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Safety and Effectiveness of Vaccines in Pregnancy

Abstract

Over the last 15 years, changes in the recommendations for vaccination in the U.S. have
increased the prevalence of exposure during pregnancy, despite limited clinical trial data

examining their safety in pregnant women.

In this dissertation, we first investigated the effectiveness of providing Tdap during
pregnancy on the prevention of infant pertussis infection using data from the Medicaid Analytic
eXtract (MAX) and IBM MarketScan claims databases. Inverse probability of treatment-
weighted Cox proportional hazards models were used to calculate hazards ratios. We also
stratified the models to investigate the protection provided by this vaccine for preterm infants
specifically. We found that Tdap vaccination in pregnancy provides a 36% (95% CI 0%, 59%)

reduction in hazard, and a much stronger protection (pooled HR = 0.10) for preterm infants.

Amid new concerns of the safety of influenza vaccination in pregnant women, in the
second chapter, we investigated the association of influenza vaccination in early pregnancy with
spontaneous abortion using a case-time-control study design. This study was conducted in the
MAX database, with livebirth pregnancies frequency-matched to spontaneous abortions on
calendar month and year of last menstrual period (LMP) to control for seasonality of vaccination.
We found no evidence of an increased association between influenza vaccine and spontaneous

abortion (OR=0.93, 95% CI (0.87, 0.99)) across 10 influenza seasons.

In the third chapter, we conducted a simulation to estimate the potential bias when

conducting studies of spontaneous abortion and vaccines or other point exposures due to missing

il



information on gestational age at spontaneous abortion from claims databases. We found that
there is minimal bias when the trend of exposure remains relatively constant during the
gestational period of interest, but bias increases with stronger trends in exposure. In all scenarios
we simulated, using a distribution of gestational ages to match to livebirths at the same

gestational time leads to decreases bias compared to using a single average gestational age.

Our first two studies support the current CDC recommendations for Tdap and influenza
vaccination during pregnancy. Our findings show the importance of careful study design when

investigating benefits and risks of exposure in pregnant women.
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ABSTRACT

Background: In the United States, pertussis circulation persists and primarily infects young
children and newborns, despite routine vaccinations. To minimize infant morbidity and mortality
from the disease, the Advisory Committee on Immunization Practices recommends maternal
Tdap vaccination in weeks 27-36 of pregnancy. The optimal timing has not been evaluated in

real world populations.

Methods: Two cohorts of mother-infant pairs in the Medicaid Analytic eXtract (MAX) (2010-
2014) and IBM MarketScan (2011-2015) databases were analyzed to estimate the effectiveness
of prenatal or delivery Tdap vaccination compared to unvaccinated women to prevent infant
pertussis up to age six months. Cox proportional hazards models to estimate hazard ratios were
adjusted via inverse probability weights for potential confounders including maternal age,
healthcare utilization, calendar year and month, and parity. The impact of preterm delivery on
the opportunity to be exposed and the risk of pertussis was analyzed. Results from the two

databases were pooled.

Results: In MarketScan, women received Tdap vaccination before delivery in 114,067 (25.6%)
of 445,638 pregnancies and in MAX in 33,286 (4.8%) of 695,262 pregnancies. Of women
vaccinated in pregnancy, around 80% were vaccinated between 27-36 weeks. Thus, only 21.2%

and 3.8% of preterm births in MarketScan and MAX respectively had been vaccinated.

The risk of pertussis in unvaccinated term infants during the first six months of life was 3.5 and
17 per 10,000; and in preterm infants it was 8.4 and 19.8 per 10,000. The pooled hazard ratio for
Tdap vaccination at any time before delivery vs. no vaccination during pregnancy or delivery

was 0.64, 95% CI (0.41, 1.00). The hazard ratio was 0.10 (95% CI 0.03, 0.35) for preterm infants



(vaccinated before 37 weeks by definition) and 0.77, 95% CI (0.48, 1.23) for full term infants

vaccinated anytime in pregnancy.

Conclusions: Prenatal Tdap vaccination reduces the risk of pertussis infections in the infants’
first six months of life by 36%. Vaccination soon after 27 weeks of pregnancy, prior to when
deliveries began, ensures vaccination of more newborns including those born preterm, who are at

highest risk for pertussis and benefit particularly from this vaccination.



INTRODUCTION

Amid an era of vaccine safety skepticism, outbreaks of pertussis in the United States
have increased from fewer than 10,000 cases per year before 2003, up to a peak of 48,277
reported cases in 2012[1]. The disease burden falls primarily on young infants, with one third of
pertussis cases occurring in infants under 12 months; and young infants are at the highest risk for
complications (22% develop pneumonia) and death (1%)[2—4]. In particular, preterm infants
(delivered before 37 weeks) are at increased risk for pertussis infection and morbidities[5,6].
For several years, the CDC Advisory Committee on Immunization Practices (ACIP)
recommended “cocooning”: protecting infants from pertussis infection by giving Tdap booster
vaccines to parents and close contacts of newborns. However, this strategy was shown to be
ineffective[7]. In late 2011, as cases in the U.S. climbed, the ACIP updated their
recommendation to include vaccination of pregnant women who were previously
unvaccinated[8,9]. This was expanded in 2012 to include all pregnant women, and to recommend
vaccination between 27-36 weeks gestation, when the highest antibody concentrations in cord
blood at delivery are attained[8,10,11].
Six years after the updated guideline, a 2018 report by the CDC estimated that 54% of pregnant
women received Tdap vaccine during their pregnancy, indicating much room for improved
compliance with the ACIP recommendation[12]. This survey also found that black and Hispanic
women did not receive the vaccine as often as their white counterparts (43% vs. 60%). Racial
disparities in vaccination rates have been reported across age groups, locations, and vaccines,
and this appears to also apply to the pregnant population[13—17].
There is little evidence on the effectiveness of vaccination in the real world. A recent study of

privately insured women in the U.S. found a 46% lower risk of infant pertussis before 6 months



for women with Tdap vaccination during pregnancy compared to those without a perinatal or
postpartum vaccination[18]. Vaccination during the delivery period was associated with a 20%
lower risk of infant pertussis[18]. The study did not evaluate the timing of vaccination during
pregnancy or pertussis risk by preterm status.

