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Plasmodium vivax lactate dehydrogenase (PvLDH) is an essential enzyme in the glycolytic pathway of
P. vivax. It is widely used as a diagnostic biomarker and a measure of total-body parasite biomass in
vivax malaria. However, the dynamics of PvLDH remains poorly understood. Here, we developed
mathematical models that capture parasite and matrix PvLDH dynamics in ex vivo culture and the
human host. We estimated key biological parameters characterising in vivo PvLDH dynamics based
on longitudinal data of parasitemia and PvLDH concentration collected from P. vivax-infected
humans, with the estimates informed by the ex vivo data as prior knowledge in a Bayesian hierarchical
framework. We found that the in vivo accumulation rate of intraerythrocytic PvLDH peaks at 10–20 h
post-invasion (late ring stage)with amedianestimate of intraerythrocytic PvLDHmassat the endof the
life cycle to be 9.4 × 10−3ng. We also found that the median estimate of in vivo PvLDH half-life was
approximately 21.9 h. Our findings provide a foundation with which to advance our quantitative
understandingofP. vivaxbiology andwill facilitate the improvement of PvLDH-baseddiagnostic tools.

Malaria is a vector-borne disease, with 247 million malaria cases and
619,000 deaths estimatedworldwide in 20211.Plasmodiumvivax is themost
geographically widespread species causing malaria, putting billions of
people at risk of infection2,3. Although diagnosis of malaria by light
microscopy remains theprimarymethod, rapiddiagnostic tests (RDTs) that
detect Plasmodium-specific biomarkers present in the peripheral blood are
widely used. Plasmodium lactate dehydrogenase (pLDH) is an essential
enzyme in the glycolytic pathway of malaria parasites, and was one of the
first parasite biomarkers identified in the blood of Plasmodium-infected
patients4,5. The development of RDTs that use P. vivax-specific monoclonal
antibodies to target pLDH (PvLDH) has enabled species-specific detection
of vivax infectionwithoutmicroscopy in areas co-endemic for P. falciparum
and P. vivax6. Quantification of plasma PvLDH has also been used as a
measure of P. vivax biomass in clinical studies of uncomplicated and severe
vivax malaria7,8.

An understanding of the quantitative dynamics of a given biomarker
facilitates its application as a diagnostic tool9 and may reveal novel appli-
cations. Comparedwith theP. falciparum-specific biomarker, histidine-rich
protein-2 (HRP2), the dynamics ofwhich have been extensively studied and
modelled9–12, the dynamics of PvLDH remains poorly characterised. Fur-
thermore, recent human studies have confirmed the accumulation of P.
vivaxparasites in reticulocyte-rich tissues outside the circulation, such as the
spleen13,14, and to a lesser extent the bone marrow15,16, with the splenic
reservoir accounting for more than 98% of total-body P. vivax biomass in
chronic infections13.Nevertheless, in the absence of invasive tissue sampling,
quantification of any parasite biomass that is outside peripheral circulation
remains an ongoing challenge.

This highlights the need for better understanding the dynamics of P.
vivax specific biomarkers. However, no mathematical methods for quan-
tifying the biological parameters governing PvLDH dynamics based on in
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vivo data are available. PvLDH data collected from vivax malaria patients
and participants in human challenge studies where parasite kinetics are
measured in a controlled setting provide an opportunity for the char-
acterisation of both ex vivo and in vivo PvLDH dynamics using mathe-
matical modelling, and allow us to infer estimates for biological parameters
that are difficult to measure by direct sampling.

In this study, we quantified the dynamics of PvLDH by fitting two
mathematical models to experimental data. The first model (referred to as
the ex vivo model) captures the ex vivo dynamics of parasites and PvLDH
and was fitted to a set of longitudinal measurements of parasite count and
PvLDH concentration in two short-term ex vivo cultures of P. vivax patient
isolates. The parameters identified from the ex vivo model then served as
prior knowledge for the second model (referred to as the within-host
model), which captured in vivo parasite and PvLDH dynamics that was
fitted to longitudinal data of parasitemia and whole blood PvLDH con-
centration from eight adults experimentally-infected with P. vivax in a
volunteer infection study (VIS). Both model fittings were conducted using
Bayesian hierarchical inference, which is a statistical method for generating
the posterior distribution of model parameters that quantify the mean
properties of the examined cohort, basedonboth experimental data and any
prior knowledge of parameter distribution gained from other independent
experimental studies. We report the ex vivo and in vivo estimates of two
fundamental parameters that characterise PvLDH dynamics. Firstly,
intraerythrocytic PvLDH, which describes the average net accumulation of
PvLDHmass inside a parasitized red blood cell (pRBC) over an asexual life

cycle and is a function of parasite age. Secondly, the PvLDH decay rate or
half-life, which quantifies how quickly PvLDH decays after release from
ruptured pRBCs.

Results
Quantification of ex vivo PvLDH dynamics
The ex vivo model was fitted to both parasite count data derived by
microscopy and ELISA-based PvLDH measurements collected in two 54-
hour ex vivo cultures of P. vivax from two Indonesian patients using
Bayesian hierarchical inference (see Methods for further details about the
model and the ex vivo experiments). PvLDH levels in culture media mea-
sured at six-hour intervals indicate the amount of PvLDH released by
rupturedpRBCs,while PvLDH levels in redblood cell (RBC)pellets indicate
the intracellular PvLDHaccumulated in the pRBCs. Figure 1a–dpresent the
results of the model fitting, and show that the ex vivo model captures the
trends of themeasured data, as visualised by themedian and 95%prediction
interval (PI) of parasite count and PvLDH levels over time. We observed a
rapid increase in PvLDH in culturemedia immediately after 0 h in patient 2
(as opposed to the gradual increase in media PvLDH for Patient 1); this
could be explained by the presence and rupturing of a higher fraction of
schizonts at the start of the culture in patient 2 compared to patient 1 (2%vs.
0% by microscopy; 5.5% vs. 0.1% by the median model prediction). Data
points in Fig. 1e, f present the proportion of parasites at each stage of the
asexual cycle in the culture as determined by microscopy. At the start of
culture, microscopy indicated that parasites were 91% and 93% ring stages

