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Abstract
Background—Despite the remarkable activity of artemisinin and its derivatives their monotherapy
has been associated with high rates of recrudescence. The temporary growth arrest of ring stage
parasites (dormancy) following exposure to artemisinin drugs provides a plausible explanation for
this phenomenon.

Methods—Ring stage parasites of several P. falciparum lines were exposed to different doses of
dihydroartemisinin (DHA) alone or in combination with mefloquine (MQ). For each regime the
proportion of parasites recovering was determined daily for 20 days.

Results—Parasite development was abruptly arrested following a single exposure to DHA, with
some parasites being dormant for up to 20 days. Approximately 50% of dormant parasites recovered
to resume growth within the first 9 days. The overall proportion of parasites recovering was dose
dependant with recovery rates ranging from 0.044% to 1.313%. Repeated treatment with DHA, or
DHA in combination with MQ, led to a delay in recovery and a ~10 fold reduction in total recovery.
Strains with different genetic backgrounds appear to vary in their capacity to recover.

Conclusions—These results imply that artemisinin-induced growth arrest occurs readily in
laboratory treated parasites, and may be a key factor in treatment failure of P. falciparum malaria.
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Introduction
Parasite resistance to anti-malarial drugs is widespread and treatment of falciparum malaria
presently relies on a limited number of drugs. Artemisinin and its derivatives are the most
potent and rapidly acting of the antimalarial drugs and are the first line treatment in more than
100 malaria endemic countries [1,2]. Despite the remarkable activity of the artemisinin drugs,
3–50% of patients fail treatment if artemisinins are given as a mono-therapy to non-immune
patients [3]. Prolonging the treatment regimen from <5 days to 5–10 days has been shown to
reduce recrudescence rates [4]. Importantly, retreatment of recrudescence with the same
artemisinin compound is equally effective as the initial treatment [5], suggesting that the
failures are not due to the development of parasite resistance. To date it is not clear why such
a potent drug is associated with a high rate of recrudescence. To overcome the problem
artemisinin drugs are only recommended in combination with other anti-malarials.

Artemisinins are metabolized rapidly in vivo and eliminated within hours [5]. It is hypothesized
that recrudescence occurs because the short half-life of artemisinin results in plasma drug
concentrations not remaining above the minimum inhibitory concentration (MIC) for long
enough periods to kill all parasites [6,7]. To support this hypothesis Bwijo et al. [8] showed
that exposure to artemisinin for 3 hours daily in vitro did not completely eradicate the parasites;
this could only be achieved if the dosing regimen was extended to a threshold concentration
of 3×10−8 M twice daily for at least 5 days, or by using artemisinin in combination with
mefloquine at levels above the respective MICs. These in vitro studies closely approximate the
observations from a series of clinical studies in Thailand after treatment with artesunate and
artemether. In these studies a decrease in recrudescence was directly correlated with drug
concentration and dosing frequency [9]. However, this hypothesis does not explain the
frequency of recrudescence after 7 days of treatment with a drug which can produce reductions
in asexual parasite biomass of up to 10,000 fold per cycle [6].

An alternative novel mechanism has been proposed [10,11] in which parasites are able to
tolerate artemisinin treatment by entering a temporarily growth-arrested state (dormancy)
similar to that described for the persistence of bacteria [12,13]. It has been shown that
development of P. falciparum ring-stage parasites is interrupted rapidly after exposure to
artesunate or dihydroartemisinin (DHA), but that these parasites recover to resume normal
growth [10,11]. To understand how parasite dormancy may impact on artemisinin treatment
failure, it is critical to know how long parasites remain dormant after artemisinin exposure and
what proportion of dormant parasites recover, as well as the dynamics of the recovery. Equally
important is whether the companion drugs used in artemisinin combination therapy (ACT)
formulations are effective against the dormant parasites. This knowledge could significantly
improve the understanding of the parasite response to artemisinin drugs and will enable us to
evaluate current ACT combinations and develop further rationale combination dosing
regimens. Moreover, dormancy may facilitate the development of resistance to artemisinin
drugs and a better understanding of dormancy may help to reveal artemisinin resistance
mechanisms.

