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Background. Childhood lower respiratory tract infections (LRTIs) cause substantial morbidity and under-5 child mortality. The
epidemiology of LRTT is changing in low- and middle-income countries with expanding access to conjugate vaccines, yet there are
few data on the incidence and risk factors for LRTT in these settings.

Methods. A prospective birth cohort enrolled mother-infant pairs in 2 communities near Cape Town, South Africa. Active sur-
veillance for LRTT was performed for the first 2 years of life over 4 respiratory seasons. Comprehensive data collection of risk factors
was done through 2 years of life. World Health Organization definitions were used to classify clinical LRTT and chest radiographs.

Results. From March 2012 to February 2017, 1143 children were enrolled and followed until 2 years of age. Thirty-two percent
of children were exposed to antenatal maternal smoking; 15% were born at low birth weights. Seven hundred ninety-five LRTT events
occurred in 429 children by February 2017; incidence of LRTT was 0.51 and 0.25 episodes per child-year in the first and second
years of life, respectively. Human immunodeficiency virus (HIV)-exposed, uninfected infants (vs HIV-unexposed infants) were
at increased risk of hospitalized LRTT in the first 6 months of life. In regression models, male sex, low birth weight, and maternal
smoking were independent risk factors for both ambulatory and hospitalized LRTT; delayed or incomplete vaccination was associ-
ated with hospitalized LRTL

Conclusions. LRTI incidence was high in the first year of life, with substantial morbidity. Strategies to ameliorate harmful expo-
sures are needed to reduce LRTI burden in vulnerable populations.

Keywords. Lower respiratory tract infection; pneumonia; child health; incidence.

Childhood lower respiratory tract infections (LRTIs) cause
>700 000 deaths in children <5 years of age annually. This is
a substantial decrease from 1.7 million LRTI-associated deaths
in children <5 years of age in 1990, reflecting decreased LRTI
incidence [1]. These improvements in childhood LRTI burden
and mortality have largely been due to improved living condi-
tions, childhood nutrition, and expanded access to childhood
vaccines, including conjugate vaccines against Streptococcus
pneumoniae and Haemophilus influenzae type b (Hib) [2].
Decreased bacterial LRTT has resulted in proportional increase
in viral or mixed infective LRTI [3], which may require different
prevention and management strategies. Further reduction of
the residual burden of childhood LRTI, especially severe and
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hospitalized LRTI, requires better understanding of its chang-
ing epidemiology and risk factors to strengthen interventions
(4].

Young children, especially those <6 months of age, remain at
greatest risk for severe LRTI [5, 6]. Prematurity predicts severe
viral LRTI [7] and mortality in both low-income and high-in-
come countries (HICs) [8]. However, effects of other risk factors
may not be constant across settings: Lack of exclusive breast-
feeding has a larger effect in low- and middle-income countries
(LMICs; 2.7 times increased risk of severe LRTI) compared to
HICs (1.3 times increased risk) [9]. Risk factors such as severe
malnutrition are rare in HICs, but common in LMICs. Excess
risk associated with human immunodeficiency virus (HIV) ex-
posure may be ameliorated by maternal antiretroviral therapy
(ART) and improved breastfeeding [10, 11], or may have an
effect only in early infancy, but there are no longitudinal data
investigating this.

Accurate measurement of population-based LRTT incidence
in young children in LMIC is challenging; birth cohorts with
active LRTT surveillance provide unique opportunities for di-
rect measurement of incidence, severity, and risk factors, in-
cluding variations over seasons. This study aimed to investigate
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incidence, severity, and age-specific risk factors of LRTT among
children enrolled in an African birth cohort (the Drakenstein
Child Health Study) followed until 24 months of age, over 4 res-
piratory seasons (2012-2017).

METHODS

Study Design and Population

The Drakenstein Child Health Study is a birth cohort outside
Cape Town, South Africa. Detailed description of the cohort
is published elsewhere [12]. In brief, pregnant women (20-28
weeks’ gestation) attending antenatal care at 1 of 2 clinics were
recruited and followed through pregnancy, delivery, and with
their children for 2 years. These 2 clinics serve 2 communities
with different cultural profiles, reflecting South Africa’s polit-
ical history of racial segregation. One community was histor-
ically restricted to individuals of mixed ancestry (Newman);
the other to individuals of black African ancestry (Mbekweni).
Both communities are of low socioeconomic status (SES) with
high unemployment and HIV prevalence. The University of
Cape Town Faculty of Health Sciences Human Research Ethics
Committee (HREC 401/2009; 651/2013) provided ethical ap-
proval. Mothers provided written informed consent at enroll-
ment, with annual renewal.

Childhood vaccinations followed national schedules: BCG at
birth; 13-valent pneumococcal conjugate vaccine (PCV13) (6
weeks, 14 weeks, 9 months); hexavalent vaccine (including acel-
lular pertussis and Hib) (6, 10, and 14 weeks and 18 months);
and measles vaccine (9 and 18 months). Guidelines for pre-
vention of mother-to-child transmission of HIV (PMTCT)
changed during the study period. Before 2014, most HIV-
infected women received only nevirapine and zidovudine;
those with CD4 counts <350 cells/pL initiated triple ART. From
2014, ART was initiated without CD4 restriction. HIV-exposed
infants were tested with HIV DNA polymerase chain reaction
(Cobas Ampliprep/Cobas TagMan HIV-1, Roche Diagnostics
Systems, Branchburg, New Jersey) between 6 and 10 weeks,
and repeated if hospitalized. Repeat testing occurred at 9 and
18 months using age-appropriate tests according to local guide-
lines. HIV-exposed infants were given co-trimoxazole prophy-
laxis from 6 weeks until breastfeeding discontinuation.

