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Abstract

Objective—Tenofovir (TDF) affects bone health and is widely used in pregnancy but data are
limited on the effects of TDF exposure /n utero. We examined the association between duration of
in utero TDF exposure and linear growth in HIV-exposed, uninfected (HEU) infants.

Design—A prospective cohort of pregnant women initiating TDF-containing regimens at primary
care services in Cape Town, South Africa were enrolled and followed with their breastfeeding
infants through 12 months postpartum.

Methods—Length-for-age z-scores (LAZ) were calculated from infant lengths reported at birth
and measured at 6, 12, 24, 36 and 48 weeks, using Fenton and World Health Organization
standards. Linear mixed effects models were used to examine the association between duration of
TDF exposure and LAZ over time.

Results—In 464 singleton mother-infant pairs (median CD4 at ART initiation, 346 cells/uL; viral
load (VL), 4.0 logyg copies/ml), the median duration of /n utero TDF exposure was 16.7 weeks
(interquartile range, IQR 11.0-22.0) with 31%, 44% and 25% of infants exposed to <12, 12-22 and
>22 weeks of TDF respectively. Overall, 12% of children were stunted (LAZ<-2) at 48 weeks.
Duration of exposure was not associated with LAZ: adjusted mean difference for >22 vs <12 wks,
-0.12 (95% CI: -0.47; 0.23); 12-22 vs <12 wks, -0.06 (95% ClI: -0.35; 0.24). Mean LAZ was 0.15
lower per log increase in maternal VL at ART initiation (95% ClI: -0.29; -0.0001).
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Conclusions—These data suggest no association between duration of TDF exposure in utero
and early linear growth.
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Introduction

Methods

In 2014, 66% of the estimated 1.5 million pregnant women living with HIV globally
received efficacious antiretroviral regimens for their own health.[1] This number is set to
increase substantially over the next decade with the expansion of access to triple-drug
antiretroviral therapy (ART) for prevention of mother-to-child HIV transmission (PMTCT)
and the promotion of universal treatment for all individuals with HIV infection.[1]

Tenofovir disoproxil fumarate (TDF) is widely used as part of first-line ART during
pregnancy. Although generally safe and well-tolerated, TDF has been associated with
decreased bone mineral density (BMD) and increased bone turnover in HIV-infected adults
and children.[2] Data on the effect of in utero TDF exposure on bone health and growth of
HIV-exposed uninfected (HEU) children have been mixed. In a large US cohort, the average
length-for-age Z-score (LAZ) for 12-month old HEU infants exposed to TDF-containing
ART regimens /n utero was 0.14 lower than for those without TDF exposure.[3] In a similar
but smaller cohort, TDF-exposed neonates had demonstrably lower bone mineral content
(BMC) than their unexposed counterparts. [4] By contrast, preliminary data from the
randomized IMPAACT-PROMISE trial conducted in Malawi, Zimbabwe, Uganda and South
Africa showed no adverse association between TDF exposure and either birth length or
neonatal BMC, although triple ART-exposed infants as a group had lower BMC than those
exposed only to short course antiretrovirals for PMTCT.[5] Notably, in this study both ART
regimens (with and without TDF) contained the protease inhibitor (PI) lopinavir-ritonavir
(LPVTr), which has also been associated with bone loss.[6]

Given the increasing number of children exposed to TDF-containing regimens /n utero, more
longitudinal data are needed on the potential growth effects of early exposure to ART,
especially from resource-limited settings where childhood stunting is common and in the
absence of concurrent Pl use. Previously we found no association between TDF-exposure /n
utero and fetal long bone growth in a cohort of HIV-infected pregnant women using TDF-
containing ART without concurrent Pl use in Cape Town, South Africa. [7] Here we report
on the postnatal growth of breastfed, HEU infants from the same cohort, specifically
examining the association between duration of /n utero TDF exposure and linear growth in
the first year of life.

As part of the Maternal-Child Health-Antiretroviral (MCH-ART) study, consecutive HIV-
infected, pregnant women initiating TDF-containing ART were followed during pregnancy
and with their breastfeeding infants through 12 months (Clinical Trials.gov NCT01933477).
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[8] The study was approved by the ethics review committees of the University of Cape Town
Faculty of Health Sciences and Columbia University Medical Center.