Evidence of the effectiveness of Tdap vaccination during pregnancy may increase provider and
patient confidence in the recommendation and increase compliance. Therefore, we conducted a
study in two large healthcare claims database pregnancy cohorts of publicly and privately
insured women in the U.S. to determine the effectiveness of both prenatal and early postpartum
maternal vaccination against pertussis infection in newborns. Additionally, we evaluated the
impact of preterm delivery on both the opportunity to be vaccinated and the risk of pertussis
infection in those with and without prenatal vaccination.

METHODS

Population

Two cohorts of mother-infant pairs were included in this analysis; the first based in the
IBM MarketScan Commercial Database (MarketScan) and the second in the Medicaid Analytic
eXtract (MAX). The MAX cohort included pregnancies ending in livebirth from 2010-2014. The
MarketScan cohort included pregnancies ending in livebirth from 2011-2015. Infants were
identified and linked to their mothers as described elsewhere, and gestational length was

estimated based on a validated algorithm[19,20].

To be included in the analysis, mothers must have had continuous drug and medical
insurance coverage from 90 days prior to estimated last menstrual period (LMP) through 30 days
postpartum. Infants were required to be enrolled for a minimum of one month after date of birth.

Figure 1.1 illustrates the study design[21]. We included women aged 12-55 years at the time of

5



Figure 1.1 Study design diagram
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delivery. Women were excluded if they had Tdap vaccination during the baseline period (90
days prior to LMP through LMP). Women were excluded from the MarketScan cohort if their
geographic location (state and metropolitan statistical area (MSA)) could not be determined. The
unit of analysis for this study is the pregnancy. Multiple births were considered a case of
pertussis if any of the newborns had a diagnosis. Women may have contributed more than one

pregnancy to the study if they met the inclusion and exclusion criteria.

Follow-up of newborns began on day 7 postpartum, due to the incubation period of
pertussis, and continued until pertussis diagnosis, infant death, end of enrollment, or at six
months. Twins were followed until the last day of either infant’s enrollment or six months except

in the case of a pertussis event in either of the newborns.
Exposure

Exposure to Tdap vaccination was captured by the presence of a CPT (90715), ICD-9

procedure (99.37 or 99.39), ICD-9 diagnosis code (V06.1, V06.3, or V03.6), or NDC code for



Tdap in the mother’s outpatient, inpatient, or prescription claims. The primary pregnancy
exposure was defined as any Tdap code between LMP and up to one day prior to delivery. As a
secondary exposure we defined delivery exposure as any Tdap code between one day prior to
delivery through 7 days postpartum. The two exposed groups were compared to women with no
evidence of a Tdap exposure between 90 days prior to LMP through 7 days after delivery. To
determine comparability, the three exposure groups were compared on baseline and pregnancy
health care utilization and demographics. Within pregnancy exposure we also differentiated
vaccinations before and after 37 weeks (when full term deliveries begin) and within 27 and 36

weeks (the recommended period) as secondary analyses.

Outcome

Pertussis infection was defined as the infant meeting one of the following criteria
between 7-183 days after delivery: (A) An inpatient diagnosis of pertussis infection (ICD-9
codes 033.0, 033.1, 033.8, 033.9, 484.3) or (B) two of the following: (i) an outpatient diagnosis
of pertussis infection on two dates, (ii) an outpatient pertussis diagnostic lab code followed by an
outpatient diagnosis code within 14 days, or (iii) an outpatient diagnosis code followed by a
prescription dispensing of either erythromycin, clarithromycin, azithromycin, or

trimethoprim/sulfomoxide within 7 days.

Statistical analysis

Crude and weighted absolute risks of pertussis were calculated as the 183-day cumulative
hazard of pertussis per 10,000 infants, with the baseline hazard calculated with the Breslow
nonparametric maximum likelihood estimator, and assuming Cox proportional hazards via a Cox

model to estimate hazards in the two treated groups[22,23]. Weighted survival curves were



generated using the same method. Hazard ratios (HR) were estimated with weighted Cox
proportional hazards models to account for right censoring, with confidence intervals estimated
via robust sandwich variance estimator. To adjust for confounding, we estimated the average
vaccine effect with stabilized inverse probability of treatment weighting (IPTW), calculated
using multinomial logistic regression. The three levels in the multinomial regression were
pregnancy vaccination, delivery vaccination, and unvaccinated. Weights were truncated at the
99.9 and 0.1 percentile. All analyses included adjustment, via IPTW, for mother’s age at
delivery, year and month of delivery, region, living in a metropolitan statistical area, multiparity,
healthcare utilization (number of outpatient visits and generic medications both before and
during pregnancy up to day 140, modeled with quadratic and cubic terms), and flu vaccination
during pregnancy. The model also adjusted for indicators of preterm delivery since length of
gestation affects both the probability of maternal vaccination (i.e., fewer weeks to get the vaccine
for preterm deliveries) and the risk of neonatal infection (i.e., preterm infants have a higher risk

of infection). We assumed no meaningful effect of vaccination on the risk of prematurity.

In addition, local pertussis circulation was considered a potential confounder via
increased vaccination effort from physicians and public health action and via increased pertussis
infection risk. The ecologic measures of pertussis incidence were generated using weekly reports
to the CDC by state health departments, and each pregnancy was assigned a value based on
geography (state) and time[24,25]. Two measures were created: 1) pertussis incidence in the 12
weeks prior to week 27 of pregnancy, and 2) an indicator of an uptick in pertussis: higher
incidence in the two weeks prior to delivery compared to the previous month. These were chosen
to represent circulation of pertussis during a time just preceding the vaccination decision for a

pregnancy, and take into consideration pertussis incubation time, public health surveillance,



communication, and physician awareness. The pertussis uptick measure was chosen to represent
an infant’s potentially increased risk of pertussis if they are born at the beginning of a local
pertussis outbreak. The 12-week incidence was used to create a binary indicator of high pertussis
circulation, defined as being in the top 10% of incidences in the study time period. State
populations used as denominator for the pertussis risk measures were based on the 2010 census.
Estimates from the two databases for the primary and subgroup analyses were pooled using
random effects meta-analysis, DerSimonian and Laird method[26]. Vaccine effectiveness was

estimated as (1-HR).