Fig. 1 | Results of ex vivomodel fitting andmodel predictions. Panel a–d show the
results of fitting the ex vivo model to the culture data of P. vivax isolates from two
malaria patients in Timika, Indonesia. The solid dots are experimental measure-
ments of parasite counts in the cultures and the solid squares and diamonds are
experimental measurements of PvLDH in the culture pellet and media, respectively
(note that PvLDH concentrations were measured and then converted to mass based
on the volume of the culture; see Methods for details). Model fits are shown by the
median and 95% prediction interval (PI) of the model-predicted distributions of

parasite count and PvLDH levels (in nanogram) at different time points (in hours).
The calculation of the median and the 95% PI is described in the Methods. Panel
e and f show the model-predicted fractions of parasites at different stages of the
lifecycle, which are shown by the median predictions (colour curves) and associated
95% PIs. Experimental measurements of the fractions of rings, trophozoites and
schizonts are also shown in the figures for comparison (solid-coloured dots).
Experimental measurements were conducted in duplicate at each timepoint.
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(in patient 1 and 2, respectively); these matured into >90% trophozoites by
14—17 hours, and finally into schizonts (41% and 30% of parasites in
patient 1 and 2, respectively) by the end of the culture. The fittedmodel was
able to predict the fraction of parasites at various asexual developmental
stages, and the predicted time series (visualised by the 95% PIs withmedian
prediction curves shown in Fig. 1e, f) were relatively consistent with
experimental measurements, further supporting the ability of the ex vivo
model to quantitatively capture the dynamics of the ex vivo system.

Using the posterior samples of the population mean parameters
obtained from the model fitting (marginal distributions of the samples are
shown in Supplementary Fig. S1 in the Supplementary Information), we
estimated the ex vivo age-dependent accumulation of intraerythrocytic
PvLDHand exvivoPvLDHdecay rate.Datamodelling using aHill function
(Eq. 6 in the Methods) indicated that the median level of intraerythrocytic
PvLDH was 2 to 3 orders of magnitude higher in mature stages (late tro-
phozoite and schizont) compared to early stages (early and intermediate
rings) (Fig. 2a). This is consistent with earlier findings that LDH levels are
higher in blood sampleswheremature parasites are present4. Themaximum
PvLDH per parasite at the end of the asexual life cycle was 5.1 × 10−4 ng
(95% PI: 1.8 × 10−4—2.7 × 10−3) (Fig. 2a). The observed increase in PvLDH
level as parasites age, suggests an accumulation of PvLDH produced by the
parasite within the infected erythrocyte, and is in keeping with the slow
increase in pellet PvLDH observed in the first 20–30 hours of the cultures
(Fig. 1c, d).

The ex vivo PvLDH decay rate indicates the speed of decay of PvLDH
in the culture media. Based on the marginal posterior distribution of the
populationmeanof the ex vivoPvLDHdecay rate (shown in Supplementary
Fig. S1 in the Supplementary Information), the ex vivo PvLDH decay rate
was estimated to be 0.0106 h−1 (equivalent to a half-life of 65.3 h) and a 95%
credible interval (CrI) of 0.0098—0.0114 h−1 (60.8—70.7 h). We also pre-
sent the net PvLDH accumulation rate, calculated from the derivative of the
intraerythrocytic PvLDH concentration, an indicator of the rate of accu-
mulation of PvLDH inside the infected red cell (as a net result of production
partially offset by degradation) (Fig. 2b). The ex vivomodel predicts that the
net rate of intraerythrocytic PvLDH accumulation peaks at approximately
20 h from the start of an asexual life cycle during which parasites are at the
ring stage (Fig. 2b).

Quantification of in vivo PvLDH dynamics
Based on a similar framework used to construct the ex vivo model, we
developed a within-host model to capture the in vivo dynamics of parasite
growth and PvLDH turnover, and fitted the model to the parasitemia and
whole blood PvLDH concentration data from eight human volunteers
experimentally-infected with P. vivax isolates from India in a VIS (details
about the VIS, the model and fitting method are provided in the Methods).
To refine the within-host model, priors of two model parameters that

determine the intraerythrocytic PvLDH level (i.e., c1 and c2 in the within-
host model; see Table 2 in the Methods) were proposed based on the pos-
terior distributions of the ex vivo model (see the green dotted curves in
Supplementary Fig. S1 in the Supplementary Information). Fig. 3a–d show
themodel fit and experimental data for two representative volunteers (R009
andR010; results for all eight volunteers are shown in Supplementary Fig. S2
in the Supplementary Information). The model reproduced the synchro-
nous stepwise growth pattern of P. vivax parasitemia and PvLDH pro-
duction during the pre-treatment phase, aswell as the decline in parasitemia
and PvLDH levels after chloroquine treatment on day 10 (Fig. 3a–d). We
also used the model to predict the fraction of rings, trophozoites and schi-
zonts over the period of observation, similar to the ex vivo study (albeit with
no data for validation) (Fig. 3e, f). Consistent with the well-established life-
cycle dynamics of Plasmodium infection, we found that the modelled dis-
tribution of parasite numbers across the life-cycle stages oscillates, and that
the predicted fraction of rings rapidly increases at the same time as a step-
wise increase in parasitemia during the pre-treatment phase, timing that is
consistent with schizont rupture.

We next calculated the in vivo intraerythrocytic PvLDH level using
data from posterior distributions (for further details see Methods and
Supplementary Fig. S3 in the Supplementary Information for the marginal
posterior distributions of population mean parameters). The estimated
in vivo intraerythrocytic PvLDH level reached a median value of 9.2 × 10−3

(95% PI: 2.1 × 10−3—1.4 × 10−2) ng PvLDH per parasite at the end of the
lifecycle (Fig. 4a). In addition, the in vivo net intraerythrocytic PvLDH
accumulation rate (Fig. 4b) peaked at 10–20 h post-invasion (late
ring stage).

Based on themarginal posterior distribution of the populationmeanof
the in vivo decay rate (λ in Supplementary Fig. S3 in the Supplementary
Information), we estimate the in vivo PvLDH decay rate in the within-host
model to have amedian of 0.0316 h−1 (equivalent to a half-life of 21.9 h) and
a 95% CrI of 0.0232–0.0416 h−1 (16.7—29.9 h).