Antiretroviral exposure

Measures

Our analysis is limited to women who initiated lifelong ART during pregnancy, on a first-
line regimen of TDF with efavirenz (EFV) and either emtricitabine (FTC) or lamivudine
(3TC). As per provincial guidelines, infants were prescribed nevirapine (NVP) prophylaxis
within 72 hours after birth, continued through 4-12 weeks depending on MTCT risk
assessment.[9]

Maternal interviews and serum collection for batched HIV viral load (VL) testing were
completed at all study visits. Gestational age was based on research ultrasound at first
antenatal visit, maternal recall of last menstrual period (LMP) or fundal height (from clinical
records). At the first postnatal visit (within 28 days after birth), breastfeeding mother-infant
pairs were recruited for additional study visits at approximately 6 (range, 0-8), 12 (9-20), 24
(21-32), 36 (33-44) and 48 (>44) weeks of age. HIV infection was excluded at 6 weeks and
48 weeks with HIV-PCR testing (Roche COBAS AmpliPrep/COBAS TagMan HIV-1
qualitative assay; Roche Molecular systems, Branchburg, NJ). Birth length was abstracted
from clinical records. Trained research staff measured maternal height at enrolment; and
infant length to the nearest 0.5cm using a firm recumbent stadiometer at all subsequent study
visits.

We calculated infant length-for-age Z-scores (LAZ) based on Fenton and World Health
Organization growth reference standards, using a corrected age for infants born prior to 37
completed weeks of gestation.[10, 11] Stunting was defined as LAZ <-2. Duration of /n
utero TDF-exposure was expressed in weeks, calculated from number of days between date
of ART initiation and date of delivery; for analysis, duration was categorized based on the
interquartile range (<12, 12-22 and > 22 weeks). Potential third variables included maternal
and infant factors known to affect child growth in general populations (maternal height,
haemoglobin, substance abuse and socio-economic factors including education; infant
prematurity and feeding) as well as HIV-specific factors (maternal HIV VL and CD4 cell
count at ART initiation).[12, 13] A composite socio-economic score was used to categorize
participants into one of three groups according to relative levels of disadvantage, as
previously described.[14] Maternal smoking was assessed by self-report and the Alcohol
Use Disorders Identification Test (AUDIT-C) was used to identify hazardous drinking (score
> 3 on questions 1-3) during pregnancy and within the first 6 months postpartum.[15]

Analytic methods

Exploratory data analysis assessed relationships between potential third variables and both
the exposure of interest (duration of TDF exposure during pregnancy) and outcome of
interest (LAZ over time) using visual plots, basic statistical tests and simple linear
regression. Relationships between influential and other third variables were evaluated for
descriptive purposes. The proportion of stunted children was compared cross-sectionally by
TDF exposure categories using chi-square tests. Mixed-effects linear regression models were
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used to examine the association between duration of /n utero TDF exposure and infant LAZ
over time, using a random intercept and slope for categories of TDF exposure duration.
Model building included interaction terms where indicated; final selection was based on
Akaike's Information Criterion. Analyses were conducted in Stata 12 (StataCorp College
Station, TX).

In 464 singleton mother-infant pairs (median CD4 at enrolment, 346 cells/uL; VL, 4.0logqq
copies/ml), the median duration of /n utero TDF-exposure was 16.7 wks (interquartile range,
IQR 11.0-22.0) with 31%, 44% and 25% of infants exposed to <12, 12-22 and >22 weeks of
TDF respectively (Table 1). Mothers and infants were followed for a median of 76.0 (IQR
52.6-79.0) weeks postpartum. Fifty-eight (12.5%) did not complete study follow-up,
predominantly due to relocation (n=29), maternal or infant demise (n=9) or work/school
commitments (n=8). Fifteen mother-infant pairs were considered lost to follow-up (median
follow-up time 13.0 weeks, IQR 6.0-26.4), with no difference by TDF exposure (5, 7 and 3
in the <12, 12-22 and > 22 weeks' groups respectively).

Log VL at enrolment was similar between TDF exposure groups but a larger proportion of
mothers from the >22 weeks' group had achieved viral suppression (< 50 copies/mL) by
delivery compared to those from the 12-22 and <12 week groups (91% vs. 79% and 59%,
respectively). Compared to those with 12-22 weeks and <12 weeks of TDF use, mothers in
the >22 weeks' group were also less likely to have anaemia before initiating ART, report
hazardous drinking, or be in the lowest SES category (Table 1). Median gestational age at
birth did not differ between groups although a larger proportion of infants with <12 weeks of
TDF exposure were born prematurely (table 1). Median duration of breastfeeding did not
vary substantially between the groups (table 1). Exclusive breastfeeding (EBF) was initiated
by 93% (432/464) of mothers; the median duration of EBF was 3.0 months (IQR, 1.3 -5.7
months).

