*, respec-
tively). These abbreviated sampling approaches capture 85%
and 94% of the genetic component of t;,,P variation identified
from 6-hour parasite sampling until clearance (Figure 1).
However, sampling every 24 hours yields sparse data and
cannot be recommended because many samples fit poorly to
the linear model. Hence, in this dataset, 59% of samples
(n=867) had r*<0.75 or <3 data points and were rejected
(Table 1).

Six-hour monitoring of parasite density over the first 48
hours was very successful. This approach captured 100% of the
maximal genetic signal in t;,,P variation (H?=0.66 + 0.04) and
performed as well as 6-hour parasite monitoring until clearance
(Figure 1). This approach will be cost effective in malaria-
endemic areas where ART-resistant infections are found and
could result in considerable reductions in time and expense. In
this dataset, 18 116 slides were read for all patients from treat-
ment to clearance. Reading slides from only the first 48 hours
reduces this number by 33%. In addition, this sampling ap-
proach yields parasitemia data with a good fit to the linear
model. Of the 1472 samples analyzed, 97.2% (n = 1431) had r
>0.75 compared with 97.1% (n=1429) for the full dataset
(Table 1). This abbreviated strategy will be beneficial only in lo-
cations where resistance is present, because in most endemic
countries parasites are cleared within 48 hours. In contrast, 6-
hour monitoring of parasite density over the first 24 hours of
treatment does not provide such robust results. This approach
yields parasite clearance half-lives with moderate heritability

(H?=0.45 % 0.06) and results in considerable (12%) reduction
of sample size (n = 1295) (Table 1).

PC50, PC90, PRR,,, PRRys, and parasite clearance time have
been widely used due to logistical simplicity [1, 2, 8-12].
However, these approaches capture significantly less heritability
and cannot be recommended. For example, heritability for
PC50 (H? = 0.06 + 0.06) is not significant (Table 1), while heri-
tabilities for PC90, PRR,4, PRRyg and clearance time range
from 0.21 +0.07 to 0.45 £ 0.05 (Figure 1). We caution against
using these metrics for assessing ART susceptibility because
they have high error and poorly capture the genetic signal in
the clearance data.

Effect of Lag Phase

Previous approaches for measuring parasite clearance rates did
not account for the lag phase [5]. However, there is concern
that exclusion of the lag phase may misrepresent the clearance
profile and that the lag phase may contain important pharma-
codynamic information. Of profiles passing our quality thresh-
olds, 367 of 1429 had lags, ranging from 4 to 41 hours. While
the presence of the lag phase slightly overestimated t,,P, it had
a major influence on PC50, PC90, and 48-hour PRRs. This is
because the latter are associated with initial parasite densities
(Supplementary Table 1). In contrast, t;,,P values from 6-hour
parasite monitoring were not associated with admission parasi-
temia (Supplementary Table 1). Heritability of t;,,P did not
differ significantly whether or not the lag phase was incorporat-
ed in estimating t;,,P (Figure 1). Although lags were signifi-
cantly more common (}* = 24.981; df=1; P=579x107")
among fast-clearing infections with t;,,P <6.15 hours (28%;
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Figure 1. Heritability of 13 measures of parasite clearance on the
Thai-Myanmar border. The proportion of variation in each parasite clear-
ance metric attributable to parasite genetic factors (heritability) is shown
for infections sampled from 2007 to 2010. Filled circles show total herita-
bility; open circles show heritability of residuals obtained after removing
effects of significant covariates. The dotted line shows heritability estimat-
ed from 6-hour parasite counts until clearance. The error bars are 1 SD.

n=1297) compared with slow-clearing infections with t;/,
P > 6.15 hours (8%; n=132), we found no evidence that lags
are heritable (H” = —0.06 + 0.10). The lag phase is most likely
due to the age distribution of the parasite population, as sug-
gested previously [13, 17].

Effect of Using Different Slope-Fitting Procedures

Both tobit and standard regression models captured the same
amount of variation in t;,P due to parasite genetic factors
(Figure 1). However, this dataset is unusually complete. Tobit
regression will improve fit to datasets with fewer data points or
with long gaps between observations, and we recommend use
of this slope-fitting procedure in preference to simple regres-
sion [13].

Conclusions

Our results demonstrate that 6-hourly sampling of parasitemia
for the first 48 hours following treatment provides robust clear-
ance rate measures that are equal to 6-hourly monitoring until

clearance. This abbreviated approach has considerable advan-
tages in Southeast Asian countries that harbor ART-resistant
parasites because parasites may be present for up to a week fol-
lowing treatment. While the current dataset involves hyper-
parasitemic patients, we expect that 6-hourly sampling of
parasitemia for the first 48 hours following treatment will be
equally effective for uncomplicated parasitemia cases [3]. Meth-
ods based on time to clearance or PRRs performed poorly and
should be avoided. Because we observed no indication that para-
site genetics determines the lag phase observed in some clearance
curves, we suggest that both surveillance and genetic studies of
ART resistance focus on the linear part of clearance curves.
More generally, these results demonstrate the utility of heritabili-
ty for assessing the robustness of phenotype measures [10].

Supplementary Data

Supplementary materials are available at The Journal of Infectious Diseases
online (http:/jid.oxfordjournals.org/). Supplementary materials consist of
data provided by the author that are published to benefit the reader. The
posted materials are not copyedited. The contents of all supplementary data
are the sole responsibility of the authors. Questions or messages regarding
errors should be addressed to the author.
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