Secondary and sensitivity analyses

We compared the frequency of vaccination and risk of pertussis between preterm and
term infants, using absolute risk measures described above. We also estimated the effect of
vaccination during pregnancy on the risk of pertussis infection between preterm and term infants.
To do so, the model from the primary analysis was stratified by preterm status of the infant.
Within full term infants we assessed the vaccination before and after 37 weeks; all pregnancy
vaccinations in preterm infants occur before 37 weeks by definition. Subgroup analysis was also
conducted for deliveries occurring during a pertussis uptick, since vaccine effectiveness may be
modified by overall pertussis risk (i.e., vaccines have an impact only for individuals exposed to

infection).

As a sensitivity analysis for the primary model, we used a pertussis definition of inpatient
pertussis cases (Part A of the primary outcome definition) for a more specific, but less sensitive
outcome definition. We also limited the outcome to the first 60 days (prior to recommended
initial DtaP dose for infants) to estimate the effectiveness in infants with the highest risk of

morbidity and to assess potential time-varying hazard ratios. Another sensitivity analysis
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reclassified exposure in the last two weeks of pregnancy as a delivery exposure. Vaccinations
just prior to delivery will not provide enough time for a robust antibody response to develop and
be provided to the infant at delivery[27]. We also conducted an analysis from 2011-2014 in both
databases, to compare the results during the same time period, and tested a negative control

outcome, gastrointestinal infection.

RESULTS

The MarketScan cohort included 445,638 commercially insured pregnancies, of which
114,067 (25.6%) were in women with Tdap vaccination during pregnancy and 20,415 (4.6%)
during the delivery period. Following the new guideline in 2011, in MarketScan the pregnancy
Tdap coverage increased from 6.4% in 2012 to 48.9% in 2015 (Table 1.1; Figure S1.1). Of
women vaccinated in pregnancy, 81.4% were vaccinated between 27-36 weeks (up to 87% in
2015), in accordance with the recommendation. In MarketScan, 24.5% of infants were censored
before the six month follow-up ended. Table 1.1 provides the distribution of demographic,
healthcare utilization, and pregnancy characteristics of the cohorts. Race and ethnicity data were
not available in MarketScan.

The MAX cohort included 695,262 publicly insured pregnancies, of which 33,286 (4.8%)
were vaccinated with Tdap during pregnancy and 22,821 (3.3%) during the delivery period
(Table 1.1). Receipt of Tdap during pregnancy increased over time from 0.6% in 2010 to 3.5% in
2012 and up to 18.8% in 2014 (Table 1.1, Figure S1.1). Among women vaccinated during
pregnancy, 65.5% (up to 78.5% in 2014) were vaccinated between weeks 27-36. In MAX, 16.3%
of infants were censored before six months. Black women were less likely to receive Tdap in
either pregnancy or delivery (6.5% exposed), compared to Hispanic (7.5%), Asian (8.9%), white

(9.2%), and American Indian (12.1%) women (Tablel.1).
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Table 1.1. Distribution of demographic, health utilization, and risk factors for pertussis by exposure group.
Percentages are calculated across rows, within database.

IBM MarketScan MAX

Pregnancy Delivery Unexposed Pregnancy Delivery Unexposed

(=114,067)  (n=20415)  (n=311,156) | (n=33,286)  (n=22,821)  (n=639,155)
Maternal age,
mean(SD) 31.8 (4.3) 31.3 (4.5) 31.6 (4.5) 25.9 (5.9) 24.8 (5.6) 25.2(5.9)
Year of Delivery, row % (n)
2010 0.6 (1086) 22(3657)  97.2(163128)
2011 3.6 (78) 4.7 (102) 91.7(1985) | 1.5 (2794) 3.8(6877)  94.7(171868)
2012 6.4 (9884) 5.5(8597)  88.1(137035) | 3.5 (6083) 4.1(7215)  92.5(162887)
2013 23.5(26785)  4.2(4850)  72.3(82537) | 11.0(12167) 3.3(3644)  85.7(94501)
2014 42.0 (46812) 4.1 (4586)  53.8(59960) | 18.8(11156) 2.4(1428)  78.8 (46771)
2015 48.9 (30508)  3.7(2280)  47.5(29639)
Race, row % (n)
American Indian 7.2 (771) 4.9 (526) 87.9 (9427)
Asian/Pacific islander 6.8 (2462) 2.1(764) 91.1 (32984)
Black or African
Amorioan 3.5 (6989) 3.0(5993)  93.4(185065)
Hispanic/Latino 5.4 (6635) 2.1(2612)  92.5(113829)
White 5.0(13037)  42(11057)  90.8 (237755)
Other/Unknown 5.2 (3392) 2.9(1869)  92.0 (60095)
Region, row % (n)
Northeast 238 (21558)  3.9(3502)  72.4(65604) | 3.6 (4888) 3.9(5331)  92.5(125351)
North Central 29.0 (31713)  4.0(4346)  67.0(73128) | 6.6 (11560) 4.4 (7808)  89.0 (156301)
South 22.1(36711) 5.4 (8921)  72.5(120484) | 2.3 (4107) 34(6017)  94.3 (166049)
West 30.2 (24085) 4.6 (3646)  65.2(51940) | 6.1(12731)  1.8(3665)  92.1 (191454)
Metropolitan Statistical o, ¢ (104705)  87.9(17950) 88.7 (276133) | 82.7(27532)  75.4 (17205)  82.7 (528641)
Area, %(n)
Heald lizati bl
Healthcare visits, 2.5(3.7) 22(34) 2.4 (3.6) 2.6(5.2) 2.4 (42) 2.2 (3.9)
baseline, mean (SD) ’ ’ ’ : ’ ’ ’ ’ ’ ’ ’ ’
Healthcare visits,
pregnancy, mean (SDy* 746D 6.9 (5.0) 7.2(5.1) 8.5(7.9) 7.4 (6.4) 6.9 (6.0)
Generic medications,
baseline, mean (SD) 1.6 (2.4) 1.5(2.3) 1.6 (2.4) 1.9 (2.6) 2.0 (2.6) 1.8 (2.5)
Generic medications,
pregnancy. mean (SDy* 2023 2.1(2.2) 2.1 (2.4) 3.5(3.2) 3.4 (3.0) 3.3 (3.0)
f)gaccme’ Pregnancy  s51.5(s8708)  30.7(6269)  25.8 (80130) | 48.4(16113)  19.0 (4337)  14.1 (89827)