Discussion
In this study, we modelled ex vivo and in vivo experimental data of para-
sitemia and PvLDH and estimated key biological parameters that char-
acterise the dynamics of PvLDH using Bayesian hierarchical inference. We
derived two important parameters, the intraerythrocytic PvLDH level per
pRBC (a function of parasite age) and the PvLDHdecay rate.We found that
in vivo and ex vivo estimates differed significantly, with intraerythrocytic
PvLDH mass estimates in vivo at least ten-fold higher across the whole
asexual life cycle than those estimated in the exvivo system.At the endof the
life cycle, themedian intraerythrocyticPvLDHmass estimatedby the in vivo
and ex vivomodels was 9.4 × 10−3 and 5.1 × 10−4 ng per pRBC, respectively.
The rate of intraerythrocytic PvLDH accumulation was fastest during the
ring stage in both systems. Similarly, ex vivo and in vivo estimates of PvLDH

Fig. 2 | Estimates of ex vivo intraerythrocytic PvLDH. Estimated level of ex vivo
intraerythrocytic PvLDH (ng) and net intraerythrocytic PvLDH accumulation rate
(ng/h) over an ex vivo asexual life cycle. Note that the length of the ex vivo life cycle
was extended to 72 h due to experimental conditions (see Methods for further
details). The net intraerythrocytic PvLDH accumulation rate shown in b is the rate-

of-change (the derivative) of the ex vivo intraerythrocytic PvLDH shown in a.
Details of the calculation of the two quantities and their median and 95% prediction
interval (PI) based on the posterior samples of population mean parameters are
provided in the Methods.
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decay rates were distinct, with PvLDH clearance from the blood three times
faster than the decay rate in culturemedia. To our knowledge, this is thefirst
study characterising both ex vivo and in vivo PvLDH dynamics under a
single modelling framework and provides an important foundation to
advance our understanding of P. vivax biology and the development of
PvLDH-based diagnostic tools.

The finding that in vivo estimates of intraerythrocytic PvLDH mass
were at least ten-fold higher than ex vivo estimates was unexpected.
Growing P. vivax in culture remains a major challenge17 as reflected by the

presence of morphologically unhealthy parasites and prolonged ex vivo
maturation that is commonly seen in suchexperiments. In comparison to an
open in vivo systemwhere nutrient and serum levels are high with constant
turnover of toxins, we hypothesise thatmetabolic activity of parasites in our
closed culture system may be impaired, including PvLDH production, due
to factors such as reduced serum levels and build-up of toxic by-products.
Other biological conditions or factors that are present/absent in vivo versus
ex vivo may further modulate the production of intraerythrocytic PvLDH.
Similarly, the PvLDH decay rate, which measures the rate of decline in

Fig. 4 | Estimates of in vivo intraerythrocytic PvLDH. Estimated in vivo intraer-
ythrocytic PvLDH level and the net accumulation rate of intraerythrocytic PvLDH
over an in vivo asexual life cycle. The net intraerythrocytic PvLDH accumulation

rate shown in b is the rate-of-change (the derivative) of the intraerythrocytic PvLDH
shown in a. The curve and shaded area represent the median and 95% prediction
interval (PI) of model predictions.

Fig. 3 | Results of within-host model fitting and predictions in VIS. Panels
a–d show representative plots from two individuals after fitting the within-host
model to parasitemia and whole blood (WB) PvLDH experimental data obtained
from eight human volunteers experimentally-infected with P. vivax in a VIS. Model
fits are shown by the median and 95% prediction interval (PI) of model-predicted
distributions of parasitemia andWB PvLDH concentration at different time points.
The calculation of the median and 95% PI is described in the Methods. The two

volunteers were treated with a standard course of oral chloroquine on day 10 post-
inoculation (indicated by the arrows labelledwith Rx). Panel e and f show themodel-
predicted fractions of asexual developmental stages, illustrated by the median pre-
dictions (colour curves) and associated 95% PIs. For volunteer R009, some post-
treatment parasitemia data are truncated at the lower detection limit of 1 para-
site/mL.
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PvLDH in either the peripheral blood (in vivo) or the culture media
(ex vivo), was approximately three times faster in vivo than ex vivo. We
hypothesise that specific processes/factors that are present in vivobut absent
in cell culture, such as protein immune-complex formation, metabolic
degradation and renal clearance, may lead to faster in vivo clearance of
PvLDH from peripheral blood.

Our estimates of intraerythrocytic PvLDH level as a function of
parasite age provide a comprehensive estimate of PvLDH accumulation
inside a pRBC across multiple asexual developmental stages. Our ex vivo
estimates of the intraerythrocytic PvLDHmass and accumulation rate were
qualitatively consistent with earlier findings by Barber et al. who identified a
rapid increase in PvLDH production during the first 6–12 hours of the life
cycle followed by a slow increase or saturation for the remainder of life
cycle7. A quantitative comparison of their results with our data was not
possible due to the lack of a demonstrably synchronised parasite culture in
the earlier study. Our estimates of the pattern of intraerythrocytic PvLDH
accumulation over time are also consistent with transcriptomic data
whereby levels of P. vivax LDHmRNA peak across the 6 h to 24 h interval,
followed by a gradual decline until the end of the lifecycle18.

Thismodel provides aplatform to further evaluate theutilityofP. vivax
biomarkers for non-invasively quantifying the hidden parasite biomass seen
with this infection7,8,13,14. This would require the availability of sufficiently
sensitive and accurate assays for measuring PvLDH, and other potential P.
vivax specific biomarkers, in plasma as well as whole blood. Serial mea-
surement of plasma and whole blood PvLDH and parasitemia in patients
with symptomaticmalaria infectionaswell as inpatientswith asymptomatic
sub-patent infection would provide additional key data to improve the
accuracy of the model.

Some of the potential clinical applications of modelling frameworks
such as this is that calculation of key PvLDH dynamics is also a key step in
improving the development and interpretation of PvLDH based RDTs.
Parameters such as clearance of PvLDH can advise minimal limits of
detection for target product profiles for the development of new RDTs in
order to maintain optimal sensitivity. Better knowledge of biomarker
dynamics can also guide interpretation of RDT results. For example, whe-
ther a positive RDT after a recently treated infection is likely to be new or
recrudescent infection rather than being consistent with ongoing clearance
of the previous infection.