Study Procedures

The primary outcome was LRTI incidence, with differentiation
by severity (World Health Organization [WHO]-severe or hos-
pitalization). Study staff, based at both clinics and the single re-
gional hospital, performed LRTI surveillance using active case
finding [13]. LRTI was diagnosed according to revised WHO
guidelines when a child had cough or difficulty breathing,
with either lower chest wall indrawing (LCWTI) or age-appro-
priate tachypnea (=50 breaths/minute if 2-12 months of age,
>40 breaths/minute if 212 months of age) [14]. Severe LRTI

was diagnosed in children aged <2 months with tachypnea >60
breaths/minute or LCWI; or in children of any age with danger
signs (cyanosed, unable to drink, seizures, or decreased level of
consciousness) [14]. In children with wheezing, LRTI was not
diagnosed if tachypnea and LCWI resolved following admin-
istration of an inhaled bronchodilator. LRTI events were diag-
nosed at the hospital or a clinic; severe cases seen at a clinic
were referred to the hospital. Indications for hospitalization in-
cluded hypoxia (oxygen saturation <92% on room air) or poor
social circumstances making ambulatory treatment unfeasible.
Decision to hospitalize was made by treating clinicians, not
study staff. Events occurring > 14 days following LRTT were
considered new-onset LRTI. Chest radiographs were taken
when hospitalized for LRTI, and read by 2 independent doc-
tors trained in WHO-standardized chest radiograph reporting
[15]. A third reader, blinded to previous readings, resolved dis-
cordant results. Risk factors of interest (birth weight and gesta-
tion, HIV exposure, SES, exposure to environmental tobacco
smoke [ETS]) were recorded for all participants. Trained study
staff administered structured interviews regarding symptoms
and household/environmental exposures at enrollment, after
delivery, at scheduled follow-up visits, and when diagnosed
with LRTI. Smoking during pregnancy was classified by ante-
natal urine cotinine: nonsmoker (<10 ng/mL), passive smoker
(10-499 ng/mL), or active smoker (=500 ng/mL) [16].

Statistical Analysis

Predictors of ambulatory and hospitalized LRTI were explored
with Poisson regression using generalized estimating equations
clustered on mother—infant pairs [17]. Results are presented as
unadjusted and adjusted incidence rate ratios (IRRs). Follow-up
was censored at 2 years of age, last visit seen, or 28 February
2017. Analyses were stratified by child age to account for poten-
tial effect modification by age, with adjustment for enrollment
clinic throughout. Due to markedly increased incidence of
LRTI in HIV infection, 2 HIV-infected children were excluded
from Poisson regression after sensitivity analysis indicated large
changes in IRR estimates of several other risk factors. Final
model selection was based on parsimony and lowest Akaike in-
formation criterion [18]. Population attributable risks (PARs)
[19] of potentially modifiable risk factors for LRTT were cal-
culated, including for maternal smoking. Data were analyzed
using Stata version 11 software (StataCorp, College Station,
Texas).

RESULTS

Between March 2012 and March 2015, 1137 pregnant women
were enrolled, delivering 1143 live-born infants (4 sets of twins,
1 of triplets) (Figure 1). Overall, 849 children (74%) had com-
pleted 2 years follow-up by analysis censoring (February 2017),
and 153 children (13%) were disenrolled before age 2 years
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Figure 1. Flowchart of participants through the Drakenstein Child Health Study.

(median disenrollment age, 6 months); reasons were predomi-
nantly moving out of area (56 [37%]) and inability to contact
mothers (35 [23%]). Median follow-up was 24 (interquartile
range [IQR], 23.6-24) months, with 2043 child-years accrued
in total.

Table 1 describes mother—child pairs. Household ETS was
common: 82% of children were exposed in the first 6 months of
life. Antenatal smoking was more common in mixed-ancestry
(53%) than in black African households (15%). HIV was more
common in African women (36%) than in those of mixed an-
cestry (3%). Coverage of primary series of PCV13 and hexava-
lent vaccine was excellent (92%).

There were 247 (22%) HIV-exposed but uninfected (HEU)
children; 2 HIV-infected children commenced ART. Most
women (1016 [89%]) initiated breastfeeding, but duration of
exclusive breastfeeding was short (median, 1.8 [IQR, 0.9-3.7]
months). By 6 months, only 86 (8%) babies were exclusively

breastfed and 76 (6%) partially breastfed (breast and formula
milk). HIV-exposed babies were less likely to initiate any breast-
feeding (140/249 [56%]) than HIV-unexposed babies (875/893
[98%]) (P < .0001; Supplementary Table 1).