0
Ultrasound, %(n) 98.0 (111793)  96.4 (19690)  96.4 (300040) | 79.0 (26283)  72.9 (16632)  68.4 (437029)
Pertussis risk factors
Preterm, %(n) 8.5 (9639) 9.7(1979)  10.9(33904) | 8.1(2693) 8.7 (1990) 10.4 (66364)
Postterm, %(n) 16.2(18521)  11.8(2412)  11.6(36146) | 5.6 (1856) 9.1(2082) 9.6 (61063)
Multiparous, %(n) 52.1(59455)  55.4 (11307) 60.0 (186767) | 81.5 (27124)  76.0 (17338)  76.9 (491221)
E/le:)ck In pertussts, 32.9(37562)  36.5(7449)  34.1 (106178) | 26.5(8830)  33.1(7549)  33.0 (210768)
0

L85 1 PSS (55 e 11.0 (12554)  9.1(1857)  9.8(30385) | 7.1 (2365) 13.2(3017)  10.2 (64939)

week 27, %(n)

*Generic medications and healthcare (outpatient) visits measured in first 140 days of pregnancy.
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In both cohorts, nearly half of women given the Tdap were also given an influenza
vaccine during pregnancy (Table 1.1). Vaccinated women compared to unvaccinated women
had, on average, more healthcare visits during pregnancy. Women in the MAX cohort were on
average six years younger than women in the MarketScan cohort, and within the same calendar
year were less likely to be vaccinated.

In MarketScan infants of mothers vaccinated during pregnancy, 23 infants (2.3 per
10,000 95% CI (1.3, 3.2)) developed pertussis, compared to 117 (4.1 per 10,000 95% CI (3.3,
4.8)) in unvaccinated women. In MAX infants of mothers vaccinated during pregnancy, 21
infants (7.5 per 10,000 95%CI (4.3, 10.7)) developed pertussis compared to 745 (12.5 per 10,000
95%CI (22.6, 13.4)) in unvaccinated women (Table 1.2). Weighted survival curves are presented
in Figure 1.2.

The primary analysis comparing vaccination at any time during pregnancy with no
vaccination estimated an adjusted HR of 0.74, 95% CI (0.42, 1.29) and 0.50, 95% CI (0.24, 1.04)
in MarketScan and MAX, respectively (Figure 1.3). This corresponds to an adjusted risk
difference of 1 fewer case per 10,000 pregnancies in MarketScan and 6.1 fewer per 10,000 in
MAX. The pooled HR estimate is 0.64, 95% CI (0.41, 1.00), equal to a vaccine effectiveness
(hazard reduction) of 36% (Figure 1.4). For pregnancies in women vaccinated at delivery, the
adjusted HR estimates are 0.40, 95% CI (0.13, 1.27) and 1.07 95% CI (0.66, 1.72) in MarketScan
and MAX, respectively (Figure 1.3). The pooled HR estimate for vaccinations at delivery is 0.76,
95% CI1(0.30, 1.91), although there is considerable heterogeneity between the two cohorts
(Figure 1.4).

Compared to unvaccinated term infants, unvaccinated preterms had a higher risk of

pertussis during their first six months of life; with a risk of 8.4 95% CI (5.2, 11.7) cases per
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Table 1.2. Distribution of pertussis outcomes and crude six-month pertussis cumulative hazard per 10,000 pregnancies by exposure group.

IBM MarketScan

N Cases CH* Per 10,000 Inpatient cases CH* Per 10,000
Unexposed 311,156 117 4.1 87 3.0
Pregnancy 114,067 23 23 15 1.4
Delivery 20,415 <11 NA <11 NA
Before 37 weeks 108,029 21 2.2 13 1.3
After 37 weeks or 337609 122 39 90 2.9
unexposed

MAX

N Cases CH* Per 10,000 Inpatient cases CH* Per 10,000
Unexposed 639,155 745 13.4 516 8.6
Pregnancy 33,286 21 7.5 15 5.2
Delivery 22,821 27 13.0 20 9.6
Before 37 weeks 31,462 18 6.8 13 4.8
After 37 weeks or 663,800 775 12.5 538 8.7

unexposed

*CH = cumulative hazard
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Figure 1.2. Inverse probability of treatment weighted pertussis-free survival of infants after delivery by maternal exposure to
Tdap in MarketScan and MAX
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Figure 1.3. Hazard Ratios (95% ClIs) for Tdap exposure in pregnancy and delivery and risk of infant pertussis.