In this paper, we report investigations of the duration of dormancy and recovery rates in
vitro by exposing synchronous ring stage parasites of different P. falciparum strains to a range
of concentrations of DHA. Repeated treatment and combination treatment with mefloquine
was also carried out to assess the receptiveness of dormant parasites to subsequent drug
exposure.
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Materials and methods
Parasite cultivation

Plasmodium falciparum strains W2, D6, HB3, S55 and PH1 were cultivated using standard
techniques with a haematocrit of 3%. The culture medium consisted of standard RPMI1640
supplemented with 10% human plasma [14]. Prior to the start of each experiment parasites
were synchronized at ring stage using two rounds of 5% sorbitol [15].

Drug dilutions
A series of dilutions of DHA (DK Pharma, Vietnam) and mefloquine (Walter Reed Army
Institute, USA) in 100% methanol was prepared and used as stock solutions. The working
concentration for mefloquine was 250 ng/ml, while DHA ranged from 20 to 500 ng/ml
(~7×10−8 M to 2×10−6 M).

Experimental design
Monitoring recrudescence in bulk cultures—Two 10 ml cultures of ring stage parasites
(W2, HB3 and D6) with an initial parasitemia of 2% were each exposed to DHA (200 ng/ml;
~7×10−7 M) for 6 hours, after which the DHA was removed by washing the culture with fresh
medium. After treatment one 10 ml culture (Control A) was maintained and monitored until
the parasitemia reached ~10%, while the other was passed through a magnetic column (MACS,
25 CS Separation columns) on 3 consecutive days, starting 24 hours after treatment, before
being maintained by standard culture techniques until ~10% parasitemia was reached (Fig 1A).
The magnetic columns remove mature parasites (late trophozoites and schizonts) [16,17],
thereby ensuring that parasites unaffected by the drug were removed and did not contribute to
the estimated recovery of parasites. For each use of the column cultures were resuspended in
2 ml cold RPMI and passed through the column three times, after which the column was washed
with 30 ml RPMI. All flow through was spun down, resuspended in 10 ml culture medium and
returned to the incubator. Sham-treated parasites (without drug and magnetic column
treatment) were used as a negative control (Fig 1A; Control B). Thin and thick blood films
were made daily, stained with Giemsa stain and examined under light microscopy to determine
the parasitemia.

Determining rates & duration of recovery—20 ml of synchronous ring stage parasites
with an initial parasitemia of 2% were exposed to a single dose of DHA, or multiple doses of
DHA on 3 consecutive days, or a single dose of DHA followed by a 24 hour exposure to
mefloquine on the following day (Fig 1B). All DHA exposures were for 6 hours. Following
drug treatment parasites were washed and culture medium was replaced. Cultures were passed
through a magnetic column 24 hours after the first treatment and then every 24 hours for up to
20 consecutive days as described above. The daily use of the columns removed parasites that
had previously recovered.

From Day 4 to Day 20, samples were taken before the cultures were passed through the column
and plated into 96-well microculture plates (Microtest™, Falcon) at three dilutions (32 wells
at each dilution). Dilutions were adjusted against RBC counts obtained at regular intervals
throughout the experiment using a haemacytometer. Plates were gassed and maintained at 37°
C for 19–21 days (culture medium was replaced every four days and RBCs added after 10
days), after which Giemsa-stained thick blood films were made for each well and examined
under light microscopy. Sham-treated parasite cultures ran parallel to all experiments as
negative controls.
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At the completion of the 17–20 days of plating, each bulk culture from which the plates were
made was maintained for a further 20 days after which slides were made and examined for the
presence of growing parasites.

Evaluation of Recovery Rates
The number of parasite positive wells in each plate at each concentration was used as the basis
to calculate the parasite recovery rate. It was assumed for plate i that the number of positive
wells at concentration j followed the binomial distribution ~Bi(pi,j, 32) where pi,j = 1 −
e−rici,j,ci,j is the expected number of parasites per well and ri is the proportion of parasites that
recover to resume growth within the plate. The variable ri was assumed to be the sum of the
daily recovery rates potentially contributing to the growth seen within a well. The recovery
days which could contribute to each plate varied between plates and experiments and were
calculated assuming 1) all parasites growing in a well recovered after passing through the last
column before plating, 2) growing parasites have an average replication rate of 5 every 48
hours and 3) it takes 12 days for one parasite within a well to replicate to sufficient numbers
to be visible by thick film. The proportion of parasites recovering on each day (or group of
several days) was specified by a random effects model and fit using MCMC implemented by
the WinBUGS software (Version 1.4, Imperial College & MRC, UK). The calculated overall
recovery rate was the recovery from Day 4 onwards when all parasites unaffected by the drug
had been removed.