Clinical Characteristics of LRTI Events

There were 795 LRTTs in 429 children in the first 2 years of life.
Some children had multiple LRTIs; by 2 years, 38% of the co-
hort had had at least 1 LRTI. Young children had the highest
burden: 96 (55%) hospitalizations and 116 (66%) WHO-severe
LRTTIs occurred in children <6 months of age. Of all LRTIs, 176
(22%) were WHO-severe, of which 92 of 176 (52%) required
hospitalization. Associated comorbidities and non-LRTT rea-
sons for hospitalization are shown in Supplementary Table
2. Median age at hospitalized LRTT was 4.4 (IQR, 1.8-11.0)
months, compared to 7.3 (IQR, 4.0-14.2) months for ambu-
latory LRTI (P < .0001; Table 2). There were no significant
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Table 1. Baseline Characteristics of 1143 Mother—Infant Pairs Enrolled Into the Birth Cohort at 2 Sites

T.C. Newman Total
Characteristic Mbekweni (n = 626) (n=511) (N =1137) PValue
Maternal characteristics
Formal housing 3563 (56) 362 (71) 715 (63) <.0001
Household crowding
<4 people 263 (42) 118 (23) 381 (34) <.0001
>5 people 362 (58) 391 (77) 753 (66)
Maternal smoking (by antenatal urine cotinine)
Nonsmoker (cotinine <10 ng/mL) 195 (34) 56 (12) 251 (24)
Passive smoker (cotinine 10-500 ng/mL) 291 (51) 173 (36) 464 (44) <.0001
Active smoker (cotinine >500 ng/mL) 89 (15) 254 (53) 343 (32)
Infant characteristics (n =632) (n=511) 1143
Male sex 312 (49) 278 (54) 590 (52) .09
Preterm (<37 wk) 108 (17) 82 (16) 190 (17) .60
Low birth weight (<2500 g) 78 (12) 96 (19) 174 (15) .003
HIV status
HIV unexposed 400 (63) 494 (97) 894 (78) <.0001
HIV exposed but uninfected 230 (36) 17 (3) 247 (22)
HIV infected 2(0.3) 0 2(0.2)
Breastfeeding
Never breastfed 99 (16) 11 (2) 110 (10) <.0001
Breastfed <6 mo 421 (67) 433 (85) 854 (75)
Breastfed at least 6 mo 97 (15) 65 (13) 162 (14)
Unknown 15 (2) 2(0.4) 17 (1.5)
EPI vaccine coverage (n = 871)
All doses given, on time 437 (92) 360 (91) 797 (92) 43
All doses given, some doses late 34 (7) 36 (9) 70 (8)
At least 1 missing dose 3(0.6) 1(0.25) 4 (0.5)

Data are presented as n (%) unless otherwise indicated.

Abbreviations: EPI, Expanded program on Immunization; HIV, human immunodeficiency virus.

differences between ambulatory and hospitalized events by
enrollment clinic, SES, or season. Preceding coryza and upper
respiratory tract symptoms (82%), history of fever (66%), and
wheezing (45%) were common.

Of 174 hospitalized LRTT events, 162 (93%) had interpret-
able chest radiographs. Radiological abnormality was reported
in 124 (78%); 64 (40%) had primary end-point consolidation
and 62 (38%) had other infiltrates. Children with radiological
abnormality were equally likely to be hypoxic (32/126 [25%])
as children without radiological changes (10/36 [28%]; P = .77).
Continuous positive airway pressure or intubation and me-
chanical ventilation was needed in 14 children (8%). There were
3 deaths (case fatality rate, 1.7% of hospitalized, 0.4% overall).

Incidence of LRTI

Incidence of LRTT in the first year of life was 0.51 episodes per
child-year (e/cy), decreasing to 0.25 e/cy in the second year.
Incidence of hospitalized LRTT in the first year of life was 0.13 e/
cy and in the second year, 0.04 e/cy (Table 3). There were more
LRTI cases in 2014-2015 than in 2012-2013; the incidence of
hospitalized LRTI <1 year was 0.10 e/cy (95% confidence in-
terval [CI], .08-.14) in the early time period, and 0.15 e/cy (95%
CI, .12-.18) in the later period.

Risk Factors for LRTI

In unadjusted Poisson regression, hospitalized LRTI in the first
6 months of life was associated with maternal smoking, male
sex, delayed or missed vaccinations, preterm delivery (PTD),
and low birth weight (LBW; <2500 g) as well as maternal HIV
infection and household crowding. Maternal smoking, delayed
or missed vaccinations, LBW, or PTD remained significant
risk factors between 6 and 12 months, but not after 12 months
(Table 4).

Throughout the first 2 years, ambulatory LRTI was strongly
associated with maternal smoking; male sex and lower SES were
significant risk factors in the first year of life. PTD and LBW
were significant only after 6 months of age; HIV exposure or
delayed or missed vaccinations were not associated with ambu-
latory LRTT (Table 4).

HIV and Breastfeeding

HEU infants aged <6 months had increased incidence of hos-
pitalized LRTT (IRR, 1.99 [95% CI, 1.11-3.54]) compared with
HIV-unexposed (HU) infants; there was no effect of HIV ex-
posure beyond 6 months of age (Table 4). In addition, HEU
infants born to mothers who received triple ART in pregnancy
had lower incidence of LRTI requiring hospitalization in the
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Table 2. Comparison of Ambulatory and Hospitalized Lower Respiratory Tract Infection Events

Ambulatory Hospitalized
Characteristic (621 Events) (174 Events) PValue
No. of children 369 133
Enroliment clinic

Mbekweni 366 (59) 95 (563)

T.C. Newman 255 (41) 79 (47) .31
Year of study

2012 36 (6) 16 (9) <.0001

2013 83 (13) 47 (16)

2014 238 (38) 62 (37)

2015 213 (34) 43 25)

2016 51 (8) 6 (3)

Season

Autumn 173 (28) 46 (26) .35

Winter 205 (33) 69 (40)

Spring 164 (26) 37 (21)

Summer 79 (13) 22 (13)