IBM MarketScan MAX
Analysis HR (95% CI) P Value HR (95% Cl) P Value
Pertussis cases
Pregnancy
Crude iy 0.56 (0.36, 0.88) 0.011 - 0.59 (0.38, 0.91) 0.018
Adjusted i 0.74 (0.42, 1.29) 0.290 i 0.50 (0.24, 1.04) 0.063
Delivery
Crude e 0.40 (0.13, 1.26) 0.118 —n— 1.03 (0.70, 1.51) 0.878
Adjusted i 0.40 (0.13, 1.27) 0.121 i 1.07 (0.66, 1.72) 0.781
Inpatient pertussis
Pregnancy
Crude i 0.49 (0.28, 0.85) 0.011 [ 0.61 (0.36, 1.01) 0.055
Adjusted e 0.62 (0.31, 1.24) 0.179 i 0.55 (0.22, 1.34) 0.187
Delivery
Crude b 0.18 (0.03, 1.29) 0.087 e 1.10(0.70, 1.72) 0.674
Adjusted k 1 0.15 (0.02, 1.10) 0.062 - 1.19 (0.68, 2.10) 0.536
Cases by 60 days
Pregnancy
Crude e 0.42 (0.20, 0.89) 0.024 e 0.59 (0.30, 1.14) 0.116
Adjusted —— 0.86 (0.35, 2.11) 0.739 r | 0.51(0.12, 2.18) 0.366
Delivery
Crude ' ! 0.59 (0.14, 2.42) 0.463 i 0.74 (0.37, 1.50) 0.403
Adjusted I : F X : ] . 0.55 (0.13, 2.25) 0.401 [ : ]'—I-—[« — 0.62 (0.27, 1.41) 0.255
0.02 0.05 025 05 1 2 3 0.02 0.05 025 0.5 1 2 3
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Figure 1.4. Pooled hazard ratios (95% CI) of primary analysis and subgroup analyses by preterm delivery and pertussis
uptick at delivery.

Analysis HR (95% ClI)
Main effect: pregnancy exposure vs. unexposed

IBM Marketscan e 0.74 (0.42, 1.29)

MAX S 0.50 (0.24, 1.04)

Pooled ] 0.64 (0.41, 1.00)
Main effect: delivery exposure vs. unexposed

IBM Marketscan I { 0.40 (0.13, 1.27)

MAX T 1.07 (0.66, 1.72)

pooled t - { 0.76 (0.30, 1.91)
Preterm pregnancies

IBM Marketscan f { 0.09 (0.01, 0.63)

MAX I { 0.12 (0.03, 0.58)

pooled I ] | 0.11 (0.03, 0.36)
Full term pregnancies <37 weeks

IBM Marketscan P 0.93 (0.50, 1.73)

MAX } { 0.59 (0.26, 1.33)

Pooled —a— 0.78 (0.48, 1.29)
Full term pregnancies
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MAX P 0.58 (0.27, 1.24)
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Delivery during an increase in pertussis
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MAX } i 0.22 (0.07, 0.65)
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IBM Marketscan e 0.89 (0.46, 1.70)
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10,000 infants in MarketScan, and 19.8 95% CI (16.2, 23.3) in MAX. Preterms had a lower
likelihood of vaccination (21% in MarketScan and 3.8% in MAX) likely due to the shorter
gestation reducing the opportunity for maternal vaccination. These preterm infants have a more
protective HR when vaccinated during pregnancy (pooled HR: 0.11 95% CI (0.03, 0.36) than full
term infants (0.78, 95% CI (0.48, 1.29)) vaccinated before 37 weeks (Figure 1.4). Mothers with
preterm births were vaccinated before 37 weeks by definition. However, gestational timing of
vaccination does not seem to explain the stronger association since in full term infants vaccinated
before 37 weeks, hazard ratios were similar to those in the primary analysis for both databases
(Figure 1.4).

Pregnancies that delivered during an uptick in pertussis incidence in their state had a
lower hazard ratio (pooled HR: 0.32, 95% CI (0.15, 0.65) than pregnancies delivering outside an
uptick (0.80, 95% CI (0.48, 1.34)). Sensitivity analyses yielded similar HRs to the primary
analyses in all pregnancies when restricting to inpatient pertussis cases (0.62 in MarketScan and
0.55 in MAX), restricting follow-up to the first 60 days after delivery (0.86 in MarketScan and
0.51in MAX), and reclassifying exposure in the last two weeks of pregnancy as delivery
exposure (Supplement Table S2). When limiting the primary analysis of vaccination in
pregnancy compared to unvaccinated to the years 2011-2014, shared by both datasets, the
estimates in the two datasets are closer together, due to an increase in the HR in MAX (0.75 in
MarketScan and 0.66 in MAX (primary analysis HR=0.50 in MAX), Table S2).

DISCUSSION

This study’s findings suggest that effectiveness (reduction in hazard) of vaccination
during pregnancy against infant pertussis infection is 36%, 95% CI (0, 59). Vaccination before

37 weeks resulted in similar hazard reductions for term infants but would cover a higher
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proportion of preterm infants, who have a higher risk of infection when not vaccinated and a
more substantial vaccine effectiveness (89%) when vaccinated. The protection conveyed by
delivery vaccination was more uncertain.

These findings are consistent with prior literature and with the biological basis of the
vaccination recommendation[ 18,28—34]. Studies of antibody titer in infants suggest a maximum
titer with prenatal vaccination in the early third trimester, which informed the current
recommendation[30,35-38]. Previous observational studies have found a protective effect of the
prenatal vaccination strategy|[18,33,39]. Estimates of effectiveness were stronger in some studies
compared to this study, but this variation could be due to different outcome definition, random
error, or differences in the cohorts being studied[33,39]. For vaccination at delivery, Tdap
should still offer protection to infants via a lower risk of infection from primary contacts and via
antibody transfer in breastmilk, but in this study we did not observe such protection in both
databases.

The difference in vaccination prevalence between Medicaid and MarketScan population
indicate a disparity in the uptake of the Tdap recommendation. Although this could be a
reflection of racial disparities in maternal healthcare,[40] the much larger differences in
vaccination coverage found between Medicaid (18.8% in 2014) and commercially insured
women (42% in 2014) strongly suggest that socioeconomic factors explain most of the disparity.
This is similar to findings comparing privately and publicly insured pregnant women in CDC’s
vaccination survey[12]. Routine prevention measures, such as vaccination, reflect differences in
standard of care, regardless of underlying disease prevalence. Additionally, the risk of pertussis
infection in the newborn was higher in the Medicaid population and the absolute benefit from

vaccination in pregnancy was stronger. We can only speculate that a higher proportion of women
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had been vaccinated before pregnancy in the commercially insured population, or due to their
lower parity, had a reduced risk of newborn infections even among those unvaccinated during
pregnancy. Differences in results between these two databases should be interpreted with
caution; however, when limiting analyses to the same calendar years, the primary analysis results
were more homogenous.

