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Background: Mathematical modeling has provided important
insights into HIV infection dynamics in adults undergoing antire-
troviral treatment (ART). However, much less is known about the
corresponding dynamics in perinatally infected neonates initiating
carly ART.

Setting: From 2014 to 2017, HIV viral load (VL) was monitored in
122 perinatally infected infants identified at birth and initiating ART
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within a median of 2 days. Pretreatment infant and maternal
covariates, including CD4 T cell counts and percentages, were
also measured.

Methods: From the initial cohort, 53 infants demonstrated
consistent decline and suppressed VL below the detection threshold
(20 copies mL~!) within 1 year. For 43 of these infants with
sufficient VL data, we fit a mathematical model describing the loss of
short-lived and long-lived infected cells during ART. We then
estimated the lifespans of infected cells and the time to viral
suppression, and tested for correlations with pretreatment covariates.

Results: Most parameters governing the kinetics of VL decline
were consistent with those obtained previously from adults and other
infants. However, our estimates of the lifespan of short-lived infected
cells were longer than published values. This difference may reflect
sparse sampling during the early stages of VL decline, when the loss
of short-lived cells is most apparent. In addition, infants with higher
pretreatment CD4 percentage or lower pretreatment VL trended
toward more rapid viral suppression.

Conclusions: HIV dynamics in perinatally infected neonates
initiating early ART are broadly similar to those observed in other
age groups. Accelerated viral suppression is also associated with
higher CD4 percentage and lower VL.

Key Words: HIV, neonates, ART, mathematical model, viral
dynamics, biphasic decay

(J Acquir Immune Defic Syndr 2020;85:209-218)

INTRODUCTION

In 2017, was responsible for the deaths of 1 million
people globally, including 50,000 children less than 1 year
old.!:?> Although numerous studies have shown that
antiretroviral treatment (ART) can improve prognosis when
initiated early in infancy,3!2 the extent to which this applies
during the neonatal period is less clear.!> Determining
optimal ART approaches and the clinical factors associated
with successful outcomes are particularly important for
perinatally infected neonates who face high levels of
mortality in the absence of treatment.!4

In adults, mathematical modeling has provided many
insights into the dynamics of HIV infection during treatment.
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For example, simple frameworks describing the time course
of viral load (VL) have identified distinct populations of
infected cells (such as CD4 T cells) that decay at different
rates and differentially impact overall viremia.!>2° These
models accurately capture the classic “biphasic” kinetics of
viral decline, with an initial fast phase dominated by the rapid
loss of short-lived infected cells and a second slower phase
driven by the loss of other, longer-lived infected cells.!316-2!
Notably, modeling has shown that over 90% of all infected
cells in chronically infected adults are short-lived, with an
average lifespan of 1 day, revealing the highly dynamic
nature of HIV infection.!'®

Despite the extensive characterization of infected cell
populations in adults on ART, much less is known about the
corresponding dynamics in younger age groups. This is partly
due to limitations in the frequency and size of blood draws
used to measure VL and/or target cell populations. Neverthe-
less, one study of infants aged 15 days to 2 years found a
consistent biphasic pattern of viral decay during ART, similar
to that described in adults.?? In addition, infants less than 3
months of age had slower rates of viral decay than those older
than 3 months, suggesting important differences in viral
dynamics, ART efficacy, or immune responses very early in
life. However, it is unclear whether these findings extend to
other cohorts, particularly perinatally infected infants under-
going ART in the first weeks of life.

In this study, we model the dynamics of HIV infection
in a cohort of perinatally infected infants in Johannesburg,
South Africa, most of whom initiated ART as neonates.23> We
estimate the lifespans of key infected cell populations and the
time at which infants achieve viral suppression. In general, we
find the lifespans of short-lived infected cells are longer than
those found in adults and other infants, whereas all other
parameters are similar. The former result may reflect poor
drug efficacy and/or immune responses in neonates or,
alternatively, insufficient sampling during the highly dynamic
phase of initial viral decline. In addition, we find that infants
with higher pretreatment CD4 percentage or lower pretreat-
ment VL trend toward achieving faster suppression. Overall,
our results suggest that HIV dynamics in perinatally infected
neonates on ART are not substantially different to those
observed in other age groups.

