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Supplementary Information

Data

All baseline covariates in the original dataset are as follows: infant follow up status, age at last study visit, sex,
delivery mode, weight at birth, prevention of mother-to-child transmission (PMTCT) interventions, whether
the birth was preterm, initial CD4 percentage, initial CD4 count, age of mother, mother’s viral load (VL) at
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birth, mother’s CD4 count at birth, the initial ART regimen, the age at which ART was initiated, and the age at
which the regimen was changed.

Of the 53 infants included in our analysis, 49 were initially prescribed a drug regimen of three reverse transcrip-
tase inhibitors (RTIs): nevirapine, lamivudine, and zidovudine. The exceptions were four infants initially treated
with a protease inhibitor (PI), ritonavir boosted lopinavir, and two RTIs: two infants received lamivudine and
abacavir, and two received lamivudine and zidovudine. After a median age of 31 days, all infants were switched
to a PI-based regimen.

Model

The following ODE system describes the dynamics of HIV infection and treatment. Uninfected target cells, T ,
are infected by free virions at per-capita rate k to become short-lived infected cells, T ∗. These cells produce
virions at rate p and die at rate δ. Other cells, M , can also become infected at per-capita rate kM , resulting
in long-lived infected cells, M∗. These long-lived infected cells also produce virions at rate p and die at rate
γ < δ. Virions can either be infectious (i.e. capable of infecting new cells), VI , or non-infectious, VNI , and
decay at rate c ≫ δ, γ. Assuming a reverse-transcriptase inhibitor blocks infection of new cells with efficacy e1

and a protease inhibitor blocks the production of infectious virions with efficacy e2, we can write the following
equations

dT ∗

dt
= (1 − e1)kTV − δT ∗ (S1)

dM∗

dt
= (1 − e1)kM MV − γM∗ (S2)

dVI

dt
= (1 − e2)(pT ∗ + pM∗) − cVI (S3)

dVNI

dt
= e2(pT ∗ + pM∗) − cVNI , (S4)

as outlined previously [1–4]. Note that for any e2 ∈ [0, 1], the total number of free virions, V , is given by

dV

dt
= dVI

dt
+ dVNI

dt

= (1 − e2)(pT ∗ + pM∗) + e2(pT ∗ + pM∗) − c(VI + VNI)

= pT ∗ + pM∗ − cV.

Thus, the efficacy of the protease inhibitor has no observable impact on the combined dynamics of infectious
and non-infectious virions.

Now, assuming that viral dynamics occur on a faster timescale than infected cells, we can make the quasi-steady
state assumption that dV/dt ≈ 0, so that

V (t) = p
c

(
T ∗ + M∗)

. (S5)
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Finally, if we assume reverse transcriptase inhibition is completely effective (i.e. e1 = 1), we can solve Eqns S1
and S2 to give T ∗ = T0e−δt andM∗ = M0e−γt, were T0 andM0 are the initial numbers of short and long-lived
infected cells (i.e. T (t = 0) and M(t = 0)), respectively. Substituting these solutions into Eqn. S5 gives the
final expression

V (t) = Ae−δt + Be−γt,

where A = pT0/c and B = pM0/c. In other words, viral load should decay exponentially with an initial
phase of rapid decline, reflecting the loss of short-lived infected cells (δ), and then enter a second, slower decline
phase, reflecting the loss of long-lived infected cells (γ). Finally, note that A/(A + B) = T0/(T0 + M0) i.e. the
proportion of the total initial infected cell population that is short-lived.

To estimate when the transition from the first to the second phase occurs, we can identify the time, Tt, at which
the rates of change of the two phase terms are equivalent [5]. More formally, we solve the equation

d

dt
(Ae−δt) = d

dt
(Be−γt),

which leads to the expression

Aδe−δTt = Bγe−γTt .

Taking the log of both sides,

log(Aδ) − δTt = log(Bγ) − γTt,

and then rearranging

log(Aδ) − log(Bγ) = δTt − γTt,

gives

Tt = log(Aδ) − log(Bγ)
δ − γ

.