The median LAZ in the cohort was slightly above zero at birth (0.32, IQR -0.77 to 1.46), and
declined thereafter, but did not vary by duration of TDF exposure at any time point (Figure
1). The lowest median LAZ was observed at 48 weeks (-0.65, IQR -1.36 to 0.11). Overall
12% of children were stunted at 48 weeks (Table 2). The prevalence of stunting did not vary
between categories of TDF exposure at early study visits (Table 2). At 48 weeks of age, a
somewhat higher prevalence of stunting was observed among infants exposed to <12 weeks
of TDF compared to those exposed to 12-22 and > 22 weeks (18%, compared to 9% and
10% respectively, p=0.12).

There was no association between duration of /n utero TDF-exposure and LAZ in either
univariable or multivariable analysis (Table 3): mean adjusted difference in LAZ (a) for
>22 vs <12 wks, -0.12 (95% ClI: -0.47; 0.23); ap for 12-22 vs <12 wks, -0.06 (95% ClI:
-0.35; 0.24). The model was adjusted for maternal VL at ART initiation, height, SES,
preterm delivery, hazardous drinking in the early postpartum period, and current
breastfeeding as a time-varying covariate (Table 3). Maternal height (ap=0.03 per cm
increment, 95% CI: 0.01; 0.05), log VL at ART initiation (ap=-0.15 per log increase, 95%
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Cl: -0.29; -0.0001) and infant gestational age [ap=-0.73 (95% CI -1.3; -0.12) for <34 weeks
and ap=-0.1 (95% CI -0.5; 0.32) for 34-37 weeks vs. =37 weeks] were strongly associated
with infant LAZ.

Discussion

Our findings demonstrate a reassuring lack of association between duration of TDF exposure
in uteroand linear growth in the first year of life among breastfed HEU infants, and patterns
of early linear growth that are broadly comparable to those of the general population. We
further demonstrate two independent risk factors for suboptimal linear growth among HEU
children, namely high maternal VL at initiation of treatment in pregnancy, and premature
delivery.

The lack of a significant effect of TDF-exposure on infant linear growth is consistent with
findings from other African data on this association. A recent study in Malawi reported no
negative growth effects among breastfed HEU children exposed to TDF vs. non-TDF-
containing ART regimens in a setting of universal maternal ART during pregnhancy.[16] A
reflection of the evolving Malawian national PMTCT guidelines at the time, mothers with
infants exposed to TDF-containing regimens were encouraged to breastfeed for 12 months
compared to the recommended weaning age of 6 months for the earlier group who
comprised all non-TDF-exposed infants. The authors postulate that the higher attained 12-
month LAZ among TDF-exposed infants (LAZ at 12 months higher by 0.48, 95% CI 0.25 to
0.71) was mediated through extended breastfeeding. TDF is a highly potent antiretroviral;
[17] an additional explanation may be that maternal viral suppression was achieved more
effectively and rapidly among women receiving the TDF-containing regimen, limiting fetal
exposure to circulating virus and its consequences. In an earlier report from Uganda and
Zimbabwe, where ART was restricted to women with advanced disease, TDF-exposed
children under 2 years of age also attained higher LAZ than their TDF-unexposed
counterparts (LAZ at 48 weeks, -1.13 in TDF-exposed vs. -2.22 in TDF-unexposed group;
p=0.03); however, the differences were negated over time, with no residual differences by
age 3 years.[18] While the recent IMPAACT-PROMISE results raise concern regarding bone
effects of LPVr-containing ART-exposure, no association between TDF and either BMC or
neonatal growth was observed.[5]

Reasons for the apparently differential effect of TDF on bone growth in the African
compared to US cohorts remain unclear, but may be due in part to differences in prescribing
practices and indications for treatment. In contrast to the observational African cohorts, the
US cohorts have been followed over several years and in multiple sites. Over time,
substantial changes have occurred in prescribing patterns resulting in highly heterogeneous
ART exposure, making it difficult to single out the effects of a single drug whilst also
increasing the risk for confounding by indication.[3, 4] In particular, the use of TDF with a
PI has generally been more common in the US than in African settings including ours,[16,
18, 19] and residual confounding may explain some of the differences observed in
observational studies. Differences in co-occurring risk factors for poor child growth may
however also contribute to the differential results. For example, the background prevalence
of childhood under nutrition — and intergenerational stunting - is generally higher in resource
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limited settings;[12] potential adverse growth effects resulting from TDF exposure may be
difficult to distinguish in background settings of impaired child growth.