METHODS

Data

From 2014 to 2017, 122 perinatally infected infants
were enrolled in the study at the Rahima Moosa Mother and
Child Hospital in Johannesburg, South Africa. Most began
ART within 2 weeks of birth [median age = 2.5 days;
interquartile range (IQR) = 1-8 days] and were followed up to
4 years to measure VL in response to treatment.?> A number
of pretreatment (referred to as “baseline”) covariates were
concurrently recorded, including sex, birth weight, CD4 count
and percentage, and the VL of both the infant and mother (full
list in the Supplemental Digital Content, http://links.lww.
com/QAI/B497).
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To analyze the dynamics of viral decline, we only
considered infants who reached suppression within the first
year of life, defined here as having at least 1 VL measurement
below the 20 copies mL~! detection threshold of the RNA
assay. All measurements below this threshold were set to
10 copies mL™! in line with previous work?*, and using
alternative values did not substantially impact our results (see
Supplemental Digital Content, http://links.lww.com/QAI/
B497). To isolate the kinetics leading to initial suppression,
VL time courses were truncated after the first measurement
below the detection threshold. We also investigated alterna-
tive criteria that defined suppression as sustaining at least 2
consecutive VL measurements below the detection threshold.
This more restrictive definition gave similar qualitative
conclusions to the less stringent criteria (see Supplemental
Digital Content, http://links.lww.com/QAI/B497), and so, we
report only the latter here.

To distinguish “true” decay dynamics from instances of
viral rebound due to, for example, drug resistance or poor
treatment adherence, we required that the VL data maintain a
consistent decreasing trend toward suppression, such that
each measurement was no greater than 500 copies mL ™!
above the previous one. This buffer region ensured that
infants were not excluded from the analysis because of
transient increases in VL arising from noise and measurement
error. Although the buffer could in principle allow gradual,
sustained increases in VL over time, there were no such cases
in our study. Finally, to accommodate early increases in VL
arising from pharmacological delays in drug action, we began
each decreasing sequence at the maximum value of the first 3
measurements. With these criteria, 53 infants were suitable
for analysis (see Fig. 1 and Fig. S1, Supplemental Digital
Content, http://links.lww.com/QAI/B497). Of these, 49 were
initially prescribed a drug regimen of 3 reverse transcriptase
inhibitors (RTIs). The remaining 4 were treated with a
protease inhibitor and 2 RTIs (details in Supplemental Digital
Content, http://links.lww.com/QAI/B497). All infants were
switched to a protease inhibitor—based regimen at a median
age of 31 days.

Model

We describe HIV decline in an infant on ART using a
standard ordinary differential equation model that character-
izes the production and spread of virus by infected target
cells, such as CD4 T cells (see Supplemental Digital Content,
http:/links.lww.com/QAI/B497).16-20 Assuming RTIs com-
pletely block viral replication, and that cell-free virus is
cleared over a much shorter timescale than the lifespan of
infected cells, the time course of VL, V, during treatment can
be described by

V(t) = A exp( — 8t) + B exp( — vt). (1)

Here, t represents the infant age, and 8 and +y are the death
rates of short-lived and long-lived infected target cells,
respectively.!® We do not explicitly include the dynamics of
latently infected cells because we assume their contribution to
VL, relative to short-lived and long-lived infected cells,
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Original cohort (n = 122)

Do infants reach suppression in a consistent decreasing trajectory?
Yes (n = 53) l

53 infants included in analysis

l

Is there sufficient data to fit the biphasic or single phase model?

Dynamics of HIV Decay in Neonates on ART

Yes (n = 43) l

43 infants included in model fitting, and parametric
and nonparametric TTS calculations

Is there sufficient data to fit the biphasic model?

l No (n=10)

10 infants not included in model fitting, but
included in nonparametric TTS calculations

Yes (n = 20) l l No (n = 23)
Are the confidence No (n =9) 39 infantsfitusingithe sndloioh edel
intervals reliable? - 5 infants fit using the single phase mo
Yes (n =11) l l
11 infants fit using the Do lifespan estimates
biphasic model represent short-lived cells?
Yes (n=12) l l No (n = 20)

12 single phases represent
short-lived infected cells

20 single phases represent
long-lived infected cells

FIGURE 1. Structure of data analysis. Infants from the original study were partitioned into different analysis subsets according to
specific criteria. White outlined boxes represent the partitioning criteria and shaded boxes describe the resulting subsets. “Reliable
confidence intervals” are confidence intervals on parameter estimates that do not exceed 2 orders of magnitude. TTS stands for

time to suppression.

is minimal for the duration of the study.!® The parameters A
and B are composite constants (see Supplemental Digital
Content, http://links.lww.com/QAI/B497), where A + B
represents the initial VL (ie, V (t = 0)), and A/(A + B) is
the proportion of infected cells at ART initiation that are
short-lived.