Alternative censoring values

In the main text we set all measurements below the 20 copies ml-1 detection threshold of the RNA assay to
10 copies ml-1, in line with previous work [6]. Using other levels of censoring had minimal impact on our
results. For example, the median short-lived lifespan estimate from the biphasic model was largely unchanged
when setting censored values to 1, 5, or 15 copies ml-1, rather than 10 copies ml-1 (Fig. S6). Although median
estimates of the long-lived lifespan and time to suppression increased with increasing censored value, this effect
was small, and is expected given that reducing the censored value will create a sharper decay slope at the very
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final stages of suppression.

Sustained suppression criteria

In the main text we define viral suppression to be the presence of at least one VL measurement below the detec-
tion threshold (referred to here as the ‘original’ criterion). We also investigated the stricter definition that infants
must have two consecutivemeasurements below the threshold (referred to as the ‘sustained’ criterion). Of the 43
infants fit using the original criterion, 33 met the stricter sustained criterion: 6 were fit using the biphasic model
(Fig. S7) and 27 using the single phase model (Fig. S8). Of the 53 infants that met the original criterion for
calculating the non-parametric time to suppression (TTS), 39 of these also met the sustained criterion.

For the biphasic model fits, the original criterion resulted in a median lifespan for short-lived infected cells of
3.3 days (SD = 7.2, n = 11), whereas the sustained criterion gave an estimate of 2.8 days (SD = 1.8, n = 6). The
corresponding estimates for the lifespan of long-lived infected cells were 31.4 days (SD = 51.4, n = 11) and 28.1
days (SD = 16, n = 6). For the single phase model fits, the original and sustained criteria yieldedmedian infected
cell lifespans of 23.7 days (SD= 16.8, n= 32) and 26.3 days (SD= 20, n= 27), respectively. Therefore, athough the
decay phases of seven individuals were noticeably slower using the sustained criterion (Figs. S7 and S8), using
this more stringent definition of suppression did not substantially change our overall parameter estimates from
either the single or biphasic model fits.

Using the original criterion we found an association between TTS and log10 baseline VL (correlation = 0.40, p
= 0.01, n = 53) and a marginal association between TTS and baseline CD4 percentage (correlation = -0.36, p =
0.057). With the sustained criterion we only retained a marginal association with log10 baseline VL (correlation
= 0.40, p = 0.053, n = 39). However the overall trends are similar between both criteria (Fig. S9).

Independent model fitting

We fit either the biphasic or single phase model to data from each infant using a maximum likelihood approach
that assumes independent errors within the time series. If the independence assumption is violated, autocorrela-
tion can arise amongst themodel residuals and impact the associated standard errors. We used the acf function
in R to test for autocorrelation in the model residuals for each of our fitted time series. We found no evidence
for statistically significant autocorrelations in any of the infant data used in these analyses.

Nonlinear mixed effects approach

A nonlinear mixed effects (NLME) model was applied to all 53 infants who met our inclusion criteria. The
biphasic equation (Eqn. 1) was first rescaled as follows:

V (t) = A exp(−δt) + B exp(−γt)

= rV0 exp−δt +(1 − r)V0 exp−γt, (S6)
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where r = A/(A + B) and V0 = V (t = 0) = A + B. Equation S6 was then fit to the data using the
saemix package in R [7], with fixed effects for r, V0, γ, and δ and random effects for each infant. Log-normal
distributions were assumed for V0, δ, and γ, and a logit-normal distribution was assumed for the proportion
r. All parameters were initially assumed to be independent; allowing δ and γ to be correlated (as found in
the individual-based approach) did not substantially change our results. We used an exponential residual error
model which assumes V > 0 and homoscedastic variance under log-transformation. The resulting model fits
were in close agreement with the infant data (Fig. S10).