Mother active smoker in pregnancy? 231 (39) 69 (43) 42
Male sex 376 (61) 116 (67) 14
Age, mo

Median (IQR) 73 (4.0-14.2) 4.4 (1.8-11.0) < .0001

<6 266 (43) 96 (55) <.0001

6-12 134 (22) 42 (24)

>12 221 (36) 36 (21)

Preterm: <37 wk 126 (20) 52 (30) .008
Low birth weight: <2500 g 130 (21) 49 (28) .046
HIV status

HIV unexposed 469 (76) 125 (72) .03

HIV exposed but uninfected 151 (24) 46 (26)

HIV infected 1(0.2) 3(2)

Weight-forlength z score, at time of LRTI, median (IQR) 0.65 (-0.22 t0 1.7) 0.6 (-0.84 to 1.72) A3
Duration of exclusive breastfeeding, mo, median (IQR) 1.84 (0.92-3.22) 1.84 (0.92-4.0) .81
Preceding diarrhea 66 (11) 37 (21) <.0001
Respiratory rate, breaths/min, median (IQR) 53 (46-59) 62 (56-69) < .0001
Lower chest indrawing 383 (63) 150 (86) < .0001
Wheeze at the time of LRTI 266 (43) 92 (53) .02
Oxygen saturation, %, median (IQR) 98 (96-99) 94 (89-96) < .0001
Hypoxia (oxygen saturation <92 %) 6 (1) 43 (25) < .0001
Chest radiographic findings (WHO classification)

No consolidation/infiltrate 36 (22)

Other consolidation/infiltrate 62 (38)

Primary end-point consolidation or pleural effusion 64 (40)

Ventilation received
Continuous positive airway pressure 6 (3)
Mechanical ventilation 8 (5)

Data are presented as n (%) unless otherwise indicated.

Abbreviations: HIV, human immunodeficiency virus; IQR, interquartile range; LRTI, lower respiratory tract infection; WHO, World Health Organization.

“Urine cotinine >500 ng/mL.

Table 3. Incidence Rates of Ambulatory, Hospitalized, and World Health Organization—severe Lower Respiratory Tract Infection in the First 2 Years of Life

Age Ambulatory LRTI Hospitalized LRTI WHO-severe LRTI All Clinical LRTI

<ly 0.38 (.24-.42) efcy 0.13 (.11-.15) efcy 0.13 (.11-.15) e/cy 0.51 (.47-.55) e/cy
12y 0.22 (.19-.25) e/cy 0.04 (.03-.05) e/cy 0.04 (.03-.06) e/cy 0.25 (.22-.29) e/cy
Total 0.30 (.28-.33) e/cy 0.09 (.07-.10) e/cy 0.09 (.07-.10) e/cy 0.39 (.36-.42) e/cy
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Data are presented as incidence rate (95% confidence interval).

Abbreviations: e/cy, episodes per child-year; LRTI, lower respiratory tract infection; WHO, World Health Organization.
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Table 4. Risk Factors as Incidence Rate Ratios for Ambulatory and Hospitalized Lower Respiratory Tract Infection for 1141 Human Immunodeficiency

Virus—uninfected Children in the First 2 Years of Life, From Poisson Regression

Ambulatory Hospitalized

Risk Factor <6 mo 6-12 mo >12 mo <6 mo 6-12 mo >12 mo
Mother active smoker in pregnancy? 1.14 (.98-1.34) 1.50 (1.24-1.81) 1.21 (1.01-1.44) 1.35 (1.07-1.72) 1.67 (1.15-2.42) 0.80 (.51-1.24)
SES quartile

Highest 1 1 1 1 1 1

Moderate-high 1.41(.92-2.18) 1.14 (.64-2.03) 0.93 (.57-1.51) 1.36 (.72-2.57) 1.33 (.61-3.73) 2.77 (.89-8.64)

Moderate-low 1.71 (1.156-2.65) 2.07 (1.26-3.42) 1.64 (.98-2.42) 1.36 (.72-2.57) 1.63 (.58-4.08) 1.563 (.44-5.33)

Lowest 1.25 (.81-1.93) 1.66 (.96-2.87) 1.69 (1.07-2.66) 1.43 (.75-2.73) 1.70 (.60-4.80) 2.25(.63-8.09)
Household size

<4 people 1 1 1 1 1 1

>5 people 0.87 (.65-1.17) 0.85 (.59-1.24) 1.10 (.79-1.55) 2.36 (1.34-4.13) 1.34 (.69-2.60) 1.22 (.55-2.73)
Male (compared to female) 1.65 (1.25-2.18) 1.564 (1.07-2.20) 1.22 (.89-1.67) 1.82 (1.15-2.87) 1.77 (.93-3.36) 2.10 (.99-4.48)
Low birth weight 1.10 (.76-1.60) 2.01 (1.35-3.01) 1.88 (1.27-2.77) 2.03 (1.24-3.33) 2.52 (1.13-5.63) 2.03 (.80-5.15)
Preterm 1.00 (.71-1.42) 1.63 (1.09-2.43) 1.57 (1.07-2.30) 2.48 (1.565-3.94) 2.35(1.08-5.08) 1.09 (.40-2.95)
HIV exposed 1.32 (.95-1.84) 0.98 (.61-1.57) 0.91 (.60-1.38) 1.99 (1.11-3.54) 1.26 (.44-3.60) 0.83(.21-2.20)
Wasting® 0.94 (.70-1.27) 1.20 (.53-2.69) 1.23 (.62-3.42) 0.75 (.45-1.25) 1.76 (.45-6.85) Unable to calculate
All vaccine doses