We refer to Equation 1 as the biphasic model, in
which VL initially decays rapidly, reflecting the loss of
short-lived infected cells (at rate &), and then enters a
second, slower decline phase reflecting the loss of longer-

Copyright © 2020 Wolters Kluwer Health, Inc. All rights reserved.

lived infected cells (at rate ). The transition between these
phases occurs when their gradients are equal,?® giving the
following expression for the phase transition time, T,
(see Supplemental Digital Content, http://links.Iww.com/
QAI/B497),

T, = log(ABS) :i’og(B'y) _ 2

For infant data exhibiting only 1 decline phase (eg, because
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of sparse or delayed VL measurements), we use a single-
phase version of Equation 1,

V(t) = Bexp( — 3t), 3)

and make no assumption regarding whether this reflects the
fast or slow phase of virus suppression.

Time to Suppression (TTS)

We estimated the time for each infant to reach virologic
suppression (“time to suppression”, or TTS) using both
parametric and nonparametric methods. For the parametric
approach, TTS was calculated as the time for V(t) to reach 20
copies mL~!, where V(t) is given by Equation 1 for the
biphasic model and Equation 3 for the single phase model.
For the nonparametric approach, we applied linear interpola-
tion between the first measurement below the detection
threshold and the preceding measurement. TTS was then
defined as the time at which the interpolation line crossed the
detection threshold. All TTS estimates are quoted in days
since ART initiation.

Model Fitting and Analyses

We obtained parameter estimates with 95% confidence
intervals for each infant by fitting either the biphasic or single
phase model to the corresponding VL data using a maximum
likelihood approach in R.2%27 Data were log;, transformed
before fitting and assessed for normality using the
Shapiro—Wilk test. After fitting, model residuals were as-
sessed for autocorrelation, and no statistically significant
results were found (see Supplemental Digital Content, http://
links.lww.com/QAI/B497). The biphasic model was used
only if there were at least 5 measurements above the detection
threshold, and the single phase model was used for infants
with between 3 and 5 such measurements. Some of the latter
showed large differences in VL between the first and second
measurements, suggesting an unobserved transition from the
fast to the slow decay phase. To prevent such occurrences
biasing the estimated single slope of decay, we removed the
first measurement if the difference in VL was greater than 10*
copies mL~!. Finally, infants with fewer than 3 measure-
ments above the detection threshold were excluded from the
parametric fitting procedure but were included in the non-
parametric TTS calculations. All code for model fitting is
available through the ushr package in R.%8

In addition to the above individual-based approach, we
also used nonlinear mixed effects modeling to fit the biphasic
equation to data from all 53 infants who met our inclusion
criteria, regardless of the number of available measure-
ments.?? The nonlinear mixed effects approach gave similar
results to those obtained when fitting each infant indepen-
dently (see Supplemental Digital Content, http://links.lww.
com/QAI/B497). For clarity, we present results from the
individual-based approach, which provides unconstrained
estimates of parameters and the correlations between them.

After fitting each model, we used the resulting param-
eter estimates to calculate the lifespans of short-lived and
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long-lived infected cells (1/86 and 1/y, respectively) and the
initial fraction of infected cells that were short-lived (A/(A +
B)). We also tested for associations between fitted parameters,
baseline covariates, and TTS estimates using Spearman
correlations ~ for  numerical  covariates and  the
Kruskal-Wallis test for categorical covariates. We con-
trolled  for  multiple comparisons  using  the
Benjamini-Hochberg correction.3® To aid in clinical inter-
pretation, some numerical covariates were also stratified as
categorical variables. For example, CD4 percentages were
partitioned into those below or above 35% to represent infants
with or without symptoms of HIV-associated immunodefi-
ciency, respectively.3! For a full list of stratifications see
Table S3, Supplemental Digital Content, http:/links.lww.
com/QAI/B497. We note that CD4 count and percentage
measurements were unavailable for 12 of the 53 infants
included in our analyses.

