
American Journal of Epidemiology

ª The Author 2012. Published by Oxford University Press on behalf of the Johns Hopkins Bloomberg School of

Public Health. All rights reserved. For permissions, please e-mail: journals.permissions@oup.com.

Vol. 175, No. 9

DOI: 10.1093/aje/kwr401

Advance Access publication:

April 6, 2012

Practice of Epidemiology

A Trigger-based Design for Evaluating the Safety of In Utero Antiretroviral
Exposure in Uninfected Children of Human Immunodeficiency Virus-Infected
Mothers

Paige L. Williams*, George R. Seage III, Russell B. Van Dyke, George K. Siberry, Raymond Griner,
Katherine Tassiopoulos, Cenk Yildirim, Jennifer S. Read, Yanling Huo, Rohan Hazra,
Denise L. Jacobson, Lynne M. Mofenson, and Kenneth Rich for the Pediatric HIV/AIDS
Cohort Study

* Correspondence to Dr. PaigeWilliams, Center for Biostatistics in AIDS Research, Harvard School of Public Health, 665 Huntington

Avenue, FXB-607, Boston, MA 02115-6017 (e-mail: paige@sdac.harvard.edu).

Initially submitted April 27, 2011; accepted for publication October 7, 2011.

The Pediatric HIV/AIDS Cohort Study’s Surveillance Monitoring of ART Toxicities Study is a prospective cohort
study conducted at 22 US sites between 2007 and 2011 that was designed to evaluate the safety of in utero
antiretroviral drug exposure in children not infected with human immunodeficiency virus who were born to mothers
who were infected. This ongoing study uses a ‘‘trigger-based’’ design; that is, initial assessments are conducted on
all children, and only those meeting certain thresholds or ‘‘triggers’’ undergo more intensive evaluations to determine
whether they have had an adverse event (AE). The authors present the estimated rates of AEs for each domain of
interest in the Surveillance Monitoring of ART Toxicities Study. They also evaluated the efficiency of this trigger-
based design for estimating AE rates and for testing associations between in utero exposures to antiretroviral drugs
and AEs. The authors demonstrate that estimated AE rates from the trigger-based design are unbiased after
correction for the sensitivity of the trigger for identifying AEs. Even without correcting for bias based on trigger
sensitivity, the trigger approach is generally more efficient for estimating AE rates than is evaluating a random
sample of the same size. Minor losses in efficiency when comparing AE rates between persons exposed and
unexposed in utero to particular antiretroviral drugs or drug classes were observed under most scenarios.

antiretroviral; asymptotic relative efficiency; HIV-exposed; infants; outcome-dependent sampling; safety; surveillance

Abbreviations: AE, adverse event; ARE, asymptotic relative efficiency; HAART, highly active antiretroviral therapy; HIV, human
immunodeficiency virus; MSE, mean squared error; SMARTT, Surveillance Monitoring of ART Toxicities.

Widespread use of antiretroviral drug regimens for the
prevention of mother-to-child transmission of human immu-
nodeficiency virus (HIV) and for treatment of HIV-infected
pregnant women has contributed to a substantial reduction in
the number of HIV-infected infants, particularly in resource-
rich countries (1–4). However, concerns remain about potential
adverse consequences of in utero exposure to antiretroviral
drugs, particularly the possibility of an increased risk of mito-
chondrial dysfunction (5–8). Nucleoside reverse transcriptase
inhibitors inhibit mitochondrial DNA polymerase gamma, and
drugs in other classes have also been implicated in mitochon-
drial DNA dysfunction (9, 10). Although overt mitochondrial

dysfunction is rare, its clinical consequences are severe. The
evidence regarding mitochondrial toxicity in HIV-exposed
but uninfected children remains equivocal; several studies
have not observed associations between in utero antiretroviral
exposures and mitochondrial dysfunction in uninfected infants
(11–15), whereas others have suggested potential associations
with nucleoside reverse transcriptase inhibitors either alone
or in combination (7, 8, 16–18). The expanding use of newer
antiretroviral agents intensifies the need to monitor the safety
of in utero exposure to antiretroviral drugs.

One complexity in designing studies to evaluate the
risk of mitochondrial dysfunction associated with in utero
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antiretroviral drug exposure is the difficulty in confirming
that diagnosis, given that mitochondrial dysfunction mani-
fests with nonspecific symptoms and/or conditions and can
only be definitively diagnosed via biopsy or other invasive
means. Manifestations of mitochondrial dysfunction include
hearing and language impairment, neurologic disorders, de-
layed neurodevelopment, metabolic abnormalities, and car-
diomyopathy. The intensity of evaluations needed to identify
potential cases of mitochondrial dysfunction is at odds with
the need tomaintain a high retention rate, which is a particular
challenge in an uninfected population (19). Because it is ex-
pected that severe adverse events (AEs) will be relatively rare
in this population, it is neither cost-effective nor beneficial
to participants to conduct extensive and potentially invasive
assessments on every enrolled child (20, 21).