Our study has several limitations. Our mathematical model does not
account for the presence of gametocytes. This is unlikely to have a material
impact on the inferred parameters governing the asexual replication cycle as
the sexual commitment rate per cycle is less than 1%19. Secondly, we
assumed that the intraerythrocytic PvLDHcould only be released to plasma
upon rupture of viable or dead pRBC. This assumedmechanism of PvLDH
releasewas sufficient to reproduce the ex vivo experimental observation, but
we cannot exclude gradual release and there have been studies showing that
P. falciparum-specific LDH can be released from intact pRBC by extra-
cellular vesicles20. This has not been reported for P. vivax. Thirdly, we were
unable to test whether parasite genetic factors also play a role in varying
PvLDH production rates (i.e., Indian VIS isolate vs. Indonesian clinical
isolates). However, recent work suggests PvLDH is genetically well-
conserved in global populations21, and that the pattern of our modelling
estimates was consistent with transcriptomic data from Thai P. vivax
isolates18, suggestingminimal genetic variation. Fourthly, we found that the
ex vivo model predictions did not precisely reproduce some of the parasite
stagingbehaviour seen in thedata, suchas the ring-to-trophozoite transition
in both patients. This suggests that the staging process were either not
captured by the current model (which was not designed for studying the
staging process) or not informed by the parasitemia data. Nevertheless, this
did not affect the quality of the primary data on model-predicted PvLDH
dynamics in our study. Further work is warranted to investigate the staging
process which may require the development of new models and additional
experimental validation. Lastly, the estimates of PvLDH dynamics gener-
ated based on our experimental set up may vary between P. vivax geo-
graphical locations and experimental conditions. Promising advancements

to enable continuousP. vivax culture systems are beingmade andwill enable
standardisation of future ex vivo studies of this Plasmodium species.

In conclusion, we have established a modelling framework for char-
acterising PvLDHdynamics.We provide both ex vivo and in vivo estimates
of intraerythrocytic PvLDH levels across the P. vivax asexual life cycle and
provide estimates of its decay rate. Our work advances our quantitative
understanding of PvLDH dynamics and pave the way for the better
understanding of P. vivax pathobiology and the development of novel
methods/tools based on the biomarker to support diagnosis and control of
P. vivax infections.

Methods
Study design
The mathematical model of P. vivax and PvLDH dynamics was developed
in a two-step process. First, we developed the ex vivomodelwhichwasfitted
to the ex vivo experimental data derived from P. vivax culture and serial
measurements of PvLDH at different lifecycle stages during the ex vivo
culture. Parameters identified by this model were then combined with
longitudinal parasitemia and whole blood PvLDHmeasurements from a P.
vivax malaria volunteer infection study (VIS) to develop the within-host
(in vivo) model in order to calculate key biomarker dynamics.

Plasmodium vivax culture and microscopy
The ex vivo intraerythrocytic PvLDH level was estimated based on
experimental data from ex vivo P. vivax cultures. Parasite isolates were
obtained from malaria patients with P. vivax mono-infection as part of a
larger surveillance study in Timika, Papua, Indonesia. Written informed
consent was obtained for collection of peripheral venous blood. The work
was approved by the Human Research Ethics Committees of GadjahMada
University, Indonesia (KE/FK/0505/EC/2019), and Menzies School of
Health Research, Australia (HREC 10-1937). Data from two experiments
with optimal cultures, starting parasitemia (>1%) and initial staging (>90%
young rings) were selected for the modelling work to satisfy the compat-
ibility between the data and ourmathematicalmodel and the inclusion of all
developmental stages over the asexual lifecycle.

Fresh Indonesian P. vivax field isolates were cultured at 10% hae-
matocrit in warmed McCoy’s 5 A media supplemented with HEPES,
gentamycin, D-glucose, L-glutamine and human serum, as previously
described4,22. For each experiment, 500 µL of culture suspension was
added into each well of a 48-well plate and incubated in a candle jar at
37 °C within 2 hours of blood collection. The entire volume of two wells
were sampled every 6 hours, resulting in a total of 10 timepoints being
collected over a 54-hour culture period. Exact timepoints were recorded
to the closest half hour. At each timepoint, suspensions from the two
duplicate wells were centrifuged at low speed to gently pellet the red cells.
Culturemedia and red cell pellets were separated and immediately frozen
at −80 °C. Thick and thin blood smears were prepared for each well at
each timepoint and stained with 3% Giemsa solution for 45 minutes at
room temperature. Smears were examined by a WHO-certified expert
microscopist. Parasite levels were calculated in the thin smear from the
number of parasites seen in at least 1000 red cells and converted to total
parasite count per well using the average number of red cells per well
6.44 × 108 estimated based on automated red cell counts and haematocrit
data from 19 patients with uncomplicated vivax malaria in a previous
cohort23. Healthy parasites were morphologically staged into rings, tro-
phozoites, schizonts and gametocytes, and the fractions of ring, tro-
phozoite and schizont stages are shown in Fig. 1 for the purpose of
determining the length of in vitro life cycle.

Inhouse PvLDH ELISA
The concentration of PvLDH was measured in frozen culture media and
RBC pellets using an inhouse ELISA as previously described7. RBC pellets
were freeze-thawed four times prior to the assay. ELISA plates were read on
a GloMax plate reader (Promega, Wisconsin, US). Data were converted
from concentration to total mass based on the volume of media/pellet.
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PvLDH in the media was a measure of PvLDH released by the parasites,
while PvLDH in the pellets was ameasure of intracellular PvLDHproduced
by the parasites.

In vitro PvLDH decay
The in vitro PvLDH decay rate was estimated by fitting an exponential
decay model (Eq. 1 below) to the in vitro measurements of human
PvLDH decay over time. Human PvLDH from a plasma sample of
known PvLDH concentration was introduced to a 10%-hematocrit
suspension of healthy uninfected RBCs and cultured in a 48-well plate
without parasites under the same conditions described above. Culture
media was collected from duplicate wells and frozen at time zero,
30 minutes, then every 6–8 hours over a total of 54 hours. PvLDH con-
centration in the media at each timepoint was measured by inhouse
ELISA as described above and presented in nanograms per mL (Sup-
plementary Fig. S4 in the Supplementary Information). The exponential
decay model is given by

Lvitro tð Þ ¼ Lvitro 0ð Þe�λ’’t ; ð1Þ

where Lvitro tð Þ represents the in vitro PvLDH level at time t since the first
measurement and λ’’ is the in vitro PvLDH decay rate (note that we use the
double prime superscript to differentiate it from the ex vivo and in vivo
decay rates introduced later).

Modelfittingwas conducted inBayesian framework and samples of the
target posterior distribution were generated using Hamiltonian Monte
Carlo,Thepriordistributions forLvitro 0ð Þ andλ’’ wereuniformdistributions
U(500, 1000) and U(0, 0.1), respectively. Four Markov chains with starting
points randomly chosen from the prior distributions were generated and
each chain returned (after a burn-in period of 1000 samples) 1000 samples
which were used to estimate model parameters and produce marginal
posterior distributions. Model fitting was implemented in R (version 4.0.5)
and Stan (version 2.21.5). Data and computer code are publicly available at
https://doi.org/10.26188/23256413.v1.