The estimated population parameters for the lifespans of short and long-lived infected cells, and the rescaled pa-
rameters r and V0, were: 2.1 days (95% CI: 1.5–3.55 days), 34.2 days (29.5–40.8 days), 0.989 (0.983–0.996), and
48,700 copies ml-1(16,300–81,100 copies ml-1), respectively. In general, these overlapped the median estimates
obtained from independently fitting the biphasic model to 11 infants (3.2 days, 31.4 days, 0.99, and 141,600
copies ml-1, respectively). The distributions of the individual parameters were also similar to the original in-
dependent biphasic fits; for example, r = A/(A + B) was highly skewed towards 0.99 (Fig. S11). Moreover,
the maximum estimated short-lived infected cell lifespan was 13 days, and the minimum long-lived infected
cell lifespan was 18.5 days. Thus our original cutoff value of 18 days (which we used to partition the indepen-
dent short and long-lived estimates from the single phase model) also applies to the NLME parameter distribu-
tions.

Single phase lifespan partitioning

To partition the single phase lifespan estimates into those representing the short and long-lived infected cells, we
defined a cutoff threshold of 18 days that was guided by the distribution of estimates from the biphasicmodel (see
themain text and Fig. 3 for further details). To check the robustness of this approach, we investigated alternative
partition criteria that classified single phase individuals based on when the majority of their measurements were
observed. Specifically, we first calculated the timing of the phase transition for all biphasic individuals using
Eqn. 2 (median = 22.0 days; IQR = 14.2–35.6). In general, measurements collected before this time represent
the fast phase, and measurements after represent the slow phase. We then classified single phase trajectories as
representing the fast phase if the majority (i.e. 50%) of their measurements were observed within 35.6 days (the
upper interquartile of the biphasic fast phases).

This alternative method resulted in 12 trajectories being classified as fast phases and 20 as slow phases, cor-
responding to 12 short-lived and 20 long-lived lifespan estimates. Of these classifications, three short-lived
estimates were classified as long-lived using the original method (SP23, SP25, SP32), and three long-lived esti-
mates where originally classified as short-lived (SP3, SP12, SP28). Despite this small discrepancy, combining the
alternative short and long-lived estimates with the corresponding biphasic partitions resulted in similar distri-
butions to those obtained originally (alternative median short and long-lived lifespans = 7.1 days and 29.1 days,
respectively, vs. original median short and long-lived lifespans = 7.1 days and 31.4 days, respectively).
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Potential sampling bias of fast decay phases

In the main text we find that our estimates of the lifespan of short-lived infected cells are longer than reported in
previous studies. There are a number of biological factors that could explain this result; however, an alternative
explanation is that by only fitting themodel to infants with sufficient data, our estimates are biased towards those
with longer, and thus more well-documented, first decay phases.

To investigate this possibility further, we first note that shorter first phases are more likely to be unobserved if a
faster first decay rate (δ) leads to an earlier phase switch, Tt. In other words, if an increase in δ leads to a decrease
in Tt, i.e. ∂

∂δ Tt < 0. The timing of the phase switch is given by

Tt = log(Aδ) − log(Bγ)
δ − γ

.

Setting f(δ) = log(Aδ) − log(Bγ) and g(δ) = 1/(δ − γ), the derivative of Tt with respect to δ is

∂

∂δ

(
Tt

)
= f ′g + g′f

= 1
δ

1
(δ − γ)

+
(

− 1
(δ − γ)2

)
(log(Aδ) − log(Bγ))

=
( 1

δ − γ

)(1
δ

− log(Aδ) − log(Bγ)
(δ − γ)

)
=

( 1
δ − γ

)( δ − γ

δ(δ − γ)
− δ(log(Aδ) − log(Bγ))

δ(δ − γ)

)
=

( 1
δ(δ − γ)2

)(
δ − γ − δ(log(Aδ) − log(Bγ))

)
.

Since δ > 0, the sign of ∂
∂δ Tt is determined by h(δ, γ, A, B) = δ − γ − δ(log(Aδ) − log(Bγ)).