As a result of the need to monitor the safety of such pre-
natal antiretroviral drug exposures in a cost-effective manner,
we established a surveillance system to prospectively monitor
HIV-uninfected infants born to HIV-infected women for signs
of mitochondrial toxicity. The Surveillance Monitoring of
ART Toxicities (SMARTT) Study, initiated by the Pediatric
HIV/AIDS Cohort Study, was designed with a streamlined
set of assessments for all children and more intensive eval-
uations only for those meeting certain triggers in domains of
interest relevant to the risk of mitochondrial dysfunction or
other potential AEs of prenatal antiretroviral drug exposure.
We present an overview of the design of the SMARTT Study
and summarize the estimated rates of AEs for each domain of
interest. We also consider the performance of a trigger-based
design in terms of bias and efficiency for estimating AE rates
and testing associations between in utero exposure to antire-
troviral drugs and AEs. On the basis of current guidelines (4),
almost all HIV-infected women in high-resource settings re-
ceive some antiretroviral drugs during pregnancy, and most
receive a combination of antiretroviral drugs referred to as
highly active antiretroviral therapy (HAART), thereby pre-
cluding comparisons with HIV-infected women who had not
taken antiretroviral drugs. However, given the large number
of potential combination regimens, identification of indi-
vidual antiretroviral drugs or combinations of antiretroviral
drugs associated with AEs may help guide future treatment
recommendations.

MATERIALS AND METHODS

Description of protocol and study population

The Pediatric HIV/AIDS Cohort Study’s SMARTT Study
opened to participating sites in the United States and Puerto
Rico in March 2007 and includes 2 cohorts: the static cohort
of children 1–12 years of age at study entry who were pre-
viously enrolled in the Pediatric AIDS Clinical Trials Group
219C Late Outcome Study (22) or the Women and Infants
Transmission Study (WITS) (23) or for whom detailed in-
formation was available on maternal antiretroviral drug use
during gestation; and the dynamic cohort of HIV-infected
women and their infants enrolled between 22 weeks of
gestation and 72 hours after delivery. The static cohort
completed enrollment in 2010, but the dynamic cohort is
ongoing. The SMARTT Study protocol was approved by

human subject research review boards at each of the par-
ticipating sites and by the Harvard School of Public Health
(the data coordinating center of the Pediatric HIV/AIDS
Cohort Study). Staff at the local sites obtained written in-
formed consent from the parents or legal guardians of the
enrolled children.

At the time of study entry, we obtained the participants’
medical histories, including clinical diagnoses and dates of
prenatal antiretroviral drug use. We also collected informa-
tion on birth characteristics (gestational age, birth weight,
and mode of delivery) and maternal HIV disease character-
istics both early during pregnancy (first or second trimester,
if available) and before delivery, including plasma HIV RNA
concentrations (viral load), absolute CD4þ lymphocyte cell
counts, and the percentage ofCD4þ lymphocytes.We obtained
overall and trimester-specific information on substance use dur-
ing pregnancy, including use of alcohol, tobacco, marijuana,
opiates, and other substances, as described in greater detail
elsewhere (24). The children’s caregivers completed question-
naires on household composition, educational and income
levels, past psychiatric or substance use diagnoses, and other
information related to family environment. Mothers or care-
givers also completed an assessment of cognitive functioning.

After enrollment in this ongoing study, investigators
follow up with children and their mothers or caregivers at
annual study visits. We collect information on any changes
in household situations, along with new diagnoses or illnesses.
A complete physical examination is conducted, including
anthropometric assessments (height, weight, bodymass index
(weight (kg)/height (m)2), and skinfold measurement), and
point-of-care capillary blood lactate assessments are obtained
(25). Neurodevelopmental, hearing, and language assessments
are conducted at specific ages of interest.

The study team defined potential AEs of exposure to
antiretroviral drugs during pregnancy in multiple domains
for the SMARTT Study based on expert input and existing
literature; these included metabolic, growth, neurologic, neu-
rodevelopment, language, hearing, and laboratory abnormal-
ities. For each domain, we established a study trigger based
on laboratory, clinical, or screening tests that could be easily
conducted without invasive assessments. For example, for
children 2 years of age or older, a metabolic trigger was
defined as a child’s exceeding the age- and sex-specific
95th percentile for body mass index (or for weight-for-length,
as appropriate). A complete list of the study triggers is pro-
vided in Table 1. In general, triggers were defined to achieve
high sensitivity for identifying potential AEs because it was
desirable to capture all children who might have AEs related
to antiretroviral medication. This strategy for defining trig-
gers with high sensitivity at the expense of lower specificity
was felt to be appropriate for a safety surveillance study.

We requested that children who met the study trigger for
a particular domain undergo more detailed prespecified as-
sessments or be evaluated by an appropriate specialist. For
example, children meeting the metabolic trigger were asked
to provide fasting blood samples and were defined as met-
abolic cases if they had abnormal lipid levels or evidence of
insulin resistance (Table 1). The results of the trigger-based
work-upwere reviewed by the SMARTT Study Review Panel,
a group of clinical, epidemiologic, and statistical experts who
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developed case definitions for AEs in each of the target do-
mains. The SMARTT Study Review Panel then followed these
strict guidelines when determining whether each subject who
met a trigger met the corresponding case definition for the
various AEs.