On time 1 1 1 1 1 1

Some doses late or missed 1.08 (.63-1.84) 1.23 (.71-2.15) 1.41 (.77-2.57) 2.31(1.21-4.41)  3.44 (1.34-8.86) 1.56 (.48-5.04)
Season

Summer 1 1 1 1 1 1

Spring 1.60 (1.08-2.37) 1.56 (.91-2.66) 1.08 (.68-1.73) 1.48 (.68-3.21) 1.33 (.57-3.14) 1.93 (.64-5.85)

Autumn 1.72 (1.16-2.55) 2.31(1.37-3.87) 2.09 (1.41-3.09) 2.61 (1.31-5.18) 1.71 (.67-4.32) 2.30(.77-6.82)

Winter 2.05 (1.37-3.06) 2.04 (1.20-3.44) 2.05 (1.37-3.07) 3.14 (1.61-6.12) 2.23 (.90-5.53) 1.74 (.56-5.43)

Data are presented as incidence rate (95% confidence interval).

Abbreviations: HIV, human immunodeficiency virus; SES, socioeconomic status.
#Urine cotinine >500 ng/mL.

PWeight-for-length z score <-2.

first year of life (0.14 e/cy) compared with HEU infants whose
mothers only received dual prophylaxis (nevirapine plus zidovu-
dine) PMTCT (0.28 e/cy; IRR, 0.49 [95% CI, .26-.96]). Effects
of breastfeeding varied by HIV exposure status: the 11 of 886
(1.2%) HU infants who never breastfed had higher incidence of
hospitalized LRTT <6 months compared with HU infants who
ever breastfed (IRR, 7.46 [95% CI, 2.83-19.7]). However, among
HEU infants <6 months of age, the 99 of 239 (41%) who never
breastfed had similar incidence of hospitalized LRTI compared
with breastfed HEU infants (IRR, 1.19 [95% CI, .51-2.74]).

Adjusted Poisson Model and Population Attributable Risk

In adjusted Poisson regression (controlling for age and enroll-
ment clinic), male sex, LBW, delayed or missed vaccinations, and
maternal smoking remained significant predictors of both am-
bulatory and hospitalized LRTI (Table 5). The PAR of antenatal
maternal smoking for LRTI (tobacco-unexposed children vs
children of active or passive smokers) was 13.8% (95% CI, —.01%
to 27.3%); the PAR for LBW was 9.2% (95% CI, 1.5%-16.1%).

DISCUSSION

This unique birth cohort provides important longitudinal
data on incidence, severity, and risk factors for LRTI in a

well-vaccinated population, with almost no HIV-infected chil-
dren, through the first 2 years of life and extending across 4
respiratory seasons. We describe LRTI incidence in the second
year of life, with lower overall incidence and increased propor-
tion of ambulatory cases compared to infants aged <1 year. This
represents an appreciable burden of LRTT in South Africa, with
an annual birth cohort of 1.2 million [20], translating to 48 000
LRTT hospitalizations in the second year of life, adding substan-
tial burden and costs to health systems.

Incidence of LRTI in infants <1 year of age was much higher
than previously described [21]. As case detection methods
remained constant through the study period, the observed
increased incidence is most likely due to severe pneumonia
seasons in 2014 and 2015. This interyear variation in seasonal
pneumonia severity underscores the importance of multiyear
birth cohorts with extended recruitment and follow-up. In ad-
dition to high LRTT incidence in infancy, our study highlights
vulnerability of infants and young children to LRTT; high prev-
alence of risk factors such as ETS, LBW, and maternal HIV; and
persistence of LRTT burden into the second year of life.

The in-hospital case fatality rate was low (<2%) despite se-
verity of disease, prevalence of radiological abnormality in 78%
of hospitalized cases, and hypoxia in 25%. This is lower than
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Table 5. Risk Factors for Ambulatory and Hospitalized Lower Respiratory Tract Infection for 1141 Human Immunodeficiency Virus—uninfected Children in

the First 2 Years of Life: Adjusted Multivariable Model

Ambulatory LRTI Hospitalized LRTI

Risk Factor Adjusted IRR (95% CI)* Adjusted IRR (95% CI)*
Age category

<6 mo 2.17 (1.75-2.68) 4.87 (3.12-7.63)

6-12 mo 1.34 (1.06-1.69) 2.12 (1.29-2.87)

>12 mo 1 1
Male sex 1.53 (1.20-1.96) 1.88 (1.23-2.87)
Low birth weight 1.63 (1.12-2.08) 1.79 (1.09 -2.94)
Mother active smoker in pregnancy® 1.53 (1.20-1.97) 1.63 (1.05-2.94)
Delayed or missing vaccinations 1.03 (.91-1.17) 1.31 (1.09-1.58)

Abbreviations: Cl, confidence interval; IRR, incidence rate ratio; LRTI, lower respiratory tract infection.

#Adjusted for enrollment clinic, age, sex, low birth weight, maternal smoking, and delayed or missing vaccinations.

®Urine cotinine >500 ng/mL.

in the multisite Pneumonia Etiology Research for Child Health
(PERCH) study: Of 3587 children admitted with severe LRTT,
54% had radiological abnormality, 36% were hypoxic, and 6%
died [22]. Our estimates are also lower than a report of children
with severe LRTI in Botswana, where 79% had radiological ab-
normality, 38% were hypoxic, and 5% died [23]. Our low case
fatality rate may reflect good access to care, including access
to intensive care and mechanical ventilation. Our cohort also
achieved high vaccine coverage, including PCV and Hib; had
good nutritional status; and showed a low prevalence of HIV
infection in children, factors that may have contributed to low
case fatality.