Definitions
Overall recovery rate - the proportion of treated parasites recovering and returning to normal
growth after drug exposure.

Daily recovery rate - the percentage of treated parasites that recovered on a certain day (or
over several days).

Time to recovery (duration) - the number of days between the first day of treatment and the
day when a defined proportion of dormant parasites started to grow.

Results
Detection of recovery

Following a single exposure to 200 ng/ml DHA morphologically abnormal rings and no mature
parasite forms were observed in the Control A culture for 3 days. In all three strains (HB3, W2
and D6) tested, developing parasites were first sighted on thick films on Day 4 and reached
>10% parasitemia by Day 11 (Fig 2). In contrast, the time to reach >10% parasitemia in each
culture that passed through the magnetic column for the first 3 days after treatment was 19
days for W2 and HB3 and 14 days for D6 (Fig 2). This delay in recovery indicated that there
was a small number of parasites that was either unaffected by the drug or had become dormant
but recovered in the first 3 days and had been removed by the columns.

Recovery Rates and duration after single exposure to DHA
P. falciparum W2 parasites were exposed to 3 different concentrations of DHA: 20 ng/ml, 200
ng/ml and 500 ng/ml. The proportion of parasites that recovered was dose-dependent (Table
1). 50% of parasites recovered by Day 9 after treatment with 200 and 500 ng/ml DHA and by
Day 5 for 20 ng/ml (Fig 3).

Five parasite strains with different genetic backgrounds were exposed to a single dose (200
ng/ml) of DHA. All strains recovered following treatment. W2, D6 and S55 had similar overall
recovery rates (0.124%–0.145%), while HB3 and PH1 had lower overall recovery rates (Table
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1). The timing and dynamics of recovery appeared fairly consistent between strains with the
majority of parasites recovered by Day 15 (Fig 4). With the exception of W2, no growing
parasites were detected in the bulk culture after 40 days (20 days of daily column followed by
20 days culture), indicating no parasite recovery from dormancy between Day 20 and Day 40.
This result also demonstrated that the daily columns successfully removed parasites that
recovered and resumed normal growth between Days 4 and 20. Several repeat experiments
were conducted using W2 exposed to 200 ng/ml and the presence of growing parasites at the
end of the experiment was a common occurrence (data not shown). This suggests that some
W2 parasites may recover from dormancy after Day 20.

Recovery Rates and duration after multiple drug exposures
Recurrence of parasites was detected after repeated exposure to 200 ng/ml DHA on 3
consecutive days. The overall recovery rate (0.011%) was 10-fold lower than that following a
single dose (Table 1) and the recovery occurred much later (Fig 5).

An almost identical pattern was observed when DHA exposure was followed by mefloquine
exposure. The overall recovery rate was 0.014% (Table 1) with delayed recurrence compared
to single-dose DHA exposure (Fig 5).

Discussion
Recrudescence following artemisinin treatment is not uncommon, but the underlying
mechanism is unclear. The recent report about the development of resistance to artemisinin
[18] is alarming but can’t explain the common occurrence of recrudescence; clinical experience
has shown that retreatment after recrudescence is equally effective as the initial treatment [5].
The occurrence of dormancy provides a plausible explanation for the high rate of recrudescence
following treatment with the artemisinin class of drugs. Previous studies suggest the dormancy
phenomenon is specific to artemisinin derivatives since it could not be induced by other anti-
malarials such as quinine [10].