Statistical implications of trigger-based study design

Implications for estimation of AE rates. Although the trigger-
based design is cost-effective and allows the most detailed
evaluations to be conducted on persons at highest risk of an
AE, it has implications for the statistical estimation of AE
rates. The true prevalence, pAE, of an AE in a particular domain
can be expressed as the sum of probabilities of an AE either
with or without meeting a trigger:

pAE ¼ PrðAE \ TÞ þ PrðAE \ �TÞ;

where T is the event of meeting a trigger for that domain.
Using standard rules of probability, this can be re-expressed
as a sum of probabilities of having an AE conditional on
whether one does or does not meet the trigger:

pAE ¼ PrðAE jTÞPrðTÞ þ PrðAE j �TÞPrð �TÞ: ð1Þ

In practice, the implication of using a trigger-based design
is that only AEs in persons who meet the domain-specific
trigger are observed. This is illustrated in Figure 1 for a hy-
pothetical study of 1,000 subjects, of whom 100 (10%) meet
a trigger and 30 (30% of persons meeting a trigger) have the

Table 1. Trigger Definitions in Domains of Interest for the Surveillance Monitoring of Antiretroviral Treatment Toxicities Study Conducted by the

Pediatric HIV/AIDS Cohort Study, 2007 to the Present

Trigger Criteria for Meeting Trigger Criteria for Defining Adverse Event

Impaired growth At any age: (1) Weight less than the third percentile based
on Centers for Disease Control and Prevention growth
charts adjusted for age and sex or on growth charts for
premature births given gestational age, (2) a drop in
weight or length z score (>1.3 SDs) over 6 or more
months, or (3) triceps skinfold thickness or mid-upper arm
circumference less than the fifth percentile. For children
3 years of age or older, height less than the third
percentile is added to above criteria.

Growth failure based on meeting growth trigger
at 2 study visits (consecutive or not) and
verified by specialist consultation

Metabolic abnormality Body mass index or weight-for-length above the
95th percentile among participants 2 years of age or older

Abnormal fasting lipids defined by total
cholesterol greater than 220 mg/dL, LDL
greater than 130 mg/dL or HDL less than
40 mg/dL, or triglycerides above 110 mg/dL for
children 0–9 years of age and above 150 for
children 10 years of age or older; or insulin
resistance defined by a HOMA score greater
than 2.5 for children less than 8 years of age
or at Tanner Stage 1 or a HOMA score above
4.0 for children over 8 years of age

Neurologic diagnosis Febrile or afebrile seizure disorder, microcephaly, or other
neurologic diagnosis

Confirmed neurologic diagnosis based on
pediatric neurology consultation and review by
SMARTT Review Panel, including verification
of head circumference more than 2 SDs below
the age-specific mean for defining
microcephaly at age 6 months or older

Neurodevelopmental
impairment

Score more than 2 SDs below the population norm on tests
conducted within age groups, specifically, Bayley III
(ages 1 and 3 years): mental or motor score less than
76 and one other domain less than 85; WPPSI-III
(age 5 years): full-scale IQ less than 70; and WISC-IV
(age 7–16 years): full-scale IQ less than 70

Confirmation of neurodevelopmental functioning
scores below the age-specific threshold along
with exclusion of other alternative etiology
based on pediatric neurologist consultation
and review by SMARTT Review Panel

Laboratory toxicity Grade 3 or higher value for target hematologic or clinical
chemistry measurement confirmed by repeat assessment

Confirmation of laboratory abnormality without
alternative etiology based on review by
SMARTT Review Panel

Elevated venous lactate Two repeated point-of-care lactate measures above
3 mmol/L

Venous lactate level above 3 mmol/L

Language impairment Language test score more than 2 SDs below population
norms; tests conducted at specific ages

Confirmation of language scores below the
age-specific threshold along with exclusion
of other alternative etiology based on review
by SMARTT Review Panel

Hearing impairment Abnormal newborn hearing screen or mixed or
sensorineural hearing loss for non-newborns

Confirmation of sensorineural or mixed hearing
loss based on full audiologic examination
followed by confirmation by otolaryngologist,
with no alternative explanation for hearing loss

Abbreviations: HDL, high density lipoprotein; HOMA, homeostatic model assessment; LDL, low density lipoprotein; SD, standard deviation;

SMARTT, Surveillance Monitoring for ART Toxicities; WISC, Wechsler Intelligence Scale for Children; WPPSI, Wechsler Preschool and Primary

Scale of Intelligence.
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defined AE. The shaded boxes in Figure 1 indicate outcomes
that are not observable because the children not meeting
a trigger would not have undergone the additional evaluations
necessary to determine whether they have an AE. Assuming
that the sensitivity of the trigger is high (or equivalently, that
PrðAE j �TÞ � 0), the AE probability can be approximated by
just the first term in equation 1 above:

pu ¼ PrðAE jTÞPrðTÞ: ð2Þ

For the hypothetical study in Figure 1, the prevalence of
AEs for this domain would be approximated as pu ¼ 0.03
(¼ 0.10 3 0.30). AE rates approximated under the assump-
tion of high sensitivity will generally underestimate the true
AE rate. However, if the sensitivity of the trigger for the AE,
S ¼ Pr(TjAE), is known or can be estimated based on prior
data, then an adjusted prevalence, pa, can be calculated as:

pa ¼ pu

S
: ð3Þ

For the hypothetical example shown in Figure 1, the sensitivity
of the trigger is S ¼ 30/40¼ 0.75, so pa ¼ 0.03/0.75¼ 0.04.
If the sensitivity is known, then the adjusted prevalence above
will be unbiased for the true AE rate. The adjusted prevalence
may be biased if the wrong sensitivity is used, and such bias
could result in either an underestimation or an overestimation
of the true AE rate.