RESULTS

Characterizing the Kinetics of Viral Decay
on ART

Of the 53 infants included in our analysis, 43 had at
least 3 VL measurements above the detection threshold and
were modeled using the biphasic or single phase equations
(Fig. 1). Although 20 of these infants had sufficient data to fit
the biphasic model, 9 subsequently yielded at least 1
parameter with unreliable confidence intervals that spanned
over 2 orders of magnitude, likely because of inadequate
sampling during one of the decay phases (see Fig. S2,
Supplemental Digital Content, http://links.lww.com/QAI/
B497). We therefore refit the data from these 9 infants using
the single phase model. Biphasic model fits and parameter
estimates for the 11 remaining infants are given in Figures 2
and 3A, and Table S1, Supplemental Digital Content, http://
links.lww.com/QAI/B497. The median lifespan of short-lived
infected cells was 3.2 days (SD = 4.4 days), with an average
half-life of 2.2 days (SD = 3.1 days). The corresponding
estimates for long-lived infected cells were 31.4 days (SD =
49.8 days) and 21.8 days (SD = 34.5 days), respectively, and
the median time from ART initiation to the phase transition
was 22 days (SD = 34.4 days). The timing of this transition
was unrelated to the timing of changes in ART regimen (Fig.
2, vertical grey lines), indicating that it is not a treatment-
specific effect. In addition, the distribution of A/(A + B) was
tightly centered around 0.99 (median = 0.99, SD = 0.02).
Therefore, almost all infectious virus is produced by short-
lived infected cells at ART initiation.

When testing for associations between model parame-
ters and infant covariates, we found A, B, and A + B were
highly correlated with log;( baseline VL (correlations = 0.97,
0.82, and 0.98, respectively; all corresponding P-values <
0.05). This is unsurprising as A and B determine the initial
VL predicted by the model. Although we did not detect
significant associations between the decay rates (8 and +y) and
any infant covariates, we did find that 8 and y were positively
correlated with each other (correlation = 0.68, P = 0.025). In

Copyright © 2020 Wolters Kluwer Health, Inc. All rights reserved.
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FIGURE 2. Eleven infants fit using the biphasic model. Each panel represents a different infant (ID inset top right; BP stands for
“biphasic”). Points represent VL data, black solid lines are the biphasic model fits, and dashed horizontal lines indicate the assay
detection threshold. The phase transition occurs when the first decline phase meets the second, and the time at which the drug

regimen changed is depicted by the vertical grey line.

other words, infants with a slow first phase are more likely to
have a slow second phase.

In total, data from 32 infants were fit using the single
phase model (see Figs. 1 and 4, and Table S2, Supplemental
Digital Content, http://links.Iww.com/QAI/B497). For 14
infants with large differences in VL between the first and
second measurements, the first data point was removed before
fitting, as discussed above (see also Fig. S3, Supplemental
Digital Content, http://links.lww.com/QAI/B497). The single
phase decay rate estimates yielded a median infected cell
lifespan of 23.7 days (SD = 16.8 days), corresponding to a
half-life of 16.4 days (SD = 11.7 days). However, the
distribution of estimates spanned those of the short-lived
and long-lived lifespans obtained from the biphasic model
(Fig. 3B), suggesting some of the observed single phase
trajectories represent the first decline phase and some
represent the second. To account for this, we first defined a
cutoff threshold of 18 days that (i) partitioned the short-lived
and long-lived estimates from the biphasic model and (ii)
defined a natural break in the distribution of estimates from
the single phase model, with 12 below the threshold and 20
above (Figs. 3A, B, dashed vertical line). Subsequently
combining partitions from the single and biphasic distribu-
tions gave a median lifespan of 7.1 days (SD = 5.4 days, n =
23) for short-lived infected cells and 31.4 days (SD = 32 days,
n = 31) for long-lived infected cells (Fig. 3C). The
corresponding half-life estimates were 5 days (SD = 3.8
days) and 21.8 days (SD = 22.2 days), respectively. Using
alternative partition criteria did not substantially impact these
results (see Supplemental Digital Content, http://links.lww.
com/QAI/B497).

