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mice: a time-to-event analysis
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Artesunate-mefloquine combination therapy (AR-MQ) is a standard therapy for

treating uncomplicated malaria by Plasmodium falciparum. Time-to-event (TTE)

analysis is used to describe the occurrence and timing of events by yielding

information about the risk of an event occurring during a specific period.

Therefore, the aim of the present study is to evaluate the efficacy of AR-MQ

combination therapy on the survival time of Plasmodium berghei-infected mice

using TTE analysis. Here, TTE analysis was used to analyze P. berghei-infected

mice receiving a single oral dose of 100 mg/kg artesunate and 55 mg/kg

mefloquine or dose-matched artesunate monotherapy. Median survival was

higher for AR-MQ than for monotherapy. A survival analysis to evaluate the

influence of treatment on survival was performed using MonolixSuite™. The

Weibull model best described the mortality time of the animals. Subsequent

analysis identified that AR-MQ had a significant influence on population survival

time (Te_pop), estimated at 13.66 days, population parameter for curve fitting

(p_pop) at 4.39, and survival time under AR-MQ treatment (beta Te_AR-MQ) at

0.77 days. The probability of survival 7, 15, and 30 days after treatment with AR-

MQ was 94.4%, 88.9%, and 14.9%, respectively. The experimental and modeling

data both found that AR-MQ combination therapy yielded increased survival of

infected animals.
KEYWORDS

survival analysis, malaria, Plasmodium berghei, Plasmodium falciparum, antimalarial
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1 Introduction

Artemisinin-based combined therapy (ACT) is the standard

treatment for children and adults with uncomplicated malaria caused

by Plasmodium falciparum (1). This combination consists of an

artemisinin derivative, which rapidly reduces parasite viability but

has a very short plasma half-life, associated with a longer-acting

drug, which should remove residual parasites and prevent parasite

recrudescence. ACT can be more effective than standard monotherapy

for different reasons. In terms of pharmacodynamics, it can yield

additive antimalarial effects and mitigate drug-resistance issues, among

other advantages (2, 3). Regarding pharmacokinetics, ACT can provide

rapid and prolonged action, as it is composed of one shorter- and one

longer-acting drug.

ACT was launched in 2001 and there are currently at least five

different formulations recommended by WHO, although each

country can choose which to authorize. One example of these

therapies is a co-formulated pill of artemether and lumefantrine

marketed under the trade name Coartem®, which has gained

particular popularity worldwide. In comparison, artesunate-

mefloquine (AR-MQ) remained relatively unknown for many

decades because of a lack of clinically important knowledge about

the pharmacokinetic–pharmacodynamic relationship between its

components and the determinants of interpatient pharmacokinetic

and pharmacodynamic variability. Nonetheless, AR-MQ is the first-

line treatment for uncomplicated falciparum malaria, P. vivax

malaria, and mixed infection by unknown species in many

countries in Latin America (4, 5). It was only in recent years that

the first modeling and experimental endeavors were made to

elucidate the pharmacokinetics of this ACT and the reduced

parasite viability associated with it (6–8).

Increased understanding of AR-MQ is needed to inform

decisions concerning the dosage regimen and duration of

treatment using this drug. One way to fill this knowledge gap is

to use time-to-event (TTE) analysis (9). TTE analysis, also referred

to as survival analysis, is an approach used to describe, explain, and

predict the occurrence and timing of events. It is highly effective,

when used appropriately, in producing critical information about

the risk of an event happening over a specific period of time (10).

The data used in TTE analyses describe the prognosis of diseases or

drug effects, such as overall survival, time to disease progression,

etc., and therefore survival data on animals that were treated or not

treated with different antimalarials. To achieve this, existing

parametric models can be used to perform simulations and

evaluate the statistical significance of the covariates (11).