Although the estimated AE rate may be slightly biased
if the sensitivity of the trigger for the AE is unknown, it will
typically have greater precision than that from a study design
that includes a randomly selected subset of the same size. In
general, if the adjusted prevalence, Pa, can be estimated using
a known or unbiased estimate of the sensitivity, then the
asymptotic relative efficiency (ARE) of the trigger-based
design relative to the random subset design, given the same
sample size on which AEs are evaluated, is ARE ¼ 1/pT,
where pT ¼ Pr(T). If the sensitivity is unknown and the

unadjusted prevalence pu is used as in equation 2, then
comparisons of the 2 approaches can be made via the mean
squared error (MSE):

MSEðrandomÞ ¼ ½pAEð1� pAEÞ�=½NpT �;

MSEðtriggerÞ ¼ ðpAE � pAESÞ2þ
�
pAES

�
1� pAES

���
N:

The ratio of MSEs for random versus trigger designs, given
a fixed sensitivity S, can be expressed as:

MSE ratio ¼ ð1� pAEÞ=½N pT pAEð1� SÞ2

þ pT Sð1� pAESÞ�: ð4Þ

The MSE ratios for the random subset approach versus the
trigger approach are shown in Figure 2A as a function of
trigger sensitivity and trigger rate, assuming a fixed sample
size of 1,000 and an AE rate of pAE ¼ 0.04. MSE ratios
greater than 1 indicate greater efficiency of the trigger-based
design (i.e., smaller MSE). Even when the unadjusted prev-
alence is biased, the trigger design often yields AE event
rates that have smaller MSEs for most reasonable scenarios
in this range of sample sizes. With higher trigger probability
(pT > 0.3) and lower sensitivity, the random subset design
begins to perform as well as the trigger-based design.

Implications for estimating exposure effects on AE
rates. The primary objective of the SMARTT Study is to
evaluate the association between maternal antiretroviral drug
use during pregnancy and AEs in HIV-exposed but uninfected
children. As noted previously, the widespread use of anti-
retroviral drugs during pregnancy makes comparison with
an unexposed population impossible; only 4% of mothers
in the SMARTT Study were unexposed, and these mothers
tended to be different by other measures that could possibly
be associated with outcomes. Thus, primary comparisons
are typically either between children exposed to a specific

Figure 1. Hypothetical example of a study with 1,000 subjects and a trigger rate of 10% for a particular adverse event (AE). Shaded boxes show
unobserved outcomes.

Trigger-based Design For ARV Safety Studies 953

Am J Epidemiol. 2012;175(9):950–961



0

1

2

3

4

5

6

7

8

9

10

11

12

0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00

0.1
0.2
0.3

A)

Trigger Rate

Sensitivity of Trigger for AE

R
at

io
 o

f M
S

E
s 

fo
r 

E
st

im
at

in
g 

A
E

 R
at

e

0

1

2

3

4

5

6

7

8

9

10

11

12
Trigger Rate

0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00

0.1
0.2
0.3

B)

Sensitivity of Trigger for AE

R
at

io
 o

f M
S

E
s 

fo
r 

E
st

im
at

in
g 

th
e 

O
R

Figure 2. Efficiency of a trigger-based study design versus random subset design for estimating the rate of adverse events (AEs) (A) and for
estimating log odds ratio (OR) (B), based on sample sizes of 1,000 and a true adverse event rate of 0.04. Shown is the ratio of the mean squared
error (MSE) of the random subset design to the trigger-based design, with values above 1indicating greater efficiency of the trigger-based design.
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antiretroviral drug and children whowere unexposed or based
on the timing of exposure, such as first trimester use of
HAART versus initiation HAART later in the pregnancy. For
these comparisons, crude associations can be estimated using
relative risks, and given the rarity of AEs in HIV-uninfected
children, with odds ratios. If the sensitivity of the trigger
is assumed to be the same for both exposed and unexposed
participants, then the extent of relative underestimation in the
unadjusted prevalence estimates pu,E and pu; �E (with subscript E
indicating exposed and �E unexposed) would be the same for
both groups. Thus, the estimated relative risk from the trigger
design, RRtrig, would be unbiased for the true relative risk, RR:

RRtrig ¼ pu;E

pu; �E

¼ S � pa;E

S � pa; �E

¼ pAE;E

pAE; �E

¼ RR:

However, the efficiency of the estimated relative risk will
decrease as the sensitivity of the trigger decreases. The ARE
of the estimated relative risk based on the trigger-based
design as compared with a design in which all AEs are
identified (i.e., trigger sensitivity S ¼ 1.0) can be written as:

AREðRRtrig vs RRÞ ¼ var½logðRRÞ�
var½logðRRtrigÞ�

;

where

var½logðRRÞ� ¼ 1� pa;E

pa;E � NE
þ

1� pa; �E

pa; �E � N �E

and

var½logðRRtrigÞ� ¼
�
1

S

�(
1� pa;E � S

pa;E � NE
þ
1� pa; �E � S

pa; �E � N �E

)
:

In practice, when event rates are low, this ARE can be
approximated by the sensitivity of the trigger, that is, ARE is
approximately equal to sensitivity (see Table 2).