Posterior predictive checks of the model fitting and the marginal
posterior distributions of Lvitro 0ð Þ (initial PvLDH) and λ’’ are shown in
SupplementaryFigs. S4 andS5, respectively.Theposterior samples ofλ’’ can
be fitted by a normal distribution with a mean of 0.0106 and a standard
deviation of 4.1565 × 10-4. This normal distribution is used as the prior
distribution for the ex vivo decay rate of PvLDH in the ex vivomodel which
is introduced in the next section.

Ex vivo mathematical model of P. vivax and PvLDH dynamics
We developed a mathematical model of P. vivax and PvLDH dynamics in
the ex vivo culture system (referred to as the ex vivomodel) whichwas fitted
to the ex vivo experimental data. The parasite maturation dynamics in the
ex vivo model is structurally similar to the within-host model (described
below) except that there is no parasite replication due to the lack of reti-
culocytes in the culture:

P0 a; tð Þ ¼ P0 a� 1; t � 1ð Þe�δ0 ; a ¼ 2; 3; . . . ; a0L : ð2Þ

We use P0 a; tð Þ (with a prime) to represent the parasite number in the
culture andP0 1; tð Þ ¼ 0 for all t>0. Since wewill introduce an in vivomodel
(called the within-host model) later and the two models share several
compartments and parameters that represent the same biological quantities
or processes but differ in environment (i.e., ex vivo vs. in vivo), for those
shared compartments and parameters, we use letters with a prime to
indicate ex vivo quantities. For example, a0L is the length of ex vivo asexual
life cycle and may differ from its in vivo counterpart aL due to a potential
environment-induced variation, which was evidenced in P. falciparum24.
Since in the ex vivo experiment the parasites taken from clinical patients
may contain a small amount of schizonts that are not fully mature or
ruptured, we chose the initial age distribution of the parasites in the culture

P0ða; 0Þ to be

P0ða; 0Þ ¼ P0
c 0ð Þ

N ðμ0;σ0 ÞðaÞ þ qN ðμ0þa0L ;σ
0ÞðaÞP

N ðμ0;σ0 ÞðaÞ þ qN ðμ0þa0L ;σ
0ÞðaÞ

� � ð3Þ

where N μ0;σ0ð ÞðaÞ and N ðμ0þa0L ;σ
0ÞðaÞ are the probability density functions of

the normal distribution Nðμ0; σ 0Þ and Nðμ0 þ a0L; σ
0Þ truncated between 0

and a0L and binned every one hour, representing the age distributions of
parasites in the current and the preceding replication cycles, respectively.
Since the number of parasites in the current cycle is larger than that in the
preceding cycle because of parasite replication, we introduce a parameter
q 2 ½0; 1� to capture this difference (note that q can be considered as the
reciprocal of the parasite multiplication factor). The probability density is
normalised to the sum of the probability density (denominator of Eq. 3)
such that the sum of P0ða; 0Þ over all ages is equal to the initial parasite
number P0

c 0ð Þ (which will be explained later by Eq. 7). The dead cells that
have not ruptured in the culture follow:

P0
d a; tð Þ ¼ P0

d a; t � 1ð Þe�r0 þ P0 a; t � 1ð Þ 1� e�δ0
� �

; a ¼ 1; 2; 3; . . . ; a0L; ð4Þ

where r0 is the in vitro rate of dead cell rupture.
The ex vivo experiments measured PvLDH in two compartments,

PvLDH in the pellet (intracellular PvLDH) and in the media (extracellular
PvLDH). The dynamics of PvLDH in the media (denoted by Lm) are
modelled by the following difference equations:

Lm tð Þ ¼Lm t � 1ð Þe�λ0 þ
Xa0L
a¼1

c0 að ÞP0
d a; t � 1ð Þ 1� e�r0� �

þ c0 a0L
� �

P0 a0L; t � 1
� �

e�δ0 :

ð5Þ

The first term on the righthand side of Eq. 5 represents a reduced
amountofPvLDHcompared to the amount at thepreceding timeLm t � 1ð Þ
due to natural degradation at rate λ0. The second term represents PvLDH
released from the ruptured dead cells. The third term represents the amount
of PvLDH released into plasma from the rupturing pRBCs. c0 að Þ is the
cumulative mass of PvLDH inside a single pRBC (note that the cumulative
mass is anet result of PvLDHproduction anddegradation inside thepRBC).
Since it was found that high LDH activity in the regulation of the formation
of pyruvate was associated with mature parasites (i.e., trophozoites and
schizonts)4, c0 að Þ is heuristically modelled by an increasing sigmoidal
function of parasite age a:

c0 að Þ ¼ c1
0a2

a2 þ c2 0
2 ; ð6Þ

where c1′ and c2′ are the tuning parameters modulating the shape of the
sigmoidal curve. The initial PvLDH level in culture media Lm0 ¼ Lm 0ð Þ is
also a model parameter. The net accumulation rate of intraerythrocytic
PvLDH is the derivative of c0 að Þ with respect to a and is given by
2c1

0c02
2a= a2 þ c02

2� �2
. Model parameters and associated information

including prior distribution for the Bayesian inference (see below) are
provided in Table 1. Note that the length of ex vivo life cycle is chosen to be
72 h based on that the ex vivo life cycle was estimated to be approximately
1.5 times of the in vivo life cyclewhich is 48 h. Indetail, itwas observed in the
lower panels of Fig. 1 that the ex vivo duration of trophozoite stage, which is
approximately the time between 5 h culture time (which is followed by a
drop in the ring fraction) and 41 h culture time (which is followed by a drop
in the trophozoite fraction), is 36 h. Since the duration of in vivo trophozoite
stage is approximately 24 h (19 h to 42 h post-invasion in a 48 h life cycle),
the ratio of ex vivo trophozoite duration to in vivo trophozoite duration is
1.5, which, if applied to all other stages (i.e., ring and schizont), results in an
estimated ex vivo lifecycle of 72 h. We would like to emphasise that the
development of the ex vivomodel and the choice of the life cycle parameter
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were done without the intention to redefine or estimate the length of the P.
vivax life cycle for the ex vivo system, as the available data is insufficient to
determine the parameter. The challenges of theP. vivax culture system likely
contributed to the extended life cycle that we observed, including loss of
viable parasites and the increase in frequency ofmorphologically unhealthy
parasites over time. Future advancements in P. vivax culture will enable
the use ex vivo systems that more accurately reflect the in vivo parasite
life cycle.