The HEU infants in our study demonstrated linear growth comparable to the general South
African population; the estimated prevalence of stunting in our study (12% at 1 year) is
roughly half the national South African prevalence of stunting among children <3 years.[20]
In keeping with findings from other settings in sub-Saharan Africa, the average LAZ of our
cohort decreased over time, highlighting the need for better complementary feeding
practices in resource-limited settings where food insecurity and low dietary diversity are
common.[16]

Of note, our data suggest a confounding effect of gestational age at delivery on the
relationship between duration of TDF exposure and infant linear growth.[21] Although
prematurity is a well described, independent predictor of childhood stunting, the association
seen in our data is partly artificial as a result of how our exposure variable was defined;
infants born at earlier stages of pregnancy were necessarily exposed to ART for shorter
periods of time. Nonetheless, maternal HIV infection is a known risk factor for preterm
delivery, which in turn substantially increases the risk of child mortality and morbidity
including suboptimal growth.[22, 23] As such, identifying and providing appropriate care to
premature infants should be integral to strategies aimed at optimizing HEU child health.

We found higher pre-treatment maternal VL to be associated with reduced postnatal linear
growth. Several possible mechanisms can be hypothesized. Firstly, higher HIV VL is
strongly associated with increased immune activation.[24, 25] Substantial immune activation
in maternal/fetal units — commonly seen in chronic viral infections during pregnancy - has
been associated with long-term risk of neurodevelopmental disorders; fetal programming for
linear growth might be similarly affected.[26, 27] Although severe immune reconstitution
inflammatory syndrome (IRIS) is not common in pregnancy, the fetal effects of maternal
immune reconstitution during pregnancy (particularly among women with advanced disease
initiating potent ART) are not clear. The risk of ART-related bone resorption in HIV-infected
adults appears to be highest among those initiating treatment at advanced disease stages,[6,
28] and a similar relationship may exist between disease severity at ART initiation in
pregnancy and subsequent infant health outcomes. HIV disease severity is also associated
with increased risk of maternal cytomegalovirus (CMV) reactivation, which increases the
risk for congenital CMV and in turn, growth restriction. [26, 29, 30] Finally, HEU children
born to women with advanced HIV disease are known to be at higher risk for common
childhood infections;[12] in turn, recurrent infections substantially increase the risk of
childhood stunting.[21]

Our data are unique in providing longitudinal clinical growth data on a well-characterized
cohort of TDF-exposed HEU children not exposed to Pl-containing regimens, in a setting
with universal maternal ART and breastfeeding. However, our study is limited by the lack of
a non-TDF exposed comparison group, the lack of serum bone markers and radiographic
measures of BMC. Moreover, these observational data could not control for possible
unobserved systematic differences between TDF exposure categories, and data from
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randomized clinical trials comparing child growth outcomes following /n utero exposure to
different drug combinations remain critical.

Conclusion

As HIV-free survival continues to increase dramatically across Africa, optimizing the health
of HEU children is a growing priority. Long-term monitoring of potential adverse growth
effects of /n utero ART exposure is a crucial step towards finding optimal drug regimens for
pregnant and breast feeding women. We found no evidence of adverse linear growth
following /n utero TDF exposure, and demonstrate maternal HIV disease severity and
premature birth as risk factors for poor infant growth. These findings provide reassuring
safety data in support of currently recommended ART regimens for pregnant women, and
support prevention of premature delivery with early diagnosis and treatment of HIV-infected
women as crucial strategies to optimize the health of their uninfected children.
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Figure 1. Length-for-age Z-scores of HIV-exposed uninfected infants at birth and during the first
12 months of life, by duration of in utero tenofovir exposure, IQR, inter-quartile range; w, weeks;
TDF, tenofovir disoproxil fumarate
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Table 1
Characteristics of women at enrolment and infants by duration of in utero exposure to
tenofovir
Duration of TDF exposure (weeks)
TOTAL (N=464)
<12 (n=144) 12-22 (n=203) > 22 (n=117)