Antenatal maternal smoking was a consistent modifiable risk
factor for both ambulatory and hospitalized LRTI throughout
the first 2 years. The PAR for LRTT implies that 13.8% of LRTI
was due to antenatal maternal smoking. Although higher than
reported globally [1], this may still be an underestimate, as
measurement of the intensity of postnatal ETS exposure from
self-reported questionnaires was difficult; accurate antenatal
biomarkers such as maternal urine cotinine may not capture the
additive impact of postnatal ETS exposure.

Preterm and LBW children were at high risk for LRTI
throughout early childhood, with younger infants more likely
to require hospitalization, consistent with previous studies [2].
PTD and LBW were significant risk factors for ambulatory
LRTT after 6 months of age, and through the second year of life.
Children with delayed or missed vaccinations had increased in-
cidence of LRTI, even after adjusting for other risk factors. This
may reflect immunological susceptibility; however, delayed vac-
cinations may also indicate social vulnerability, or be a marker
of other unmeasured risk factors [24, 25].

HEU infants had 2-fold increased incidence of hospitalized
LRTI compared to HU infants, as previously described [11, 26].
A novel finding was that this was limited to the first 6 months of
life, possibly due to impaired maternal transplacental antibody
[27] or transient innate or adaptive immune effects in HEU

[28, 29]. This raises questions about optimal prevention strate-
gies, including possible co-trimoxazole prophylaxis in HEU for
6 months. HEU born to mothers using simple PMTCT regi-
mens had a higher incidence of hospitalized LRTI than infants
born to mothers using triple ART in pregnancy. This is con-
sistent with evidence that maternal triple ART is associated with
decreased all-cause child mortality at 24 months [30]. Future
estimates of population effects of HIV exposure on childhood
LRTI should adjust for maternal ART regimens.

Globally, breastfeeding is associated with decreased LRTI
hospitalization for 2 years [31]. We observed lower hospitalized
LRTTI incidence among the 99% of HU infants aged <6 months
who were breastfed compared with 1% of HU infants who
never breastfed; however, there is possibility of unmeasured
confounding among those who never breastfed. Short dura-
tion of protective effect is likely due to overall short duration
of breastfeeding. Differential effect of breastfeeding on LRTI
incidence by HIV exposure status has been described in 2 pre-
vious South African cohorts. In a case-control study in Soweto,
breastfeeding was protective against “presumed bacterial pneu-
monia” among HU, but not HEU, children [32]; in a Cape Town
cohort, breastfeeding among HEU infants was not protective
against hospitalization [33]. By contrast, a cohort of breastfed
Kenyan HEU infants had a 47% decreased risk of LRTI com-
pared with nonbreastfed HEU infants [34]. It is possible that
in South African cohorts (well-vaccinated, receiving co-trimox-
azole prophylaxis, well-nourished, with good access to care),
breastfeeding among HEU did not confer the same protection
against LRTT as in Kenya.

A major strength of this study is the long follow-up, including
several respiratory seasons. Longitudinal birth cohorts are rare
in LMICs; cross-sectional analyses of LRTI do not have accu-
rate measurement of preexisting risk factors, but rely on recall
[35, 36]. With this study design, we could prospectively measure
risk factors for LRTT at different time points while allowing for
interyear variation in background risk. Limitations include low
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specificity of WHO clinical case definitions, alongside possibility
of LRTT overdiagnosis due to heightened awareness of staff and
mothers about respiratory symptoms. Nonetheless, LRTT signs
were verified by study staft and a high proportion required hos-
pitalization, of which most had radiological changes. Some cases
of LRTI may have been missed; however, this is unlikely given
strong surveillance systems and high cohort retention. Another
limitation is lack of etiology data. Although microbiologic data
have been reported [37], ascribing etiology can be complex and
is beyond the scope of this report. A further limitation is poten-
tial for interobserver variability in radiological interpretation of
LRTL however, we used the same 3 readers and a standardized
WHO reporting form. Moreover, interobserver variability has
been reported to be high for end-point consolidation [38].

In conclusion, we report high incidence of clinical and radi-
ological LRTT in the first 2 years of life, with low case fatality.
There remains an appreciable burden, especially of ambulatory
disease, in the second year. Low birth weight, delayed or missed
vaccinations, and maternal smoking were strong risk factors for
LRTI. HIV-exposed but uninfected infants were at higher risk of
hospitalized LRTI only in the first 6 months of life. Strategies to
identify incompletely vaccinated children and prevent harmful
exposures including ETS must be strengthened, and new strate-
gies for protecting vulnerable children are needed to reduce the
burden of LRTL.

Supplementary Data

Supplementary materials are available at Clinical Infectious Diseases online.
Consisting of data provided by the authors to benefit the reader, the posted
materials are not copyedited and are the sole responsibility of the authors,
so questions or comments should be addressed to the corresponding author.

Notes

Author contributions. H. ]. Z. is the principal investigator, conceived
and designed the study, and obtained funding, together with M. P. N., the
lead microbiologist, and L. M., who led the epidemiological analyses. H. J.
Z., M. P.N,, and L. M. provided operational oversight. D. M. I. R. was the
study clinician and coordinator, analyzed data with supervision from L. M.,
and was the main investigator responsible for interpretation of results and
drafting of the manuscript. A. V. obtained funding for and led analysis of en-
vironmental tobacco smoke. J. A. M. S. was study clinician and coordinator
and read and reviewed radiographs. E. v. D. read and reviewed radiographs
and advised on clinical assessments. All authors reviewed, contributed to,
and approved the final manuscript.