One limitation of our study is an unknown outcome validity. We chose to require
multiple conditions for a pertussis case in the outpatient setting to increase the specificity of our
outcome for more accurate ratio estimation, at the cost of an under-estimated risk difference[41].
Although our outcome is not validated, the rates of pertussis observed are similar to CDC’s
surveillance reports (range 4.4 to 16.0 cases per 10,000 infants under 6 months during this time
period)[2,42—44]. We did observe expected associations with variables in our study, such as race,
multiparity and calendar year, and unlike pertussis outcomes, gastrointestinal infections had no
association with Tdap vaccination.

Other limitations include unmeasured or residual confounding such as more localized
pertussis circulation and vaccination coverage, and misclassification of the exposure. Missing
vaccinations is possible from two main sources: free vaccinations and unclaimed inpatient
vaccinations, but we do not expect these to be very common. Physicians may still bill for vaccine
administration, even when the vaccine product is provided for free through the Vaccines For
Children program or other state mechanisms.

Studies of vaccine effectiveness should be interpreted in the context of evidence for
vaccine safety. Prospective registries and retrospective cohort studies thus far have shown Tdap

administration during pregnancy to have no strong association with adverse pregnancy events
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and fetal outcomes[45-51]. Two studies have estimated an approximate 20% increase in risk of
chorioamnionitis, but this is not consistent across the literature[28,48,52].

This is the largest study of the effectiveness of maternal Tdap vaccination to our
knowledge. This allowed us to expand on previous findings and focus on preterm infants and
report differences in vaccination between publicly and privately insured women. Our results
support the effectiveness of the current recommendation of Tdap vaccination during pregnancy
to prevent infant pertussis and show that Tdap particularly benefits preterm infants. Based on our
findings, vaccinating early in the recommended 27-36 week window will provide the largest
population benefit by covering all term infants and increasing coverage of high risk preterm

infants who benefit the most from this vaccination.
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APPENDIX

Table S1.1. Alternate Table 1, using column percentages.

IBM MarketScan MAX

Pregnancy Delivery Unexposed Pregnancy Delivery Unexposed

(n=114,067) (n=20,415) (n=311,156) (n=33,286) (n=22,821) (n=639,155)
Maternal age,
mean(SD) 31.8(4.3) 31.3 (4.5) 31.6 (4.5) 259(5.9) 24.8 (5.6) 25.2(5.9)
Year of Delivery, %(n)
2010 3.3(1086) 16.0 (3657) 25.5(163128)
2011 0.1(78) 0.5 (102) 0.6 (1985) 8.4 (2794) 30.1(6877)  26.9 (171868)
2012 8.7 (9884) 42.1 (8597) 44.0 (137035) | 18.3 (6083) 31.6 (7215) 25.5 (162887)
2013 23.5(26785)  23.8 (4850) 26.5 (82537) | 36.6 (12167) 16.0 (3644) 14.8 (94501)
2014 41.0 (46812)  22.5(4586) 19.3(59960) | 33.5(11156) 6.3 (1428) 7.3 (46771)
2015 26.8 (30508) 11.2 (2280) 9.5(29639)
Race
American Indian 2.3(771) 2.3 (526) 1.5 (9427)
Asian/Pacific
e lander 7.4 (2462) 3.4 (764) 5.2 (32984)
Black or African
American 21.0 (6989) 26.3 (5993) 28.6 (185065)
Hispanic/Latino 19.9 (6635) 11.5 (2612) 17.8 (113829)
White 39.2(13037)  48.5(11057)  37.2(237755)
Other/Unknown 10.2 (3392) 8.2 (1869) 9.4 (60095)
Region, n(%)
Northeast 18.9 (21558) 17.2 (3502) 21.1 (65604) 14.7 (4888) 23.4 (5331) 19.6 (125351)
North Central 27.8(31713)  21.3 (4346) 23.5(73128) | 34.7(11560)  34.2 (7808) 24.5 (156301)
South 32.2(36711)  43.7(8921) 38.7 (120484) | 12.3 (4107) 26.4 (6017) 26.0 (166049)
West 21.1 (24085) 17.9 (3646) 16.7 (51940) | 38.3 (12731) 16.1 (3665) 30.0 (191454)
Metropolitan
iAol A, ) 91.8 (104705)  87.9 (17950) 88.7(276133) | 82.7(27532)  75.4(17205)  82.7 (528641)
Healthcare visits, 25(3.7) 22 (3.4) 2.4 (3.6) 26(52) 2.4 (4.2) 22(3.9)
baseline, mean (SD) T A T T B T
Healthcare visits,
pregnancy, mean 7.4 (5.1) 6.9 (5.0) 7.2 (5.1) 8.5(7.9) 7.4 (6.4) 6.9 (6.0)
(SD)*
Generic medications,
baseline, mean (SD) 1.6 (2.4) 1.5(2.3) 1.6 (2.4) 1.9 (2.6) 2.0 (2.6) 1.8 (2.5)
Generic medications,
pregnancy, mean 2.0(2.3) 2.12.2) 2.1(24) 353.2) 3.4 (3.0) 3.33.0)
(SD)*
Flu vaccine,
pregnancy %(n) 51.5(58708)  30.7 (6269) 25.8 (80130) | 48.4(16113) 19.0 (4337) 14.1 (89827)
Ultrasound, %(n) 98.0 (111793) 96.4 (19690)  96.4 (300040) | 79.0 (26283)  72.9 (16632)  68.4 (437029)
Pertussis risk factors
Preterm, %(n) 8.5 (9639) 9.7 (1979) 10.9 (33904) | 8.1(2693) 8.7 (1990) 10.4 (66364)
Postterm, %(n) 16.2 (18521) 11.8 (2412) 11.6 (36146) | 5.6 (1856) 9.1 (2082) 9.6 (61063)
Multiparous, %(n) 52.1(59455)  55.4(11307)  60.0 (186767) | 81.5(27124)  76.0 (17338)  76.9 (491221)
(l)j}atll)ck M PEISSIS, 35 9(37562)  36.5(7449)  34.1(106178) | 26.5(8830)  33.1(7549)  33.0 (210768)

0!