Finally, we exploited the larger sample size of the
combined partition estimates to test for additional associa-
tions between clinical covariates and infected cell lifespans.
This revealed a negative correlation between the lifespan of
short-lived infected cells and log;( baseline VL (correlation =
—0.56, P = 0.03; see Fig. S4, Supplemental Digital Content,

Copyright © 2020 Wolters Kluwer Health, Inc. All rights reserved.

http://links.Iww.com/QAI/B497), suggesting infants with
higher VL experience more rapid decay during the initial
decline phase. We note, however, that the significance of this
association was reduced to a trend (correlation = —0.5, P =
0.09) when infant SP16, an outlier with the lowest VL and
second longest cell lifespan, was removed from the analysis.

TTS

TTS estimates from the parametric and nonparametric
methods were in close correspondence (correlation = 0.96, P
< 2 x 10716, n = 43; Fig. 5A). We therefore conducted all
TTS analyses using the nonparametric estimates, for which
there was a greater sample size (n = 53; Fig. 1). The median
TTS was 105 days (SD = 72 days; Fig. 5B), and TTS was
marginally inversely associated with baseline CD4 percentage
(correlation = —0.36, P = 0.057; Fig. 5C). In addition, TTS
was positively correlated with log;q baseline VL (correlation
=0.40, P =0.01; Fig. 5D), suggesting higher VL delays virus
suppression. We did not detect significant associations
between TTS and any of the stratified categorical covariates
(see Table S3, Supplemental Digital Content, http://links.
lww.com/QAI/B497). Finally, for the 11 infants fit using the
biphasic model, TTS was negatively correlated with the decay
rate of long-lived infected cells, y (correlation = —0.81, P =
0.016). This result held when the corresponding estimates
from the single phase model were also included (Fig. 3C,
right panel; correlation = —0.55, P = 0.015, n = 31) and is
unsurprising given that the decay rate of long-lived infected
cells determines the rate of approach to suppression.

DISCUSSION
In this study, we captured HIV decline in perinatally
infected infants on ART using a model of biphasic exponential
decay. Similar models have been applied in studies of adults and
other young infants undergoing treatment.!®182122,32.33 Degpite
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FIGURE 3. Distribution of infected cell lifespans. A, Estimates from the biphasic model (n = 11). The short-lived lifespan was
calculated as 1/8, and the long-lived lifespan as 1/v. The dashed vertical line represents the cutoff threshold separating the short-
lived and long-lived distributions. B, Estimates from the single phase model (n = 32) were calculated as 1/5. The dashed vertical
line represents the cutoff threshold defined in (A). C, Combined distributions of the estimated lifespan of short-lived cells (left; n =
23) and long-lived cells (right; n = 31) after partitioning the single phase estimates in (B) according to the cutoff threshold.

substantial variation in findings both within and across these
studies, they provide useful context for the results presented here.
Firstly, our median estimates of the lifespan of short-lived
infected cells (3.2 days for the biphasic model and 7.1 days for
the combined biphasic and single phase estimates) are greater
than those derived from acute and chronically infected adults
(1-1.5 days) and infants under 3 months of age (1.8
days).16:1721.22.33 The 95% confidence interval on our combined
short-lived estimates also eclipses those of previous work,
although there is partial overlap with the subset from the biphasic
model (see Fig. S5, Supplemental Digital Content, http://links.
lww.com/QAI/B497). A number of biological factors may
underlie a longer cell lifespan in neonates, including (1) poorer
drug efficacy and/or adherence, (2) a less potent immune
response, and (3) different phenotypic characteristics of suscep-
tible target cells.!334-3¢ However, perhaps a more parsimonious
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explanation is that by only fitting the model to infants with
sufficient data, our estimates are biased toward those with longer,
and thus more well-documented, first decay phases (see
Supplemental Digital Content, http:/links.lww.com/QAI/B497).

By contrast, our estimates of the lifespan of long-lived
infected cells (31 days for both the biphasic model and the
combined estimates) are consistent with those from other age
groups (25 days for infants under 3 months and 21-35 days
for acute and chronically infected adults).!6-18-22:33 The 95%
confidence intervals around our estimates also encompass
those of previous work (see Fig. S5, Supplemental Digital
Content, http://links.lww.com/QAI/B497). Similarly, our esti-
mates for A/(A + B) (0.99), the timing of the phase transition
(22 days), and TTS (105 days) are consistent with those in
adults (0.94-0.99, 2-3 weeks, and 125 days,
respectively).16-1822.33.37 Collectively, these findings suggest
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FIGURE 4. Thirty-two infants fit using the single phase model. Each panel represents a different infant (ID inset top right; SP
stands for “single phase”). Points represent the VL data, solid lines are the single phase model fits, and dashed horizontal lines

indicate the assay detection threshold.

that young infants are largely similar to other age groups in
their dynamics of HIV decay during ART.