MATERNAL
Age (years) 27 (24-32) 28 (24-32) 27 (25-31) 28 (24-32)
Height (cm) 159 (154 — 163) 156 (153-160) 157 (153 - 161) 157 (153.5 - 161)
?ggr/ziﬁ)prior to ART initiation (hemoglobin < 29.6% (40) 20.5% (41) 8.8% (10) 20.3% (91)
HIV viral load (log10 copies/mL) prior to
ARTinitiation 3.9 (3.3-4.5) 42 (3.7-4.7) 4.0(35-4.3) 4.0 (35-4.6)
HIV viral load <50 copies/mL at delivery 59.0% (85) 78.8% (160) 90.6% (106) 75.7% (361)

CD4 cell count (cells/mm3)

356 (255 — 539)

345 (220 - 492)

337 (251 - 487)

346 (235 - 502)

SES categories:

Lowest 34.7% (50) 28.5% (58) 23% (27) 29% (135)

Moderate 31.3% (45) 38% (77) 35% (41) 35% (163)

Highest 34% (49) 33.5% (68) 42% (49) 36% (166)
Ainking during he it 6 month postparum 10.9% (14) 10.9% (19) 8.2% ®) 10.2% (41
INFANT
Duration of TDF exposure (weeks) 7.3 (4.2-10.4) 17.1(15.1-19.1) 25.3(23.1-26.5) 16.7 (11.0-21.9)
Male sex 53% (77) 45% (92) 53% (62) 50% (231)
Gestational age at birth (weeks) 39 (37-40) 39 (38-40) 39 (38-40) 39 (38-40)
Premature delivery

34-37 completed weeks 9.0% (13) 6.9% (14) 7.7% (9) 7.8% (36)

< 34 completed weeks 9.0% (13) 2.5% (5) 0.0% (0) 3.9% (18)
Duration of any breastfeeding (months) 7.6 (2.2-121) 7.0(22-122) 53(2.1-121) 6.6 (2.2-12.2)
Length at birth (cm) 49 (47 - 51) 49 (48 - 52) 49.5 (48 - 51) 49 (48 - 51)

Lazl 0.23(-0.78t01.32) | 0.44(-0.78t0 1.47) | 0.30 (-0.60t0 1.47) | 0.32 (-0.77 to 1.46)

Stunted (LAZ<-2SD) 5.8% (7) 4.9% (9) 9.2% (10) 6.3% (26)
Weight at birth (kg) 3.08 (2.7-3.4) 3.12(2.8-3.4) 32(29-3.4) 3.15 (2.76 - 3.4)

waz! 0.03(-0.8410 0.52) | -0.26 (-0.80t0 0.43) | -0.02 (-0.59 to 0.48) | -0.10 (-0.80 to 0.48)

Underweight (WAZ<-2SD)

3.8% (5)

2.6% (5)

2.6% (3)

2.9% (13)

Values are median (IQR) or column % (n); TDF, tenofovir (exposure calculated from day of antiretroviral therapy initiation until day of birth);
ART, triple antiretroviral therapy; AUDIT-C, Alcohol Use Disorders Identification Test for hazardous drinking (questions 1-3); LAZ — length-for-
age Z-score: SD - standard deviation; WAZ — weight-for-age Z-score;

1 . . .
Calculated using Fenton growth charts (adjusted for gestational age and sex)
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Table 3
Regression analyses of infant length-for-age Z-scores by duration of in utero exposure to
tenofovir
Univariable mixed-effects regression (N=461) | Multivariable mixed-effects regressionl (N=323)
gﬁg‘g\z? of in utero exposure to Difference in LAZ (95% ClI) p-value Difference in LAZ (95% CI) p-value

> 22 weeks 0.05 (-0.22 t0 0.31) 0.72 -0.12 (-0.47 to 0.23) 0.49
12- 22 weeks -0.02 (-0.25t0 0.21) 0.87 -0.06 (-0.35t0 0.24) 0.71
< 12 weeks (reference) 0 - 0 -

95% CI — 95% confidence interval; LAZ — length-for-age Z-scores, calculated using Fenton (birth) and World Health Organization (postnatal)
growth reference standards (adjusted for sex and gestational age);

Adjusted for maternal characteristics at initiation of antiretroviral treatment (height, log10 HIV viral load, hemoglobin, cd4 cell count, socio-
economic situation), preterm delivery, hazardous drinking in the early postpartum period, and time-varying, current breastfeeding
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