In this report we characterize parasite recovery in a variety of P. falciparum strains in vitro
following a range of different DHA exposures. We considered only ring stage parasites since
previous reports showed that only the ring stages arrested the development following treatment
[10,19] . Most concentrations of DHA used in our experiments (200–500 ng/ml) were more
than 100 fold higher than the reported IC90 for these parasites in a standard 3 day IC90 assay,
and were within the range of peak plasma DHA concentrations in humans treated with
artemisinin derivatives [20]. Parasite growth was arrested at ring stage after exposure to DHA,
but recovery was always observed. Overall recovery rates ranged from 0.044% to 1.313%,
with parasites recovering continuously over the experimental period. These findings not only
provide further evidence for the “dormancy” theory but also, for the first time, quantify the
proportion of parasites recovering and estimate the duration that they remain dormant.

Magnetic columns were used in the experiments to remove growing parasites so that we could
monitor parasite recovery over an extended time period. This was essential in assessing how
long dormant parasites survive and recover. Without the columns the bulk culture would have
been overgrown by the first brood of recovered parasites, prohibiting the detection of later
parasite recovery. Two sets of results from our study demonstrate the use of the column was
effective in achieving this goal. Firstly, bulk cultures which were DHA treated and passed
through the magnetic column for 3 days recovered much later than the same parasites that were
not passed through the column. This effect is likely due to the removal of parasites which may
not have been affected by the treatment and parasites which recovered during the first 3 days
following treatment. Secondly, the majority of drug treated bulk cultures did not show recurrent
parasitemia after passing through the magnetic column daily for 20 days. Had the column not
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been effective at removing growing parasites, the parasites which recovered during the
experiment (as evidenced by parasite positive plates taken from the bulk culture) would have
multiplied in the culture producing a positive parasitemia at the end of the experiment. While
it is unlikely that the column is able to completely remove large numbers of growing parasites
[16,17], in our experiments the proportion of growing parasites was expected to be low due to
the high drug concentrations used and the gradual recovery of the parasites.

The total recovery rates calculated ranged from 0.001% to 1.313% of the treated parasites with
the rates clearly being dose dependant. Higher DHA doses yielded a lower recovery rate, in
line with the results from a previous in vitro study [21]. Under the same treatment dose (200
ng/ml), the overall recovery rates between 3 parasite strains with different geographical
backgrounds (W2, D6 and S55) were remarkably similar, while two other strains showed rates
of approximately one half (HB3) and one third (PH1). This may reflect the intrinsic tolerability
of the parasites to DHA.

Our results show that parasites recover from dormancy and resume growth from 4 to 25 days
after a single exposure to DHA. Our experimental design did not allow us to assess recovery
during the first three days after treatment, so recovery may commence earlier than 4 days.
While the majority of parasites appeared to have completed their recovery during the
experimental period, we repeatedly saw parasite-positive cultures at the end of experiments in
the W2 strain treated with 200 ng/ml and 500 ng/ml DHA. Since this feature was observed
multiple times, but not observed at 20 ng/ml, we hypothesize that the recovery of dormant
parasites was still continuing at the end of the experimental period. This is also supported by
the failure of the cumulative recovery curves to reach a plateau or asymptote prior to the end
of the experiment. Based on the declining trend of the recovery rate over time, we expect the
rate of parasite recovery after the experimental period to be very low, however only a few
parasite recovering will be sufficient to generate a positive bulk culture. The timing of recovery
observed in our experiments agrees with field data where recrudescence appeared from less
than 14 and up to 28 to 42 days after mono-therapy with artemisinin [7,22] or artesunate [22–
24].

Repeated DHA treatment on 3 consecutive days reduced the proportion of parasites recovering
by 10 fold and delayed, but did not prevent parasites recurring. We hypothesize that
continuation of repeated treatment over a longer time period would result in a further reduction
of the recovery rate. Our results provide a plausible explanation for the outcome of clinical
studies undertaken in Vietnam where recrudescence rates were highest in patients that received
artemisinin treatment for 5 or less days compared to those receiving treatment for 5–10 days
[4]. Our findings also closely reflect clinical studies undertaken in Thailand using artesunate
and artemether which showed a decrease in recrudescence in direct correlation with
concentration and dosing frequency [9].

It has been suggested for some time that antimalarial drugs should no longer be used alone to
protect them from the emergence of resistance [25]. The combination of artesunate with
mefloquine has been shown to be effective, even in an area of Thailand with the most
mefloquine resistant parasites in the world [26,27]. Cure rates were reported to remain well
above 90% at day 42 even after 13 years of continuous mefloquine-artesunate deployment on
the northwestern border of Thailand [28]. It has also been shown that mefloquine reduces
recrudescence in vitro when used in combination with artemisinin [8]. The effectiveness of the
combination has been attributed to the long elimination half-life of mefloquine which slowly
eliminates the residual, artesunate-affected parasites [25].