Adjusted associations can be evaluated by fitting a logistic
regression model for the probability of an AE as a function of
avector of antiretroviral exposureXof interest,with appropriate

Table 2. Bias and Efficiency When Estimating Effects of Exposure on Adverse Event Rates Using a Trigger-based Design as a Function of

Trigger Sensitivity in Identifying Adverse Eventsa

No. of
Subjects

RR
True AE Rate
(Exposed)

Sensitivity

Expected
AE Rates OR

Bias
(LogOR)

SE
(LogOR)

Mean Squared
Error

SE
(logRR)

ARE
for RR

pu,E pu; �E

1,000 1.5 0.060 0.75 0.045 0.030 1.524 �0.005 0.340 0.115 0.327 0.741

0.85 0.051 0.034 1.527 �0.003 0.320 0.102 0.307 0.844

0.95 0.057 0.038 1.530 �0.001 0.303 0.092 0.289 0.948

1.00 0.060 0.040 1.532 0.000 0.296 0.088 0.282 1.000

2.0 0.080 0.75 0.060 0.030 2.064 �0.011 0.323 0.104 0.310 0.740

0.85 0.068 0.034 2.073 �0.007 0.304 0.092 0.290 0.843

0.95 0.076 0.038 2.082 �0.002 0.288 0.083 0.274 0.947

1.00 0.080 0.040 2.087 0.000 0.282 0.079 0.266 1.000

2.5 0.100 0.75 0.075 0.030 2.622 �0.017 0.312 0.098 0.299 0.739

0.85 0.085 0.034 2.639 �0.010 0.294 0.087 0.280 0.842

0.95 0.095 0.038 2.657 �0.003 0.279 0.078 0.264 0.947

1.00 0.100 0.040 2.667 0.000 0.273 0.074 0.257 1.000

2,000 1.5 0.060 0.75 0.045 0.030 1.524 �0.005 0.240 0.058 0.231 0.741

0.85 0.051 0.034 1.527 �0.003 0.226 0.051 0.217 0.844

0.95 0.057 0.038 1.530 �0.001 0.214 0.046 0.205 0.948

1.00 0.060 0.040 1.532 0.000 0.209 0.044 0.199 1.000

2.0 0.080 0.75 0.060 0.030 2.064 �0.011 0.228 0.052 0.219 0.740

0.85 0.068 0.034 2.073 �0.007 0.215 0.046 0.205 0.843

0.95 0.076 0.038 2.082 �0.002 0.204 0.042 0.194 0.947

1.00 0.080 0.040 2.087 0.000 0.199 0.040 0.188 1.000

2.5 0.100 0.75 0.075 0.030 2.622 �0.017 0.221 0.049 0.211 0.739

0.85 0.085 0.034 2.639 �0.010 0.208 0.043 0.198 0.842

0.95 0.095 0.038 2.657 �0.003 0.197 0.039 0.187 0.947

1.00 0.100 0.040 2.667 0.000 0.193 0.037 0.182 1.000

Abbreviations: AE, adverse events; ARE, asymptotic relative efficiency; OR, odds ratio; pu,E, unadjusted prevalence estimates for persons

exposed; pu; �E , unadjusted prevalence estimates for persons not exposed; RR, relative risk; SE, standard error.
a Assuming a background AE rate of 4% and an exposure rate of 50%.
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control for a vector of p covariates, Z ¼ (Z1, . . ., Zp), using
the following standard modeling framework:

logitðpAE jX;ZÞ ¼ b0 þ b1Xþ b2Z: ð5Þ

For the purposes of illustration, consider a single expo-
sure, X, representing maternal use of HAART during the first

trimester of pregnancy. If a model is fitted to include all
participants evaluated for the trigger (whether they meet it or
not), the estimated odds ratio will tend to be biased slightly
toward the null relative to a design including AE evaluations
on the full cohort because of the underestimation of AE rates
using pu,E and pu; �E . For example, if the true event rate in the
unexposed was 0.04 and the relative risk was 2, then the true
odds ratio would be 2.087, but the expected odds ratio using
a trigger-based design with sensitivity S ¼ 0.75 would be
2.064. In addition, the variance of the estimated parameter
b1¼ log(OR) would be slightly inflated because of the smaller
expected counts of persons with AEs. Table 2 provides
a summary of the bias, asymptotic standard error, and MSE
for estimating the parameter b1 ¼ log(OR) using a trigger-
based design (as a function of the trigger sensitivity) for
true relative risks of 1.5, 2, and 2.5 and sample sizes of
1,000 or 2,000, assuming a background AE rate in unexposed
persons of 0.04 and a 50% rate of exposure. The assumption
of a 50% exposure rate is based on the approximate percentage
of HIV-infected women with first-trimester HAART exposure
among persons with any HAART during pregnancy, whereas
a 4% event rate represents a relatively rare event, such as
neurodevelopmental delay, for which the power to detect
associations is desired. Also provided is the asymptotic stan-
dard error for the relative risk under a trigger design along
with the AREs for ~b1 based on the trigger design relative to
the full cohort.