To determine the sign of h(δ, A, γ, B) around relevant parameter values, we first conducted a fine scale explo-
ration by varying δ, γ, A and B between 90 – 110% of their median estimates from the biphasic model. We
find that across all parameter values, h(δ, γ, A, B) < 0 (Fig S12), and so ∂

∂δ Tt < 0. We then conducted a
wider exploration of parameter space by varying δ, γ, A and B over the entire range of biologically plausible
estimates from the biphasic model. Again we find that across all values, h(δ, γ, A, B) < 0 (Fig S13), and so
∂
∂δ Tt < 0. Therefore, ∂

∂δ Tt < 0 across biologically relevant parameter values, and so our estimates of the lifes-
pan of short-lived infected cells are likely biased towards those with longer, and thus more well-documented,
first decay phases.
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Figure S1: 53 infants that achieved suppression. Each panel represents a different individual (IDs inset top
right). Points represent the viral load data, and dashed horizontal lines indicate the detection threshold. Colors
and IDs indicate whether the datawere fit using the biphasic (BP) or single phase (SP)models, or whether neither
model was fit and the infant was only included in non-parametric time to suppression calculations (NP). Data
are shown until the first measurement below the detection threshold.
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Figure S2: Nine infants fit using the biphasic model with inadequate sampling. Each panel represents a dif-
ferent infant (ID inset top right; ‘SP’ stands for single phase – the model ultimately used to fit these trajectories).
Points represent the viral load data, solid lines are the biphasic model fit, and dashed horizontal lines indicate
the detection threshold.
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represented by their corresponding ID; colors indicate whether the first data point was removed prior to model
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Figure S7: Comparison of biphasicmodel fits for infants that fit both the original and sustained suppression
criteria. Each panel represents a different infant (ID inset top right; BP stands for ‘biphasic’). Points represent the
viral load data, solid lines are the model fits, and the dashed horizontal line indicates the detection threshold.
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sion criteria. Each panel represents a different infant (ID inset top right; SP stands for ‘single phase’). Points
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sustained criteria. Infants for which there was no change in model fit have overlapping lines (and thus only one
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between 90 - 110% of their median estimates from the biphasic model. For clarity, the plot shows representative
results for a fixed value of B = 1567 (its median estimate from the biphasic model). Each panel represents a
different value of γ, and colors represent the sign of h(δ, γ, A, B) = δ − γ − δ(log(Aδ) − log(Bγ)).
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Figure S13: Sampling bias potential over a wide parameter range. The parameters δ, γ, A and B were varied
between their minimum and maximum estimates from the biphasic model. For clarity, the plot shows rep-
resentative results for a fixed value of B = 19407 (the midpoint between its minimum and maximum bipha-
sic estimates). Each panel represents a different value of γ, and colors represent the sign of h(δ, γ, A, B) =
δ − γ − δ(log(Aδ) − log(Bγ)).
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Table S1: Parameter estimates (and 95% confidence intervals) for 11 infants fit using the biphasic (BP) model.
Infant ID A (copies ml-1) B (copies ml-1) 1/δ (days) 1/γ (days)