The efficacy of antimalarial compounds/drugs can be assessed

through in vivo preclinical trials using rodent models, which are

similar in physiology, lifecycle, and structure to human malaria

parasites and can help develop understanding of their biology and

pathogenesis (12, 13). P. berghei has traditionally been used to

investigate the biology of liver-stage and asexual blood-stage

parasites, the progression of liver disease, and also the resulting

host immunity (14). With data obtained from in vivo pre-clinical

trials, it is possible to build up mathematical and statistical models

to describe and understand the efficacy and effect of drugs,
Frontiers in Tropical Diseases 02
facilitating the translation of results from pre-clinical trials into

clinical trials, and also providing a theoretical basis for drug

effectiveness and the chances of failure (15, 16).

To our knowledge, TTE modeling is not yet routinely used in

preclinical studies. Therefore, the aim of the present study is to

evaluate the efficacy of AR-MQ combination therapy on the survival

time of Plasmodium berghei-infected mice using TTE analysis.
2 Materials and methods

2.1 Study design

Male and female Swiss mice (6 to 8 weeks old, 18 to 22 g) were

obtained from the Animal Resources Unit of Instituto Gonçalo

Moniz (Fiocruz, Salvador, Brazil) and housed in cages under a 12-

hour light/dark cycle with food and water ad libitum. The

experimental protocol was approved by the Instituto Gonçalo

Moniz ethics committee (approval no. 015/2022). Mice were

infected with P. berghei (ANKA/Luc/GFP strain) (17), and

infection was maintained by weekly blood passage via

intraperitoneal injection of a standard inoculum of 1 x 106

parasitized erythrocytes in 200 μL 0.9% saline solution.

Parasitemia was determined by May-Grunwald-Giemsa staining

of smeared peripheral blood collected from tail veins.

Approximately 5 days post-infection, when infection reached >

5% parasitemia, as determined by flow cytometry to detect the GFP

signal (BD LSRFortessa™ Cell Analyzer, Piscataway, NJ, USA),

mice were randomly divided into three groups (n = 6/group): AR

monotherapy (100 mg/kg), AR-MQ combination therapy (100 mg/

kg and 55 mg/kg, respectively), and untreated (vehicle only). Drugs

were administered in a single dose orally, and survival was

monitored up to 30 days.
2.2 TTE modeling

A TTE model was developed, in which the event was defined as

death over time (days). Monitoring of animal death began after

administration of treatment, with death overtime in the AR-MQ

group being compared with death overtime in the vehicle (control)

and AR groups.

The analysis was carried out using the Monolix Suite™ 2023R1

(Lixoft, France), with parametric models, adjusting the hazard

function (h), and analysis of the influence of treatment. The data

were analyzed with the most commonly used models: exponential,

Weibull, log-logistic, uniform, Gompertz, and gamma:

Exponential

h =  
1
Te

(1)

Weibull

h =  
p
Te

t
Te

� �p−1

(2)
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log-logistic

h =  

S
Te

t
Te

� �S−1

1 + t
Te

� �s−1 (3)

Uniform

h =  
1

Te   − 1
(4)

Gompertz

h =  
k

T
0
e
e

t0
T
0
e (5)

Gamma

h =  

a
Te

a t
Te

� �a−1
  e−

at
Te

G a) −   g   a , atTe

� �� (6)

The models were compared to identify the one that best

captured the data on survival time and presented the lowest

objective function value (OFV), a difference of at least -3.84, and

acceptable Bayesian information criteria (BIC) and relative

standard error (RSE, %). Their performance was also evaluated by

visual predictive check (VPC), in which the Kaplan-Meier curve of

the observed data is overlaid on the 90% prediction interval of the

simulated data from the TTE model with 1,000 replicates.

After choosing the model, the influence of treatment on the AR

and AR-MQ groups was analyzed against the untreated group

(reference group). The influence of treatment was considered

significant when the Wald test p-value < 0.05. At the end of the

analysis, the random effects were removed from the model. With the

estimated parameters, the survival function (S(t)) and the probability

of the event occurring within 7, 15, and 30 days were calculated. S(t) is

described by the hazard in a given time that describes the probability

of an event failing to occur within that time, such that survival is:

S   (t) =   e

−

Zt

0

h(t)   dt

(7)

where, t is time and S(t) is survival at time t.
3 Results

The TTE model consisted of a total of 18 mice from three

intervention groups. All animals were followed until the event

(death) or the conclusion of the experiment on day 30, generating

the Kaplan-Meier survival curve over time (days) (Figure 1) with

stratification by type of treatment.