Although the efficiency of estimating the relative risk and
odds ratio is decreased when using a trigger-based design,
the loss in efficiency using the random subset design is
typically substantially greater. This is because the denomi-
nator Nrandom ¼ pT N for the random subset design is a small
percentage of the total sample size N, based on the percent
meeting the trigger. As a result, the variance for ~b1 is [1/pT]
times greater for the random subset design than for the full
cohort and is substantially higher than the variance for the
trigger-based design. For example, if relative risk ¼ 2,
pAE ¼ 0.04, and S ¼ 0.75, the asymptotic standard errors
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Figure 3. Power for detecting an exposure effect based on a trigger-
based design versus a full cohort design and random subset design
as a function of sensitivity of the trigger assuming a background ad-
verse event (AE) rate in the unexposed of 4%, n ¼ 1,500, and relative
risk ¼ 2.

Table 3. Power for Detecting Effects of Exposure on Adverse Event Rates Using a Trigger-based Design as

Compared With a Full Cohort Design and Random Subset Designa

AE Rate
(Unexposed)

True OR
No. of

Subjects
Power for
Full Cohort

Power for RandomSubset
Design as a Function of

Trigger Rate Pr(T)

Power for Trigger
Design as a Function of
Trigger Sensitivity S

Pr(T) 5 0.3 Pr(T) 5 0.2 S 5 0.75 S 5 0.85 S 5 0.95

0.03 2.064 1,000 0.629 0.239 0.174 0.504 0.557 0.606

1,500 0.801 0.335 0.239 0.675 0.731 0.779

2,000 0.900 0.425 0.304 0.796 0.845 0.884

0.04 2.087 1,000 0.760 0.307 0.220 0.629 0.686 0.737

1,500 0.904 0.431 0.307 0.801 0.850 0.888

2,000 0.965 0.541 0.391 0.900 0.933 0.956

0.05 2.111 1,000 0.852 0.375 0.267 0.731 0.786 0.832

1,500 0.958 0.521 0.375 0.884 0.921 0.948

2,000 0.989 0.643 0.475 0.954 0.974 0.985

Abbreviations: AE, adverse event; OR, odds ratio.
a For background AE rates of 0.03–0.05 and a relative risk of 2, assuming an exposure rate of 50%.
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for ~b1 are 0.20 and 0.23 for the full cohort and trigger-based
design, respectively, but 0.36–0.63 for the random subset de-
sign when pT ranges from 0.1 to 0.3. The random subset
design thus provides unbiased estimates of exposure effects,
but those estimates are highly inefficient. The ratios of the
MSEs for estimating b1 based on the trigger-based design
versus the random subset design decrease as the trigger rate
increases but are consistently above 2 for all scenarios con-
sidered; a representative illustration is provided in Figure 2B.

Implications for testing exposure effects on AE rates. The
fact that variances for the estimated log(OR) may be inflated
may impact power for testing associations of AEs with ex-
posure. The power for a hypothesis test of H0: b1 ¼ 0 in the
logistic regression model given in equation 5 is illustrated in
Figure 3 for a sample size of 1,500 and alternative hypothesis
relative risk¼ 2, indicating slight losses in power for a trigger-
based study design as the sensitivity of the trigger decreases.
In contrast, the power for detecting exposure effects based

Table 4. Characteristics of 2,279 Infants and Children Enrolled in the US-based Surveillance Monitoring for ART Toxicities Study Between 2007

and 2010

Characteristic

Static
Cohort

(n 5 1,240)

Dynamic
Cohort

(n 5 1,039)

Total
(N 5 2,279)

No. % Median (IQR) No. % No. % Median (IQR)

Female 597 48 489 50 1,086 49

Age in years at entry 4.1 (2.0–7.0) 0 0.9 (0–4.5)

Racea

Black 788 69 715 72 1,503 70

White or other 359 31 275 28 634 30

Hispanic/Latino ethnicity 432 35 316 30 748 33

Birth characteristicsb

Preterm birth (gestation <37 weeks) 238 22 193 21 431 21

Low birth weight (<2500 g) 225 19 183 19 408 19

Maternal health status prior to labor and
deliveryc

Viral load above 1,000 copies/mL 213 21 138 15 351 18

CD4þ lymphocyte count less than
250 cells/mm3

163 15 165 18 328 16

% of CD4þ lymphocytes less than 25% 298 29 289 32 587 30

Maternal substance use during pregnancyd

Any alcohol use 72 7 92 10 164 8

Any tobacco use 197 19 170 18 367 18

Illicit drug use (marijuana, cocaine, or
opiates)