The ex vivomodel can generate the following experimentallymeasured
quantities that are fitted to the ex vivo data:
• The number of parasites in the culture (denoted by P0

c) is given by the
sum of P0 a; tð Þ over all ages:

P0
c tð Þ ¼

Xa0L
a¼1

P0 a; tð Þ; ð7Þ

• The PvLDH in the pellet (denoted by Lpe) is given by

Lpe tð Þ ¼
Xa0L
a¼1

c0 að Þ½P0 a; tð Þ þ P0
d a; tð Þ�; ð8Þ

• Total PvLDH in the media is given by Lm tð Þ, which is obtained by
solving Eq. 5.
To predict the fractions of parasites in different stages (i.e., the pre-
dicted fractions of rings, trophozoites and schizonts in Fig. 1), we
derive the mathematical expressions of those fractions using the
ex vivo model:

• The fraction of rings (defined to be fraction of the parasites in the age
range of 1–27 h based on the prolonged ex vivo life cycle of estimated
72 h):

f 0r tð Þ ¼

P27
a¼1

P0 a; tð Þ
P72
a¼1

P0 a; tð Þ
: ð9Þ

• The fraction of trophozoites (defined to be fraction of the parasites in
the age range of 28–63 h based on the prolonged ex vivo life cycle of

estimated 72 h):

f 0tr tð Þ ¼

P63
a¼28

P0 a; tð Þ
P72
a¼1

P0 a; tð Þ
: ð10Þ

• The fraction of schizonts (defined to be fraction of the parasites in the
age range of 64–72 h based on the prolonged ex vivo life cycle of
estimated 72 h):

f 0s tð Þ ¼

P72
a¼64

P0 a; tð Þ
P72
a¼1

P0 a; tð Þ
: ð11Þ

Volunteer infection study (VIS)
The characterisation of in vivo PvLDHdynamics was based on longitudinal
parasitemia andPvLDHconcentrations in eightmalaria-naïve healthymale
and female (non-pregnant, non-lactating) subjects who participated in a
Phase 1b P. vivax induced blood-stage malaria clinical trial25 conducted by
the clinical unit Q-Pharm Pty Ltd at QIMR Berghofer Medical Research
Institute between 2016 and 2017. The study was approved by the QIMR
Berghofer Medical Research Institute Human Research Ethics Committee
and the Australian Defense Human Research Ethics Committee. Study
design, procedures and main results have been published elsewhere25.
Briefly, subjects were inoculated intravenously on day 0with approximately
564 viable P. vivax-infected RBCs originally isolated from a patient with P.
vivaxmalaria acquired in India. Parasitemia was measured by 18S qPCR26

and monitored with twice daily blood sampling from day 4 until treatment
on days 8–10, and then more frequently until 20 days after treatment.
Subjects were treated with a standard course of oral chloroquine (CQ) over
3 days on day 9 (n = 1) or day 10 (n = 7), as described in25.

Quansys 5-plex ELISA
PvLDH levels in VIS were measured in whole blood samples collected
betweenday 4 anddayof treatment, and every 12 hours after treatment until
120 hours. PvLDH levels in the samples above were measured using the Q-

Table 1 | Parameters of the ex vivo model

Parameters of the ex vivo model

Parameter Unit Description Prior distribution

μ′ h mean of the normal distribution defining the initial parasite age distribution U(0, 24)

σ′ h SD of the normal distribution defining the initial parasite age distribution U(0, 20)

q (unitless) a fraction parameter U(0, 1)

c1′ ng maximum level of intraerythrocytic PvLDH U(0, 0.01)

c2′ h parasite age where the intraerythrocytic PvLDH level reaches c1/2 U(0, 72)

δ′ h−1 ex vivo death rate of parasites U(0, 0.5)

r′ h−1 ex vivo rupture rate of dead parasite U(0, 1)

λ′ h−1 ex vivo decay rate of PvLDH N(0.0106, 4.1565 × 10−4) within (0, 0.1)

Lm0 ng initial level of PvLDH in culture media U(0, 1.755)

a0L h ex vivo length of life cycle Fixed to be 72

Theprior distribution for thepopulationmeanof eachmodel parameter is a uniformdistributionwith biologically plausible boundaries specified in the table.Note that the ex vivo lengthof asexual life cycle a0L
was fixed to be 72 h, as explained in themain text. The prior for λ′wasdetermined based on amodelling study of an independent in vitro experimentwhere decay data of a humanPvLDHwere collected and
fitted by an exponential decaymodel (Eq. 1; see the first section ofMethods for details). We assigned an upper limit of Lm0 of 1.755 ng because the initial PvLDH level in culturemedia was below the limit of
quantification of 3.9 ng/mL,which is equivalent to 1.755 ngbasedon the culturemedia volumeof 0.45mL. Priors for other parameterswere set to beuniformdistributionswith bounds selected either based
on biological plausibility (e.g., 0 as a lower bound) or to be some appropriate values to avoid any resolvable truncation of the posterior distribution (e.g., those upper bounds shown in the table).
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Plex™ Human Malaria assay (Quansys Biosciences, Logan, UT, USA) as
previously described27. The Q-View™ Imager Pro was used to capture che-
miluminescent images of each plate which was then quantitatively analysed
using Q-View™ software (Quansys Biosciences).

Within-host model of P. vivax and PvLDH dynamics for VIS data
We developed a within-host model to capture in vivo P. vivax and PvLDH
dynamics for the VIS. We adopted the difference equation model structure
previously developed19,28–30 tomodelparasite replicationdynamics. In detail,
let P a; tð Þ represent the number of pRBC in the peripheral blood and
depends on both parasite age a and time t (both in unit of hours), we have:

P a; tð Þ ¼ P a� 1; t � 1ð Þe�δ�kd ; a ¼ 2; 3; . . . ; aL

ρPðaL; t � 1Þe�δ�kd ; a ¼ 1

(
; ð12Þ

where aL is the in vivo length of P. vivax asexual replication cycle and t takes
integerhours (i.e., t ¼ 0; 1; 2; 3; . . .). δ is the in vivodeath rate of pRBCs. ρ is
the schizont-to-ring expansion factor indicating the average number of new
rings formed due to the rupture of a single schizont from the previous
replication cycle. Note that ρ is different from the parasite multiplication
factor (PMF) or parasite multiplication rate (PMR), which indicates the
average amplification rate of parasite number over one asexual life cycle31,
and the relationship between ρ and PMF follows PMF ¼ ρe�δaL . Note that
the PMF will be less than the schizont-to-ring expansion factor unless the
parasite death rate δ is zero. All survival parasites with age aLwill rupture at
the next time step. �kb is the average rate of drug-induced parasite killing
during each time step (i.e., one hour) and is given by the average of
instantaneous killing rate kdðtÞ at the boundaries of the time step from t−1
to t, i.e., kd ¼ ðkdðt � 1Þ þ kdðtÞ=2 where

kdðtÞ ¼
kmaxCðtÞγ

CðtÞγ þ EC50
γ ; ð13Þ

kmax is themaximumrate of parasite killing byCQandEC50 is the half-
maximal effective concentration at which the killing rate reaches 50% of the
maximum killing rate. γ is the Hill coefficient determining the curvature of
the dose-response curve. C(t) represents the effective CQ concentration in
the central compartment at time t and a CQ concentration versus time
profile for each volunteer was simulated using the pharmacokinetic model
of CQ developed by Abd Rahman et al.32. Parameter values used in the

simulation are provided in Table 2 (the plasma samples column) of Abd
Rahman et al.’s article.

The dynamics of dead pRBCs at age a and time t,Pd a; tð Þ, aremodelled
by:

Pd a; tð Þ ¼ Pd a; t � 1ð Þe�r þ P a; t � 1ð Þ 1� e�δ�kd
� �

; a ¼ 1; 2; 3; . . . ; aL;

ð14Þ

where r is the rate of dead pRBC clearance from the peripheral blood.
We assume the age distribution of the 564 pRBCs at t = 0 follows a

normal distributionNðμ; σÞ truncated between 0 and aL and binned by one
hour, and parasites with age a are those in the bin a� 1; að Þ. μ and σ are the
mean and standard deviation of the normal distribution respectively.

For the PvLDH turnover dynamics, the mass of PvLDH (in ng) in the
plasma, denotedbyLp tð Þ, increasesdue to the ruptureof fullymaturepRBCs
(schizonts at the endof asexual replication cycle) to the peripheral blood and
decreases due to natural degradation. The discrete model for Lp tð Þ is given
by:

Lp tð Þ ¼ Lp t � 1ð Þe�λ þ Vp

Ve

� �
c aL
� �

P aL; t � 1
� �

e�δ�kd : ð15Þ

The PvLDH concentration in the plasma at t = 0, L(0), was set to be
zero (i.e., no plasma PvLDHbefore the inoculation with parasites). The first
termon the righthand side ofEq. 15 represents a reduced amount of PvLDH
compared to the amount at the preceding time L(t−1) due to natural
degradation at rate λ. The second term represents the amount of PvLDH
released from the ruptured pRBCs to the plasma. Vp and Ve represent the
volume of plasma and the volume of extracellularfluid (both inmL) and are
given by:

Vp ¼ 80Wb 1� Hð Þ; ð16Þ

and

Ve ¼ 200Wb; ð17Þ

where Wb is body weight and H is haematocrit10,12. Note that we assume
dead cells do not contribute to the plasma in the peripheral blood because
they are quickly phagocytosed by macrophages and the enclosed PvLDH is

Table 2 | Parameters of the within-host model

Parameters of the within-host model

Parameter Unit Description Prior distribution

μ h mean of the normal distribution defining the initial parasite age distribution U(0, 48)

σ h SD of the normal distribution defining the initial parasite age distribution U(0, 80)

ρ (unitless) schizont-to-ring expansion factor U(0, 100)

c1 ng maximum level of intraerythrocytic PvLDH logN(-7.15, 0.65) within (0, 0.1)

c2 h parasite age where the intraerythrocytic PvLDH level reaches c1/2 N(29.17, 8.40) within (0, 72)

δ h−1 in vivo death rate of parasites U(0, 1)

r h−1 clearance rate of dead pRBCs from circulation U(0, 2)

λ h−1 in vivo decay rate of PvLDH U(0, 0.1)

kmax h−1 maximum parasite killing rate by CQ N(0.213, 8.7 × 10−3) within (0, 1)

EC50 ng/mL CQ’s half-maximal effective concentration N(15, 2) within (0, 50)

γ (unitless) Hill coefficient of the dose-response curve Fixed to be 2.5

aL H in vivo length of asexual life cycle Fixed to be 48

The prior distributions are chosen for the populationmeans of themodel parameters. The lower bounds of themodel parameters for thosewith a prior uniformdistributionwere selected based on biological
plausibility (e.g., 0 as a lower bound). The priors for c1 and c2 are chosen to be the posterior distributions obtained from the ex vivo model fitting (see the green curves in Supplementary Fig. 1 in the
Supplementary Information). The priors for kmax and EC50 were chosen based on the estimates from Abd Rahman et al.32.
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assumed to remain inside themacrophages. Similar to Eq. 6, the cumulative
intraerythrocytic PvLDH level c(a) for in vivo parasites is given by:

c að Þ ¼ c1a
2

a2 þ c22
; ð18Þ

where c1 and c2 are the tuning parameters modulating the shape of the
sigmoidal curve. The net accumulation rate of intraerythrocytic PvLDH is
the derivative of c(a) with respect to a and is given by 2c1c2

2a= a2 þ c2
2

� �2
.

The mass of whole blood PvLDH (denoted by Lh tð Þ) is given by the
sum of plasma PvLDH LpðtÞ and the mass of PvLDH inside either viable
parasites or dead pRBCs:

Lh tð Þ ¼ Lp tð Þ þ
XaL
a¼1

c að ÞP a; tð Þ þ
XaL
a¼1

c að ÞPd a; tð Þ: ð19Þ

Model parameters and associated information including prior dis-
tributions for Bayesian inference are provided in Table 2.

The within-host model can generate several experimentally measured
quantities that will be fitted to the VIS data. The number of circulating
pRBCs per mL of peripheral blood (i.e., the peripheral blood parasitemia,
denoted by PcðtÞ) is given by:

Pc tð Þ ¼
XaL
a¼1

P a; tð Þ
Vb

; ð20Þ

whereVb is the whole blood volume (mL) and is estimated based on 80mL
per kgof the volunteer’s bodyweight, i.e.,Vb ¼ 80Wb

10.Note that the initial
parasitemia Pc0 ¼ Pc 0ð Þ is fixed to be 564 based on the experimental
inoculation size. LhðtÞ was converted from mass to concentration by
dividing it by the total blood volume Vb, in order to fit to the whole blood
PvLDH measurements which are given by concentration.