The Weibull model was selected from the hazard function

models tested (Table 1) because it was the one that provided a

better description of the survival curve for the data, as seen by the

BIC and OFV values, than the exponential model (DOFV = -33.69)

and uniform model (DOFV = -9.71). Although the OFV values of
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the log-logistic, Gompertz, and gamma models were very close,

there were significant differences in their BIC values.

The analysis of the influence of treatment using the BIC values

and the Wald test revealed a significant difference between AR-MQ

and the untreated group for Te (p-value = 1.25 x 10-8) (Table 2).

The hazard function was defined as:

h   (t) =  
p
Te

t
Te

� �p−1

(8)

Tei(t) =  Tepope
b  AR (9)

Tei(t) =  Tepope
b  AR−MQ (10)

pi =   ppop (11)

where, Tei, p, Tepop, and ppop are the individual and population

parameters of the hazard function. The AR-MQ group fits the

model parameter Tei. Te is the parameter of interest; p is the curve-

fitting parameter, and t is time.

The VPC of the model was obtained and stratified by treatment,

with the Kaplan-Meier curve of the observed data superimposed on

the 90% prediction interval calculated from the model simulations,

within the confidence interval (Figure 2). The results of the VPC

indicated that there was no misspecification and that the model

adequately described the data and had the ability to predict the

observed Kaplan Meier survival.

The estimated parameters (Table 2) demonstrate a mean

population Te (survival time) of 13.66 days, with a significant

difference between the AR-MQ and the untreated group, without

influencing the parameter p (curve adjustment parameter).

The probability of survival S(t) of mice infected with P. berghei

and at 7, 15, and 30 days was 86.9%, 78.9%, and 1.8%, after receiving

AR monotherapy and 94.4%, 88.9%, and 14.9%, AR-MQ

combination therapy respectively.
4 Discussion

This study demonstrated the survival of P. berghei-infected mice

treated with AR-MQ combination therapy compared to AR

monotherapy and the vehicle only (control). The results

demonstrate that the mean time until death for the population

(Te) was 13.66 days. When analyzing the influence of treatment, Te

values of 0.19 and 0.77 days were obtained for the AR monotherapy

and AR-MQ groups, respectively, with a significant difference for

the AR-MQ group. These results demonstrate that animals

receiving AR-MQ took longer to die than animals receiving AR

monotherapy. The equation Tei(t) =  Tepope
b  AR−MQ was generated.

The curve adjustment parameter, p, was estimated at 4.39 and

showed no influence of treatment (Table 2).

The probability of survival at 7, 15, and 30 days after drug

administration was calculated for the two drug-receiving groups.

When AR-MQ was given (vs. AR monotherapy), the probability of

survival was higher at all three times: 94.4% (vs. 86.9%) after 7 days,

88.9% (vs. 78.9%) after 15 days and 14.9% (vs. 1.8%) after 30 days.
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ACT AR-MQ is considered the first-line treatment for P.

falciparum in the Americas, South-East Asia Region, and Western

Pacific Region (18). It is characterized by an artemisinin derivative,

which rapidly reduces parasitemia during the first 3 days of treatment

but has a very short plasma half-life, associated with a longer-acting

drug, which should remove residual parasites and indicated for the

treatment of uncomplicated malaria (2). The general recommendation

is hospital admission and oral treatment for at least 24–48 h, intending

to observe clinical evolution and drug tolerance (19). Otherwise, AR

monotherapy is indicated for the treatment of severe malaria with

intravenous administration (20) followed by an ACT for three days,

and almost all patients infected with artemisinin-resistant parasites

who are treated with an ACT are completely cured (18). In case there is
FIGURE 1

Kaplan-Meier survival curve of TTE data (upper panel); Kaplan-Meier curve stratified by treatment: vehicle (yellow), AR monotherapy (blue), and
ARMQ combination (red) (down panel).
TABLE 1 Summary of OFV and BIC values of the tested survival models.