86 8 87 9 173 9

Hard drug use (cocaine or opiates) 31 3 26 3 57 3

Maternal antiretroviral use during pregnancye

Any antiretroviral use 1,118 96 856 97 1,974 96

HAART use 845 73 747 85 1,592 78

HAART use in the first trimester 379 33 368 42 747 37

Protease inhibitor use 735 63 712 81 1,447 71

Nonnucleoside reverse transcriptase
inhibitor use

216 18 94 11 310 15

Zidovudine plus lamivudine 876 75 615 70 1,491 73

Abbreviations: HAART, highly active antiretroviral therapy; IQR, interquartile range.
a A total of 142 subjects did not report their race and 4 did not report their ethnicity.
b Data on gestational age at birth were missing for 238 children and data on birth weight were missing for 143.
c Data on maternal viral load were missing for 321 subjects, data on maternal CD4þ lymphocyte count were missing for 282 subjects, and data

on maternal percentage of CD4þ lymphocytes were missing for 347 subjects. Maternal health status measures were the latest available before

labor or delivery.
d Data on maternal substance use during pregnancy were missing for 291 subjects, primarily because of nonenrollment of mothers in the static

cohort.
e Data on maternal antiretroviral drug use during pregnancy were missing for 228 women; all percentages in the table were calculated among

those for whom we had data.
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on the random subset design is substantially lower. A summary
of power for testing exposure effect hypotheses at a ¼ 0.05 is
provided in Table 3 for background AE rates of 0.03–0.05 and
sample sizes of 1,000–2,000. Power calculations were based
on inverting a large-sample test for difference in 2 propor-
tions using the total sample size for the full cohort design
and the effective sample size Nrandom ¼ pT N for the random
subset design, and assuming true AE rates pA,E and pA; �E for
the full cohort and random subset designs but unadjusted AE
rates pu,E and pu; �E for the trigger designs based on trigger
sensitivity. All power calculations were confirmed using
PASS (Number Cruncher Statistical Systems, Kaysville,
Utah). Because our focus is on rare AEs, even the full cohort
design requires a sample size of at least 1,500 subjects to
provide at least 80% power for detecting an exposure effect
of a relative risk of 2 when the background rate is only 3%.
The trigger-based design would require an increase in sam-
ple size from 1,500 to approximately 2,000 to maintain 80%
power under this scenario if the trigger sensitivity was 0.75.
However, the random subset design would require a total
sample size of 5,000 subjects if the trigger rate was pT ¼ 0.3
and even greater sample sizes for pT < 0.3.

Application to the SMARTT Study. Characteristics of
study population. A total of 2,279 subjects enrolled into
the SMARTT Study at 22 sites between March 2007 and
December 2010. Background characteristics are summa-
rized in Table 4; 70% were black and 33% self-reported
being of Hispanic ethnicity. There was a high rate of both
preterm births (<37 completed weeks of gestation; 21%),
and children born at low birth weight (<2,500 g; 19%). Use
of illicit drugs was less common than previously reported
among HIV-infected pregnant women, with only 3% of
mothers reporting use of cocaine or opiates during preg-
nancy. Overall, 78% of mothers received HAART during
pregnancy, with 37% reporting use in the first trimester;

further details on maternal antiretroviral drug exposures have
been reported elsewhere (26). The median follow-up as of
December 2010 was 33.6 months in the static cohort and 19.2
months in the dynamic cohort. Retention rates were high,
with 95% remaining in the study as of December 2010.

The numbers of SMARTT participants who met each of
the trigger and case criteria for each AE are shown in Table 5.
Of 2,177 subjects with a study visit, 900 (41%) met at least 1
study trigger. The triggers met most often were the metabolic
trigger (27%) and the growth trigger (16%). Based on the
percentage meeting the AE criteria among children meeting
the trigger (45% and 37%, respectively), the resulting esti-
mated AE prevalences were 12.1% and 5.8% (equation 2).

Unadjusted prevalence estimates for AEs ranged from less
than 1% to 12% but are likely to be underestimations of the
true AE rates for the reasons noted previously. We also pres-
ent adjusted AE rates for each domain under the assumption
of 80% sensitivity of the trigger for the AE, with 95% con-
fidence intervals calculated using the effective sample size
based on the percentage of participants with completed AE
assessment among persons meeting the trigger. If external
information on trigger sensitivity is available, then the ad-
justed prevalence would form the most appropriate basis for
comparison to other populations, such as children born to
women without HIV-infection.

DISCUSSION

We present a trigger-based study design that is useful for
evaluation of rare AEs in children exposed in utero to anti-
retroviral drugs. This design allows invasive or expensive
evaluations to be limited to participants who are at the highest
risk of experiencing an AE and most likely to benefit from
identification of such a problem. It is also more cost-effective

Table 5. Numbers of Infants and Children Meeting Adverse Event Case Definitions in Domains of Interest for the SurveillanceMonitoring for ART

Toxicities Study and Estimated Prevalence of Adverse Events Between 2007 and 2010

Case Description
No. of

Evaluated

Effective
Sample
Sizea

Meeting Trigger
AE Rate in those

Meeting Trigger and
With AE Evaluations Estimated

AE Prevalence
95% CI

Adjusted
AE Prevalence
Assuming an
80% Trigger
Sensitivity

95% CI

No. of
Subjects

%
No. of

Subjects/
Total

%

Impaired growth 2,238 1,275 351 15.6 74/200 37.0 5.80 4.58, 7.23 7.29 5.93, 8.86

Metabolic abnormality 1,364 934 365 26.8 113/250 45.2 12.10 10.08, 14.36 15.12 12.86, 17.56

Neurologic diagnoses 2,171 2,082 122 5.6 77/117 65.8 3.70 2.93, 4.60 4.61 3.75, 5.60