Acknowledgments. 'The authors thank the study staff, the clinical and
administrative staff of the Western Cape Government Health Department
at Paarl Hospital and at the clinics for support of the study, members of the
study international advisory board for their advice, our collaborators, and
the families and children who participated in the study.

Financial support. This work was supported by the Bill & Melinda
Gates Foundation (award number OPP 1017641), South African Medical
Research Council, South African National Research Foundation, Discovery
Foundation, South African Thoracic Society (GlaxoSmithKline Research
Fellowship and AstraZeneca Respiratory Fellowship), Federation of
Infectious Diseases Societies of South Africa, University of Cape Town re-
search associateship, and Harry Crossley Foundation.

Potential conflicts of interest. All authors: No reported conflicts.
All authors have submitted the ICMJE Form for Disclosure of Potential

Conflicts of Interest. Conflicts that the editors consider relevant to the con-
tent of the manuscript have been disclosed.

References

1. GBD 2015 LRI Collaborators. Estimates of the global, regional, and national mor-
bidity, mortality, and aetiologies of lower respiratory tract infections in 195 coun-
tries: a systematic analysis for the Global Burden of Disease Study 2015. Lancet
Infect Dis 2017; 17:1133-61.

2. Rudan I, O’Brien KL, Nair H, et al; Child Health Epidemiology Reference Group.
Epidemiology and etiology of childhood pneumonia in 2010: estimates of inci-
dence, severe morbidity, mortality, underlying risk factors and causative patho-
gens for 192 countries. ] Glob Health 2013; 3:010401.

3. Zar HJ, Polack FP. Childhood pneumonia: the role of viruses. Thorax 2015;
70:811-2.

4. le Roux DM, Zar HJ. Community-acquired pneumonia in children—a changing
spectrum of disease. Pediatr Radiol 2017; 47:1392-8.

5. Madhi SA, Groome MJ, Zar H]J, et al. Effectiveness of pneumococcal conjugate
vaccine against presumed bacterial pneumonia hospitalisation in HIV-uninfected
South African children: a case-control study. Thorax 2015; 70:1149-55.

6. Williams DJ, Zhu Y, Grijalva CG, et al. Predicting severe pneumonia outcomes in
children. Pediatrics 2016; 138. pii:e20161019.

7. Shi T, Balsells E, Wastnedge E, et al. Risk factors for respiratory syncytial virus
associated with acute lower respiratory infection in children under five years: sys-
tematic review and meta-analysis. ] Glob Health 2015; 5:020416.

8. Scheltema NM, Gentile A, Lucion F, et al; PERCH Study Group. Global respira-
tory syncytial virus-associated mortality in young children (RSV GOLD): a retro-
spective case series. Lancet Glob Health 2017; 5:e984-91.

9. Jackson S, Mathews KH, Pulanic D, et al. Risk factors for severe acute lower respi-
ratory infections in children: a systematic review and meta-analysis. Croat Med J
2013; 54:110-21.

10. Kelly MS, Wirth KE, Steenhoff AP, et al. Treatment failures and excess mortality
among HIV-exposed, uninfected children with pneumonia. J Pediatric Infect Dis
Soc 2015; 4:e117-26.

11. le Roux SM, Abrams EJ, Nguyen K, Myer L. Clinical outcomes of HIV-exposed,
HIV-uninfected children in sub-Saharan Africa. Trop Med Int Health 2016;
21:829-45.

12. Zar HJ, Barnett W, Myer L, Stein DJ, Nicol MP. Investigating the early-life deter-
minants of illness in Africa: the Drakenstein Child Health Study. Thorax 2015;
70:592-4.

13. le Roux DM, Myer L, Nicol MP, Zar HJ. Incidence of childhood pneumonia:
facility-based surveillance estimate compared to measured incidence in a South
African birth cohort study. BMJ Open 2015; 5:e009111.

14. World Health Organization. Integrated management of childhood illness. In:
Distance learning course: chart booklet. 2014. Available at: http://www.who.int/
maternal_child_adolescent/documents/IMCI_chartbooklet/en/. Accessed 23
May 2014.

15. Cherian T, Mulholland EK, Carlin JB, et al. Standardized interpretation of paedi-
atric chest radiographs for the diagnosis of pneumonia in epidemiological studies.
Bull World Health Organ 2005; 83:353-9.

16. Vanker A, Barnett W, Brittain K, et al. Antenatal and early life tobacco smoke ex-
posure in an African birth cohort study. Int ] Tuberc Lung Dis 2016; 20:729-37.

17. Diggle P, Heagerty P, Liang KY, Zeger SL. The analysis of longitudinal data. 2nd
ed. Oxford: Oxford University Press, 2002.

18. Vittinghoff E, Glidden D, Shiboski S, McCulloch C. Regression methods in bio-
statistics. New York: Springer, 2005.

19. Rockhill B, Newman B, Weinberg C. Use and misuse of population attributable
fractions. Am ] Public Health 1998; 88:15-9.

20. Statistics South Africa. Midyear population estimates 2018. Available at: http://
www.statssa.gov.za/publications/P0302/P03022018.pdf. Accessed 16 October
2018.