Model
-2 x log-likelihood
(Objective Func-

tion Value)

Bayesian Infor-
mation Criteria

Exponential 138.42 150.67

Weibull* 104.73 119.06

Log-logistic 104.07 122.80

Uniform 114.44 126.70

Gompertz 104.47 123.20

Gamma 104.47 131.43
*Chosen model.
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a need to administer an ACT, such as AR-MQ, in both forms of

malaria caused by P. falciparum.

The TTE model was chosen after comparing six parametric

models, and their suitability was assessed using a VPC plot based on

simulation and statistical fitting. TheWeibull model described the data

significantly better than the others. Although the Weibull, log-logistic,

Gompertz, and gamma models all presented similar -2 x log-likelihood

(OFV) values, the BIC was lowest for theWeibull model (Table 1). This

model adequately described the animals’ survival and the influence of

the different treatments, as shown by the VPC (Figure 2). The TTE

model was robust enough to estimate the survival time of animals
TABLE 2 Estimated parameters and influence of treatment on treatment
hazard based on the final model.

Parameter Estimate
Relative Standard

Error (%)
p-value

Te_pop (days) 13.66 9.89 –

beta_Te_AR (days) 0.19 69.4 0.15

beta_Te_AR-
MQ (days)

0.77 17.6 1.25 x 10-8

p_pop 4.39 19.6 –
FIGURE 2

Visual predictive check (VPC) of the empirical Kaplan-Meier curve overlaid on the 90% prediction interval calculated from model simulations (upper
panel); VPC stratified by treatment groups (down panel).
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receiving different treatments and to predict the survival probabilities,

and was therefore capable of providing a reliable description of

the data.

The use of TTE in the analysis of malaria survival has not been

reported in the literature for pre-clinical data, but it has been reported

for clinical data. In such studies, it has been used to estimate the

prevalence of the disease in specific populations, such as pregnant

women, and measure its impact on newborns (21), and to estimate

the probability of delayed onset of malaria in association with sickle

cell disease (22). TTE has also been employed in veterinary medicine,

where data from clinical trials have been used to investigate the

relationship between the effectiveness of therapies and patient

prognosis (23). TTE models can deal with censoring and describe

the occurrence of a single type of adverse effect over time. The

proportional hazards model (or Cox model) is the most widely used

TTE regression model, as it can be used for analyses of long-term

toxicity with censoring, non-recurrent adverse effects, and time-

dependent covariables, such as drug exposure (24). Regarding drug

exposure, TTE can adequately describe the relationship between

efficacy and safety, specifying how medication use will affect the

risk of an event of interest occurring (25). For malaria, this

methodology can be used to analyze data from clinical trials (26,

27), as well as the efficacy and effects of antimalarial vaccines that are

being developed (28), and to analyze the survival of animals infected

with malaria and evaluate the influence of different pharmacological

treatments, as well as the probability of survival over a given period of

time. These predictions can be used to interpret data from robust pre-

clinical and clinical studies investigating the treatment of malaria.

The TTE model may be used as a surveillance tool to inform

health authorities about the need for policy adjustments in malaria

treatment. This quantitative approach supports evidence-based

decision-making, guiding the development of new treatment

guidelines or the introduction of alternative therapies as needed.

Despite this, it is essential to emphasize that TTE analysis has

limitations. Among them, there is an inability to provide an

estimate of effect or the related confidence interval to compare

survival in different groups; it does not allow adjustment for

confounding factors in etiological research or predictors in

prognostic research; and it requires data categorization, not being

possible to increase or decrease the relative risk of a given event

associated with a one-unit increase (29).

In conclusion, the experimental and modeling data suggest that

AR-MQ combination therapy produced increased survival of P.

berghei-infected mice.
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