Neurodevelopmental
impairment

1,101 1,101 39 3.5 39/39 100 3.54 2.53, 4.81 4.43 3.31, 5.84

Laboratory toxicity
(other than lactate)

2,149 1,322 13 0.6 5/8 62.5 0.38 0.12, 0.88 0.45 0.17, 0.99

Elevated lactate 1,980 1,681 106 5.4 39/90 43 2.32 1.65, 3.16 2.90 2.16, 3.84

Severe language
impairment

1,050 1,050 114 10.9 114/114 100 10.86 9.04, 12.90 13.62 11.60, 15.84

Sensorineural or
mixed hearing loss

940 745 29 3.1 2/23 8.70 0.27 0.03, 0.97 0.34 0.05, 1.02

Abbreviation: AE, adverse event; CI, confidence interval.
a Effective sample size calculated based on percentage meeting trigger with complete follow-up to evaluate AE applied to the total number of participants

evaluated for the trigger.
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than performing detailed evaluations on the whole cohort
and reduces site and patient burden. This study design pro-
vides a basis for estimating AE rates that are unbiased after
correction for trigger sensitivity. The study design also of-
fers several advantages in terms of efficiency and increased
power for detecting exposure effects as compared with a
study design in which detailed evaluations are conducted on
a random subset of enrolled participants.

The ultimate goal of the SMARTT Study is to evaluate the
safety of antiretroviral drugs used by HIV-infected mothers.
Our results indicate that reasonable power can be obtained
when comparing uncommon AEs (4% or higher) between
persons exposed to certain antiretroviral combinations or
drug classes and those who are unexposed or between per-
sons initiating HAART early in pregnancy versus those who
begin later in pregnancy. As newer agents become more
widely used, focused monitoring is warranted to evaluate
safety in exposed infants; for example, both tenofovir diso-
proxil fumarate and emtricitabine were approved relatively
recently but are now used by almost 40% of pregnant women
(26). For certain agents of particular concern, such as efavir-
enz, which has been contraindicated during pregnancy because
of its teratogenic risk (27), the limited percentage of infants
exposed in utero (<5%) may limit the power of the trigger-
based design to detect associations with rare AEs. Other
combinations of interest, such as zidovudine plus lamivudine,
are still widely used but have been suggested to increase the
risk of mitochondrial dysfunction (18); our design would
provide adequate power to detect differences in rare AEs,
such as impaired growth between persons exposed (73%)
versus persons not exposed to zidovudine plus lamivudine.
Finally, although an ideal comparison group may be infants
who were exposed to HIV but not antiretroviral drugs, this
comparison group no longer exists in high-resource settings.

The trigger-based design results in a slight loss of power
as compared with a full cohort design and is therefore most
suitable for outcomes that cannot be easily determined in all
enrolled participants; thus, it may not be appropriate for out-
comes such as congenital anomalies, preterm birth, or intra-
uterine growth retardation. Many postmarketing studies for
reviewing drug safety use spontaneous reporting approaches
(19–21, 28, 29), but the relatively small percentage of women
exposed to antiretroviral drugs in the general population
along with the wide range of domains of interest makes re-
liance on traditional voluntary reporting methods untenable in
this setting. Trigger tools have been widely used to identify
AEs and medication errors in hospital settings in both adults
(30–32) and children (33, 34) and have identified substantially
higher AE rates than have standard hospital-based reporting
systems (35, 36). In a recent review of medication safety
assessment methods, use of a trigger tool was found to be the
most effective and labor-efficient method, although voluntary
‘‘incident reporting’’ better identified high-severity AEs (37).

The trigger-based design has some similarities to designs
based on outcome-dependent sampling, which have also
been shown to be cost-efficient (38). However, in outcome-
dependent sampling approaches, one typically over-samples
from known cases and then retrospectively determines expo-
sure levels (e.g., the familiar case-control design). In the
trigger-based design, one selects observations for evaluation

of the outcomewithin a group expected to have a higher risk of
the outcome based on an auxiliary variable (39). Schildcrout
and Rathouz (40) describe a design for longitudinally assessed
binary outcomes in which some participants are selected for
follow-up based on referral for psychiatric outcomes
(high risk), whereas other participants come from a group
of nonreferred children (low risk). They propose a semipara-
metric modeling approach based on generalized estimating
equations under the assumption that the analyst can specify
the prevalence of the outcome (similar to specifying the
sensitivity of the trigger in our approach).

One limitation of our approach is that the ARE and power
calculations provided here assume that the trigger sensitivity
is known without error. Extensions of these calculations are
required to account for random variability in the trigger
sensitivity, particularly if it is estimated from past studies
or concurrent data. For example, the trigger-based design we
describe could potentially be modified by including a random
sample from the entire cohort without regard to trigger status,
thus allowing estimation of the trigger sensitivity. If known or
estimated trigger sensitivities are unavailable, we recommend
considering a range of possible sensitivities to allow evalua-
tion of the impact on estimation and testing of exposure
effects. In summary, use of a trigger-based design shows
great promise as a cost-efficient strategy for monitoring rare
AEs or diagnoses that can only be identified using invasive
or expensive assessments and provides a foundation for fu-
ture analyses evaluating associations with exposures.
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