High pertussis before
week 27, %(n) 11.0(12554) 9.1 (1857) 9.8 (30385) 7.1 (2365) 13.2 (3017) 10.2 (64939)
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Figure S1.1. Use of Tdap vaccination during pregnancy and delivery in Medicaid (MAX) and IBM
Marketscan from 2010-2015.

Use of Tdap vaccination during pregnancy and delivery* in Medicaid (MAX) and
IBM Marketscan from 2010-2015
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*Delivery period defined as one day before delivery through 7 days after delivery.
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Table S1.2. Crude and adjusted subgroup and sensitivity analyses results: all analyses analyze the

primary outcome, comparing pregnancy exposure to unexposed (unless noted otherwise).

IBM MarketScan MAX
HR (95% CI) HR (95% CI)

Preterm pregnancies
Crude 0.141 (0.019, 1.037) 0.446 (0.110, 1.804)
Adjusted 0.085 (0.012, 0.629) 0.121 (0.025, 0.575)
Full term pregnancies
Crude 0.671 (0.421, 1.069) 0.662 (0.394, 0.982)
Adjusted 0.920 (0.516, 1.639) 0.577 (0.270, 1.235)
Full term, exposed before 37 weeks
Crude 0.647 (0.399, 1.051) 0.558 (0.340, 0.916)
Adjusted 0.926 (0.496, 1.728) 0.592 (0.263, 1.333)
Delivery during an increase in pertussis
Crude 0.495 (0.208, 1.174) 0.510 (0.210,1.235)
Adjusted 0.416 (0.163, 1.062) 0.215 (0.071, 0.649)
Delivery not during an increase in pertussis
Crude 0.586 (0.347, 0.988) 0.625 (0.380, 1.028)
Adjusted 0.885 (0.462, 1.696) 0.677 (0.290, 1.578)
Pregnancy exp., except last two weeks of pregnancy
Crude 0.516 (0.321, 0.830) 0.556 (0.349, 0.888)
Adjusted 0.716 (0.386, 1.328) 0.503 (0.223, 1.135)
Delivery exp., including last two weeks of pregnancy
Crude 0.612 (0.270, 1.391) 1.023 (0.710, 1.474)
Adjusted 0.636 (0.278, 1.451) 1.074 (0.691, 1.667)
Years 2011-2014 only
Crude 0.602 (0.374, 0.969) 0.636 (0.407, 0.994)
Adjusted 0.747 (0.417, 1.339) 0.660 (0.302, 1.444)
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ABSTRACT

Background: Pregnant women are at increased risk of morbidity and mortality from influenza
compared to non-pregnant women and are therefore recommended to receive the seasonal
influenza vaccine before or during pregnancy. Recent findings spurred concerns that the vaccine
may increase the risk of spontaneous abortion (SAB), particularly in women receiving

consecutive seasonal vaccinations.

Methods: Women with pregnancies ending in SAB in the Medicaid Analytic eXtract (MAX)
from 2000-2013 were included in a case-time-control study, with livebirth pregnancies providing
a time control. The first date with ICD9 or CPT codes for SAB in a clinical encounter was
assigned a gestational age of 63 days, which is the expected average gestational time at SAB in
the US. Exposure to influenza vaccine in an early pregnancy risk window (last menstrual period
[LMP] to LMP+63 days) was compared to exposure in a reference window of the same length
three months prior to pregnancy. Sensitivity analyses of other risk windows were conducted.
Conditional logistic regression was used to compare the frequency of vaccination between the
matched risk and reference windows in each pregnancy, and the analysis was stratified by
influenza season. Secondary analysis restricted the population to women receiving influenza

vaccine in the previous influenza season.

Results: Exposure to influenza vaccination increased following LMP for all pregnancies, but in
cases, the increase plateaued two weeks prior to the SAB. The primary analysis estimated an
odds ratio of 0.93, 95% Confidence Interval (0.87, 0.99). Excluding the two weeks prior to SAB
resulted in an odds ratio of 0.96 (0.90, 1.03). Restricting the analysis to women with previous

influenza vaccination resulted in an odds ratio of 0.95 (0.83, 1.10). All sensitivity analyses were

33



also consistent with no increased risk of SAB following early pregnancy exposure to influenza

vaccination.

Conclusions: In a large, national, multi-year study of Medicaid-enrolled women, exposure to
influenza vaccine in early pregnancy was not associated with an increased risk of SAB, including

among women also vaccinated in the previous influenza season.
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INTRODUCTION

Pregnant women, compared to their non-pregnant peers, are at increased risk for
influenza-associated morbidity due to more severe illness, which leads to an increased risk of
hospitalizationi,2. Due to the elevated burden of disease in this population, since 2004, the
Advisory Committee on Immunization Practices (ACIP) recommends inactivated influenza
vaccination for pregnant women at any gestational stages. However, the CDC estimated that only

54% of pregnant women received the influenza vaccine during the 2018-2019 influenza seasona.

The relatively low uptake of vaccination may reflect safety concerns due to limited data
on pregnancy-specific adverse effectss. The concern regarding vaccination during pregnancy
stems from a potential mechanism related to the inflammatory response to the vaccine, which
peaks 2-4 weeks after vaccinationis. Such concerns became more apparent during the 2009
H1N1 pandemic but extend to the seasonal vaccine. Observational studies of the monovalent
HIN1pdmc09 pandemic vaccine have shown inconsistent, but sometimes increased risk for
several adverse pregnancy outcomes, including spontaneous abortions (SAB)s-12. Many studies
have since examined the safety of seasonal trivalent influenza vaccination in livebirth
pregnancies, with no findings of major infant or maternal risksi3-15. However, only a few small
retrospective studies have evaluated the effect of seasonal vaccination in early pregnancy on the

risk of pregnancy loss, with no evidence of increased risks,i6,17.