BP1 5.0 × 105 (2.7 × 105 - 9.3 × 105) 4.6 × 103 (2.4 × 103 - 8.6 × 103) 6.1 (4.5 - 8.2) 40.2 (34.2 - 47.3)
BP2 5.8 × 105 (2.1 × 105 - 1.6 × 106) 2.2 × 103 (6.7 × 102 - 6.9 × 103) 1.6 (1.1 - 2.3) 22.6 (15.9 - 31.9)
BP3 1.9 × 104 (1.1 × 104 - 3.5 × 104) 7.5 × 101 (2.9 × 101 - 1.9 × 102) 15.3 (12.4 - 18.8) 187.9 (91.7 - 385)
BP4 3.0 × 105 (9.0 × 104 - 1.0 × 106) 5.8 × 103 (1.8 × 103 - 1.9 × 104) 3.3 (1.8 - 6.2) 22.2 (16.7 - 29.6)
BP5 2.3 × 106 (1.1 × 106 - 4.6 × 106) 3.9 × 104 (2.4 × 104 - 6.4 × 104) 2.2 (1.6 - 3.1) 24 (21.7 - 26.6)
BP6 5.7 × 104 (2.4 × 104 - 1.3 × 105) 6.6 × 102 (2.9 × 102 - 1.5 × 103) 3.4 (2.3 - 5.2) 40.1 (28.4 - 56.7)
BP7 1.4 × 105 (4.4 × 104 - 4.7 × 105) 6.4 × 103 (3.2 × 103 - 1.3 × 104) 2.2 (1 - 4.8) 29.1 (24 - 35.3)
BP8 3.0 × 105 (8.0 × 104 - 1.1 × 106) 9.3 × 102 (2.4 × 102 - 3.6 × 103) 2.9 (1.8 - 4.8) 31.4 (20.3 - 48.8)
BP9 2.5 × 104 (1.3 × 104 - 4.5 × 104) 1.6 × 103 (4.4 × 102 - 5.6 × 103) 10.9 (5.8 - 20.4) 46.9 (32.7 - 67.2)
BP10 2.6 × 104 (1.0 × 104 - 6.8 × 104) 2.8 × 102 (1.4 × 102 - 5.5 × 102) 1.2 (0.8 - 1.9) 27.2 (19.3 - 38.2)
BP11 1.1 × 104 (2.5 × 103 - 5.1 × 104) 5.2 × 102 (2.4 × 102 - 1.1 × 103) 3.2 (1.3 - 7.7) 95.4 (63.6 - 143)

Median (SD) 1.4 × 105 (6.6 × 105) 1.6 × 103 (1.1 × 104) 3.2 (4.4) 31.4 (49.8)
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Table S2: Parameter estimates (and 95% confidence intervals) for 32 infants fit using the single phase (SP)model.
Infant ID B̂ (copies ml-1) 1/γ̂ (days)

SP1 2.5 × 103 (1.8 × 103 - 3.6 × 103) 48.7 (43.8 - 54.1)
SP2 6.0 × 102 (2.6 × 102 - 1.4 × 103) 62.3 (43.9 - 88.3)
SP3 1.4 × 103 (5.7 × 102 - 3.7 × 103) 16 (12.5 - 20.5)
SP4 1.8 × 103 (1.1 × 103 - 2.7 × 103) 22.4 (19.4 - 25.9)
SP5 2.5 × 103 (1.2 × 103 - 5.2 × 103) 26.3 (20.3 - 34.1)
SP6 1.9 × 104 (5.0 × 103 - 7.2 × 104) 26.7 (20.1 - 35.4)
SP7 2.8 × 103 (1.5 × 103 - 5.1 × 103) 18.8 (15.7 - 22.5)
SP8 5.7 × 102 (1.9 × 102 - 1.7 × 103) 59.9 (40.4 - 88.8)
SP9 6.7 × 102 (2.4 × 102 - 1.8 × 103) 47.3 (31.6 - 70.7)
SP10 1.6 × 103 (8.1 × 102 - 3.1 × 103) 35.9 (28.1 - 45.8)
SP11 8.1 × 102 (2.6 × 102 - 2.5 × 103) 21 (13.4 - 32.8)
SP12 1.4 × 104 (8.7 × 102 - 2.1 × 105) 11.9 (6.9 - 20.6)
SP13 1.2 × 102 (1.9 × 101 - 7.3 × 102) 65 (14.2 - 297.3)
SP14 1.0 × 104 (4.9 × 103 - 2.1 × 104) 32.7 (27.4 - 39)
SP15 2.0 × 103 (7.2 × 102 - 5.6 × 103) 25.5 (17.7 - 36.8)
SP16 3.5 × 102 (1.9 × 102 - 6.5 × 102) 15.7 (11.5 - 21.5)
SP17 5.5 × 103 (3.0 × 103 - 1.0 × 104) 15.5 (13.1 - 18.4)
SP18 7.2 × 103 (3.1 × 103 - 1.7 × 104) 27 (22.4 - 32.5)
SP19 3.1 × 102 (1.7 × 102 - 5.4 × 102) 49.9 (37.8 - 65.9)
SP20 3.3 × 102 (2.8 × 102 - 4.0 × 102) 41.4 (38.1 - 45)
SP21 6.4 × 102 (3.4 × 102 - 1.2 × 103) 14.6 (11.2 - 18.9)
SP22 6.6 × 102 (1.6 × 102 - 2.8 × 103) 7.1 (4.1 - 12.3)
SP23 4.1 × 102 (3.2 × 102 - 5.3 × 102) 34 (29.9 - 38.6)
SP24 5.4 × 103 (7.7 × 102 - 3.8 × 104) 8.2 (5.1 - 13.2)
SP25 1.5 × 102 (9.1 × 101 - 2.5 × 102) 24.9 (17.5 - 35.5)
SP26 5.0 × 102 (4.4 × 102 - 5.6 × 102) 4 (3.8 - 4.2)
SP27 6.7 × 102 (3.9 × 102 - 1.2 × 103) 8.7 (7.1 - 10.7)
SP28 2.8 × 104 (2.3 × 104 - 3.4 × 104) 15.1 (14.5 - 15.7)
SP29 3.9 × 102 (1.7 × 102 - 9.3 × 102) 7.1 (5 - 10.2)
SP30 1.8 × 104 (1.1 × 104 - 3.0 × 104) 20.9 (18.3 - 23.8)
SP31 9.7 × 102 (5.4 × 102 - 1.8 × 103) 13.4 (11 - 16.3)
SP32 9.3 × 102 (5.2 × 102 - 1.7 × 103) 26.7 (20.7 - 34.4)