In this study we exposed W2 parasites to a single dose of 200 ng/ml DHA for 6h followed by
a single dose of 250 ng/ml mefloquine for 24h, with an interval of 18h between treatments.
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We showed that the proportion of parasites recovering was decreased by 10 fold as compared
to DHA 200 ng/ml alone and that parasite recovery was also delayed. Interestingly, this delay
and decrease in recovery was comparable to that after repeated DHA treatment. A longer
exposure to mefloquine may have greater effect on the dormant parasites as the drug has a long
half life in vivo. Hypothetically, these findings could have been caused by mefloquine (or the
subsequent DHA dose) killing parasites that may have continued growing after the first
treatment as well as dormant parasites recovering early after treatment. However, given daily
use of the magnetic column to remove growing parasites a more likely explanation is that
parasites that become dormant after one DHA treatment were still receptive to other drugs.
This implies that dormant parasites still maintain a basic metabolism, which warrants further
investigation.

The reduction and delay we observed in recovery after combination treatment with MQ agrees
with the results of a field study undertaken in Ecuadorian children where recrudescence after
artesunate mono-therapy occurred at higher rates and earlier than in the patient groups that
received artesunate in combination with mefloquine [29]. Another study in Vietnam
demonstrated that there is no effect of different dosing times of mefloquine within the first 24
hours after an initial single dose of artesunate [30].

Our findings reinforce the use of ACT to reduce the risk of recrudescence. Moreover, our results
provide valuable information for dosing and drug combination regimens in the treatment of
P. falciparum malaria. It may prove to be useful to adjust dosing according to the timing of
parasite recovery.

In summary, the dormancy-recovery phenomenon provides a good explanation for the
observed high rate of recrudescence following artemisinin mono-therapy, especially after short
drug exposures. Although it does not directly provide explanations for the slow parasite
clearance times emerging in Southeast Asia [18] dormancy may facilitate the development of
artemisinin resistance as persister cells of various microbes have been associated with the
emergence of resistant mutants [31]. Since dormancy appears to be a mechanism used by P.
falciparum parasites to survive treatment with artemisinin, the possible link between dormancy
and the development of resistance requires urgent attention. Since the success of current ACT
treatment regimes hinges on the artemisinin component of the combination it is imperative that
we confirm dormancy in vivo and find a molecular marker to assist with elucidating its impact
on treatment efficacy and resistance.
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Figure 1.
Experimental design to A) monitor recovery in bulk cultures; B) to determine rates and duration
of recovery of parasites following treatment with single or multiple doses of DHA or DHA in
combination with mefloquine.
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Figure 2.
Effect of 200 ng/ml DHA on bulk cultures of three parasite strains (W2, HB3 and D6) with
and without the use of a magnetic column on Days 1, 2 and 3. The starting parasitemias were
0.20% and 2% for control and DHA treated samples, respectively.
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Figure 3.
Cumulative recovery rates for W2 at three DHA concentrations.
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Figure 4.
Cumulative recovery rates for 5 parasite strains each treated with 200 ng/ml DHA for 6 hours
on Day 1.
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Figure 5.
Parasite recovery after repeated treatment with DHA and combination treatment with DHA
and mefloquine (MQ).
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Table 1

P. falciparum
strain

Concentration
(ng/ml) Estimated median %

recovered
(2.5th & 97.5th percentile)

Presence of
growing

parasites in bulk
culture 14 days
after last plateDHA MQ

20 - 1.313 (0.898 – 1.940) −

200 - 0.124 (0.104 – 0.155) +

W2 500 - 0.083 (0.068 – 0.096) +

3×200 - 0.011 (0.009 – 0.014) −

200 250 0.014 (0.011 – 0.016) −

D6 200 - 0.144 (0.118 – 0.175) −

PH1 200 - 0.044 (0.036 – 0.056) −

HB3 200 - 0.071 (0.057 – 0.090) −

S55 200 - 0.145 (0.116 – 0.185) −
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