When testing for statistical associations, we found a
trend toward infants with higher baseline CD4 percentage
achieving faster suppression. Although not strictly significant
(P = 0.057), the effect magnitude is substantial and echoes
findings from other perinatally infected infants,'>3% and
studies in older children that link higher CD4 percentage to
increased probability of viral suppression and reduced risk of
mortality.3>*°  Although baseline CD4 counts are also
strongly linked to disease progression in chronically infected
adults,***3 we did not detect any relationship between TTS
and CD4 counts. However, this is unsurprising given that
CD4 counts in young infants are more variable than CD4
percentages.’!

In addition to CD4 percentage, we found that baseline
VL was moderately associated with both TTS and the lifespan

of short-lived infected cells. The correlation between baseline

Copyright © 2020 Wolters Kluwer Health, Inc. All rights reserved.

VL and TTS has been observed previously in perinatally
infected infants'23%44 and is to be expected given that those
with higher VLs have “further to fall” before suppressing
HIV. By contrast, the correlation between higher VLs and
reduced cell lifespans (ie, faster initial decay rates) is less well
defined. First, our analysis suggested this association may be
partly influenced by one infant with a particularly low VL.
Second, although a number of studies in chronically infected
adults have connected higher VLs to faster decay rates,7-43
others in adults and young infants have found no such
association.2!-22:46 In addition, we note that baseline VL in
chronically infected adults (analogous to the set-point VL)
reflects the severity of HIV infection at steady state, whereas
the corresponding measurement in infants and acutely
infected adults represents a snapshot of infection during a
highly dynamic period. Therefore, baseline VL may be an
unreliable indicator of initial HIV burden in young infants.
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VL for all 53 infants (correlation = 0.40, P = 0.01).

Aside from CD4 percentage and baseline VL, we did
not detect strong associations between any other model
parameters or infant covariates. In particular, we did not
detect an effect of age at ART initiation, which was
previously associated with faster decay rates and earlier viral
suppression in young infants.>-12-22-3847 This inconsistency
may be partly due to the highly skewed distribution of age at
ART initiation in our study (for 53 infants included in the
analysis: median = 2 days, IQR = 1-7 days) compared with
previous work (eg, median = 3.8 months, IQR = 2.8-11.3
months??; and median = 2.9 months, IQR = 1.4-4.1
months!?3%). In other words, our lack of infants with later
treatment initiation may reduce the discriminatory power of
this variable.

Finally, we note a number of caveats to our modeling
approach. First, to obtain the biphasic expression (Eqn. 1) we
assume that cell-free virus dynamics occur on a much faster
timescale than those of infected cells. In adults, this is
reasonable as free virus in blood has a half-life of less than
2 hours.*® However, the extent to which this applies in young
infants has not been directly assessed. Although alternative
models estimate virus half-life by including an additional
exponential decay term (similar to the terms for short-lived
and long-lived infected cells),!”-!° fitting this term requires
extensive sampling immediately after ART initiation and is
thus not feasible for neonates. Second, the model assumes
RTIs are completely effective in blocking viral replication,
and we do not distinguish between the efficacy of different
drug combinations. Whether these factors hold true in
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neonates is unclear, although challenges to drug efficacy
include possible underlying drug resistance, incomplete
adherence and suboptimal dosing.?>4° If some replication
continues during ART, the true decline in infected cells will
be partially masked by new virion production. As a
consequence, the model will underestimate the loss of
infected cells and overestimate infected cell lifespans.3? It is
therefore possible that incomplete effectiveness of RTIs
during the neonatal period contributes to our increased
estimates of short-lived infected cell lifespans compared with
those in adults.

In summary, we used an established mathematical
model to capture HIV decline in perinatally infected neonates
initiating early ART. Using this framework, we estimated key
biological parameters and found that very young infants are
broadly similar to older age groups in infection kinetics. Our
findings contribute to the growing body of research on HIV
progression and treatment in neonates and highlight how
quantitative approaches can be harnessed to better understand
disease dynamics.
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