21. le Roux DM, Myer L, Nicol MP, Zar HJ. Incidence and severity of childhood
pneumonia in the first year of life in a South African birth cohort: the Drakenstein
Child Health Study. Lancet Glob Health 2015; 3:¢95-103.

22. Fancourt N, Deloria Knoll M, Baggett HC, et al; PERCH Study Group. Chest radi-
ograph findings in childhood pneumonia cases from the multisite PERCH study.
Clin Infect Dis 2017; 64:262-70.

23. Kelly MS, Crotty EJ, Rattan MS, et al. Chest radiographic findings and out-
comes of pneumonia among children in Botswana. Pediatr Infect Dis ] 2016;
35:257-62.

24. Gibson DG, Ochieng B, Kagucia EW, et al. Individual level determinants for
not receiving immunization, receiving immunization with delay, and being se-
verely underimmunized among rural western Kenyan children. Vaccine 2015;
33:6778-85.

8 o CID 2019:XX (XX XXXX) e le Rouxetal

6102 |4dy g0 uo Jasn saueiqi] umo] ade) Jo Ausianiun Aq 8L1EZ1S/2 L0ZIO/PIO/EE0L 0 L/I0P/ABIISqe-0]011B-20UBAPE/PIO/W O dNO dlWapede//:sdiy woly papeojumoq


http://www.who.int/maternal_child_adolescent/documents/IMCI_chartbooklet/en/
http://www.who.int/maternal_child_adolescent/documents/IMCI_chartbooklet/en/
http://www.statssa.gov.za/publications/P0302/P03022018.pdf
http://www.statssa.gov.za/publications/P0302/P03022018.pdf

25.

26.

27.

28.

29.

30.

31.

Moore HC, Fathima P, Gidding HE, et al; ACIR Linkage Investigator Group.
Assessment of on-time vaccination coverage in population subgroups: a record
linkage cohort study. Vaccine 2018; 36:4062-9.

Slogrove AL, Goetghebuer T, Cotton ME, Singer J, Bettinger JA. Pattern of infec-
tious morbidity in HIV-exposed uninfected infants and children. Front Immunol
2016; 7:164.

Weinberg A, Mussi-Pinhata MM, Yu Q, et al; NISDI Perinatal, LILAC, CIRAI
Protocols. Excess respiratory viral infections and low antibody responses among
HIV-exposed, uninfected infants. AIDS 2017; 31:669-79.

Reikie BA, Adams RCM, Leligdowicz A, et al. Altered innate immune develop-
ment in HIV-exposed uninfected infants. ] Acquir Immune Defic Syndr 2014;
66:245-55.

Ruck C, Reikie BA, Marchant A, Kollmann TR, Kakkar F. Linking susceptibility
to infectious diseases to immune system abnormalities among HIV-exposed un-
infected infants. Front Immunol 2016; 7:310.

Arikawa S, Rollins N, Jourdain G, et al. Contribution of maternal antiretroviral
therapy and breastfeeding to 24-month survival in human immunodeficiency
virus-exposed uninfected children: an individual pooled analysis of African and
Asian studies. Clin Infect Dis 2018; 66:1668-77.

Victora CG, Bahl R, Barros AJ, et al; Lancet Breastfeeding Series Group.
Breastfeeding in the 21st century: epidemiology, mechanisms, and lifelong effect.
Lancet 2016; 387:475-90.

32.

33.

34.

35.

36.

37.

38.

Verani JR, Groome M]J, Zar HJ, et al. Risk factors for presumed bacterial pneu-
monia among HIV-uninfected children hospitalized in Soweto, South Africa.
Pediatr Infect Dis ] 2016; 35:1169-74.

Slogrove AL, Esser MM, Cotton MF, et al. A prospective cohort study of common
childhood infections in South African HIV-exposed uninfected and HIV-
unexposed infants. Pediatr Infect Dis ] 2017; 36:e38-44.

Asbjornsdéttir KH, Slyker JA, Weiss NS, et al. Breastfeeding is associated with
decreased pneumonia incidence among HIV-exposed, uninfected Kenyan
infants. AIDS 2013; 27:2809-15.

Lazzerini M, Seward N, Lufesi N, et al. Mortality and its risk factors in Malawian
children admitted to hospital with clinical pneumonia, 2001-12: a retrospective
observational study. Lancet Glob Health 2016; 4:¢57-68.

O’Brien KL, Baggett HC, Brooks WA, et al. Introduction to the epidemiologic
considerations, analytic methods, and foundational results from the Pneumonia
Etiology Research for Child Health Study. Clin Infect Dis 2017; 64:179-84.

Zar HJ, Barnett W, Stadler A, Gardner-Lubbe S, Myer L, Nicol MP. Aetiology of
childhood pneumonia in a well vaccinated South African birth cohort: a nested
case-control study of the Drakenstein Child Health Study. Lancet Respir Med
2016; 4:463-72.

Andronikou S, Lambert E, Halton J, et al. Guidelines for the use of chest radio-
graphs in community-acquired pneumonia in children and adolescents. Pediatr
Radiol 2017; 47:1405-11.

Risk Factors for LRTI in Children « CID 2019:XX (XX XXXX) « 9

6102 |4dy g0 uo Jasn saueiqi] umo] ade) Jo Ausianiun Aq 8L1EZ1S/2 L0ZIO/PIO/EE0L 0 L/I0P/ABIISqe-0]011B-20UBAPE/PIO/W O dNO dlWapede//:sdiy woly papeojumoq