Median (SD) 9.5 × 102 (6.6 × 103) 23.7 (16.8)
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Table S3: Non-parametric time to suppression (TTS) summary statistics with respect to baseline covariates, for
all 53 infants included in the analysis.

Covariate Group Median Mean SD N

Age at ART initiation (days) <2d 107.5 114.8 83.5 25
From 2-14d 104.9 116.2 66.7 22
Over 14d 95.9 104.4 37.7 6

Birthweight (g) <2500 104 116.7 55.2 14
2500+ 104.9 113.3 77.6 39

Delivery mode Emergency CS 117.7 122.1 64.4 17
NVD 95.9 110.5 75.7 36

Baseline CD4 count (cells mm−3) <1500 110.2 143.8 88.1 9
1500+ 104.9 104.2 66.3 32

No measurement* 107.8 118.8 73.1 12
Baseline CD4 percentage <35 145.3 154.6 87 11

35+ 91.7 97.6 60.9 30
No measurement* 107.8 118.8 73.1 12

Baseline viral load (copies ml-1) <2,000 69.2 80.4 59.5 16
2,000-10,000 107.5 144.8 96.4 11
10,000-100,000 104.9 105.8 62.4 16

100,000+ 147.1 148 50.4 10
Preterm status No 104.9 115.2 77.6 43

Yes 102.7 109.8 41.1 10
Sex Female 85.7 109.1 81.6 27

Male 106.2 119.5 61.3 26
Mother’s age (years) <30 110.2 120.7 76 33

30+ 101.4 103.5 64.8 20
Mother’s CD4 count (cells mm−3) <350 97.9 100.4 66.1 21

350+ 114.6 123.3 75 32
Mother’s PMTCT status No 111.3 107.5 62.3 16

Yes 100.5 117.1 76.2 37
Mother’s viral load (copies ml-1) <1000 99.2 104.7 65.8 18

1000+ 110.2 119 75.2 35
Mother’s PMTCT status & viral load (copies ml-1) No 111.3 107.5 62.3 16

Yes, <1000 94 99.1 69.7 15
Yes, 1000+ 110.9 129.3 79.6 22

*The 12 infants without CD4 count measurements are the same 12 infants without CD4 percentage measurements.
CS = cesarean section; NVD = normal vaginal delivery; PMTCT = prevention of mother-to-child transmission.
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