To predict the fractions of parasites in different stages (i.e., the pre-
dicted fractions of rings, trophozoites and schizonts in Fig. 3), similar to
whatwe didwith the ex vivomodel, we derive themathematical expressions
of those fractionsusing thewithin-hostmodel. The fractionof rings (defined
to be fraction of the parasites in the age range of 1–18 h based on the in vivo
life cycle of 48 h):

f r tð Þ ¼
P18

a¼1 P a; tð ÞP48
a¼1 P a; tð Þ : ð21Þ

The fraction of trophozoites (defined to be fraction of the parasites in
the age range of 19–42 h based on the in vivo life cycle of 48 h)

f tr tð Þ ¼
P42

a¼19 P a; tð ÞP48
a¼1 P a; tð Þ : ð22Þ

The fraction of schizonts (defined to be fraction of the parasites in the
age range of 43–48 h based on the in vivo life cycle of 48 h)

f s tð Þ ¼
P48

a¼43 P a; tð ÞP48
a¼1 P a; tð Þ : ð23Þ

Relationship between inhouse ELISA PvLDH data and Quansys
PvLDH data
The posterior distributions of c1

0 and c2
0 obtained from the ex vivo model

fitting was used as the prior distributions of c1 and c2 in the within-host
model. To perform this, we established the relationship between PvLDH
concentrations generated using inhouse ELISA and Quansys methods,
given that PvLDH concentrations were measured by inhouse ELISA in the
ex vivo system while concentrations in the VIS were measured by Quansys.
Using this relationship, we transformed the VIS PvLDH data to calibrate
with the ex vivo datameasured by inhouse ELISA. The relationship between

inhouseELISAandQuansys PvLDHconcentrationswas establishedusing a
retrospective cross-sectional dataset of 58 vivax malaria patients in Sabah,
Malaysia, who had whole blood PvLDH concentrations measured by both
inhouse ELISA and Quansys methods27. Using a Bayesian approach, we
fitted a linear model to the log-transformed ELISA and Quansys data from
Malaysian patients (Supplementary Fig. 6 in the Supplementary Informa-
tion). The relationship was estimated to be:

log ELISA PvLDHð Þ ¼ 0:96× log multiplexed ELISA PvLDH
� �þ 2:04;

ð24Þ
which was used to calibrate the VIS PvLDH concentrations to the

ex vivo ELISA measurements. The Malaysian patient data and computer
code for the model fitting are publicly available at https://doi.org/10.26188/
23256413.v1.

Statistics and reproducibility
Bayesian hierarchical modelling was performed for model fitting and
parameter estimation for the ex vivo model and the within-host model,
because the experimental data are grouped by patients. The hierarchical
model expands the mathematical model (either the ex vivo model or the
within-host model) by introducing two levels of model parameters. The
individual-level parameters (or simply the individual parameters) are the
model parameters applicable to individuals such as patient isolates or
volunteers. Each individual owns a set ofmodel parameters that differs from
that of other individuals. For example, eachof the eight volunteers inVIShas
10 parameters (i.e., those described in Table 2) to determine their own
infection kinetics and the 10 parameters for one volunteer differ from the 10
parameters for another volunteer. Therefore, there are in total 80 individual
parameters in the hierarchical within-host model. The population-level
parameters (or simply the population parameters) determine how the
individual parameters are distributed. We assume individual parameters
follow amultivariate normal distribution with a set of means (referred to as
thepopulationmeanparameters) and standarddeviations (referred to as the
population SD parameters). Note that since the parameters in our models
are positive and bounded due to biological plausibility, we assume that log-
transformed individual parameters follow a multivariate normal distribu-
tion with log-transformed population means and SDs.

With a hierarchical model (either the ex vivomodel or the within-host
model), fitting themodel to experimental data (either the ex vivo data or the
VIS data) and sampling from the posterior distribution for parameter
estimation were implemented in R (version 4.0.5) and Stan (RStan 2.21.5)
using theHamiltonMonteCarlo samplingmethod optimized by theNo-U-
Turn Sampler33,34. Four chains were randomly initiated, and each chain
generated 1000 (for the ex vivo model fitting) or 2000 (for the within-host
modelfitting) samples (excluding burn-in samples), giving in total 4000 (for
the ex vivomodelfitting) or 8000 (for thewithin-hostmodelfitting) samples
drawn from the posterior distribution. Note that the longer chains for
within-host model fitting were required to increase effective sample size.
TheM3method was used to penalise the likelihood for data below the limit
of detection35. Diagnostic outputs, such as R̂ statistic and effective sample
size were examined to ensure the convergence of the chains and low sample
autocorrelations.While it is not necessary/beneficial to performhierarchical
modelling for the existing ex vivo data where only two patients were
involved, the method can be directly applied to new data with a larger
sample size when the data is available.

The median model prediction and 95% prediction interval (PI) are
given by the median and quantiles of 2.5% and 97.5% of the 4000/8000
model solutions at each time respectively. For example, to produce the
model prediction shown in Fig. 3a, we simulated the within-host model
8000 times using the 8000 posterior values of the individual parameters of
the within-host model for Volunteer R009 and calculated the median and
95% PI for all time points. The median and 95% credible interval (CrI) of a
model parameter (e.g., the PvLDH decay rate) are given by the median and
quantiles of 2.5% and 97.5% of the posterior samples of the parameter. To
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estimate the in vivo (or ex vivo) intraerythrocytic PvLDH level, posterior
samples of the population mean of c1 and c2 (or c1

0 and c2
0 for the ex vivo

model) were put into Eq. 18 (or Eq. 6 for the ex vivo model) to obtain the
median and 95% PI for all parasite age values (see Fig. 2 for results). Simi-
larly, the ex vivo/in vivo net PvLDH accumulation rate can be calculated
using the same posterior samples of the population mean parameters and
the derivatives of Eqs. 6 and 18.

All the fitting and simulation results are reproducible by using the data
and code publicly available at https://doi.org/10.26188/23256413.v1.

Data availability
All main text figures (Fig. 1–4) and Supplementary Figs. were generated
usingMATLAB (version 2019b; TheMathWorks, Natick,MA). The source
data underlying Figs. 1 and 2 can be found in the files “Exvivo_data.xlsx”
and “VIS_data.xlsx” at https://doi.org/10.26188/23256413.v1.

Code availability
All experimental data, computer code (R and MATLAB) for model fitting
and figure generation are publicly available at https://doi.org/10.26188/
23256413.v1.
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