In 2017 a case-control study in the Vaccine Safety Datalink estimated an odds ratio for
SAB of 2.0 following recent immunization with the seasonal influenza vaccineis. The increased
risk was isolated to women who had received an HIN1pdmc09-containing vaccine in the prior
season. Since then, the authors have presented updated results on more recent influenza seasons

which do not show the same elevated risk20. However, the medical community remains
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concerned by those findings and seeks additional evidence to inform the risk-benefit balance of
influenza vaccination early in pregnancy21,22. The aim of the study was to assess whether
influenza vaccination early in pregnancy increases the risk of SAB in a large longitudinal cohort

of pregnant women in the U.S.

METHODS

Study population

This study was based in a cohort of pregnant women enrolled in Medicaid, using claims
from the Medicaid Analytic eXtract (MAX) database. Livebirth deliveries and SABs (SAB) were
identified with procedure and diagnostic codes, and the date of last menstrual period (LMP) was
determined by subtracting the estimated gestational length from the end of pregnancy23. For
SAB, date of the end of pregnancy was assigned on the first SAB-defining code and was
assumed to occur 9 weeks (63 days) after LMP, which is the average time at SAB in the US24-26.
For livebirths, estimated gestational length is 270 days for most pregnancies, with adjustments
for preterm deliveries, as described previously23. Women were required to be enrolled in
Medicaid from 183 days prior to LMP through at least 30 days after the estimated end of
pregnancy. Women could contribute more than one pregnancy to the analysis as long as the

inclusion criteria were met.

Exposure

Exposure to influenza vaccine was identified with either a CPT, HCPCS, ICD-9
diagnosis or NDC code specific to influenza vaccination (see Supplement Table S1 for codes) in
the outpatient, inpatient, or pharmacy (for NDC codes) setting. The date of vaccine receipt was

assigned as the date the vaccine code was recorded in the patient’s administrative claims.
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Women with more than one such date during the study period were considered to have had
exposure on all dates on which a code was recorded. We examined the trend of influenza

vaccination by week in the periconceptional period for both cases and time controls.

Study design and statistical analysis

The relative risk of SAB following influenza vaccination was estimated with an odds
ratio from a case-time-control design, with SAB cases and livebirth delivery controls27,2s.
Livebirth pregnancies served as the time control group, to account for trends in vaccination
before and after LMP. The absolute proportion vaccinated do not need to be the same in the two
groups, as long as the relative change over the risk/referent periods is assumed to be the same,
under the null. We compared the livebirth and SAB cohorts on factors such as age, race,
healthcare utilization and comorbid conditions measured in the 183 days prior to LMP to assess
balance in characteristics potentially associated with the patterns of vaccination in the first
months of pregnancy. Moreover, livebirths were frequency matched (5:1) on calendar month and
year of LMP to the SAB cases to avoid bias by the known seasonal influenza vaccination

patterns.

The primary analysis compared the odds of influenza vaccination in a risk window of 9
weeks before the SAB to a reference window of 9 weeks 153 days prior to the SAB (SAB-216 to
SAB-153). In livebirths, the risk window was from (LMP to LMP+62), and the reference
window was from (LMP-152 to LMP-90). Inherent in the case-time-control design is the
cancellation of non-discordant pairs in the estimation of the odds ratio. Effectively, only women
with influenza vaccine exposure in either the risk or reference window, but not both, contribute

to the effect estimate.
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The analysis was conducted with a conditional logistic regression to account for the matched risk

and reference windows within each pregnancy:
Logit(window) = B, + B, (exposure) + B,(exposure * outcome)

where f3, is the log odds ratio of interest- the association between exposure and outcome beyond
that due to the time window. Case-time-control designs are not subject to typical confounding
bias. In order for an unmeasured factor to cause confounding bias in this design, it must be
associated with the trend in exposure between the reference and risk windows differentially
between the cases and controls. We did not hypothesize any factors that would meet these

criteria. Therefore, the analysis did not include adjustment for other variables.

Since the influenza vaccine product varies for each influenza season, the analysis was
stratified by influenza vaccine season. We also included an unstratified analysis to estimate the
effect over all influenza seasons in the study. Influenza seasons were defined from July 1st
through June 30m and were labeled by the starting year (e.g. influenza season 2001 is July 1,

2001-June 30, 2002) for simplicity.
Secondary and sensitivity analyses

Based on the Donahue, et al., study results which showed effect modification by prior
exposure and influenza season, we conducted two subgroup analyses: first, in women exposed to
the 2009 monovalent pandemic influenza vaccine, and secondly in women with influenza
vaccination in the prior influenza season. The analysis of women with prior influenza vaccine
inherently requires longer enrollment prior to LMP-183. We did not change the eligibility
requirement for this analysis, so the women included had varying lengths of enrollment and

longer enrollment than women not included in this analysis. We also conducted several
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sensitivity analyses on the timing of the risk window. First, because a woman may have already
experienced an SAB or prodromal symptoms of an SAB but may not yet have been diagnosed by
a physician, we defined a risk window that excludes the 7 days prior to SAB diagnosis ((LMP to
LMP+55) days, Definition B), or excludes the 14 days prior to SAB diagnosis ((LMP to
LMP+48) days, Definition C). Secondly, because the potential effect of the vaccine was
hypothesized to be short-term, we limited the risk window to 28 days before the SAB ((LMP+35
to LMP+62) days, Definition D), the approximate window during which the inflammatory
response to a vaccine is typically still active. For these sensitivity analyses, the reference window

was changed accordingly to match the length of the risk window.

Lastly, due to the uncertainty of the gestational age at which SAB occurs, we conducted
an analysis by sampling gestational ages from livebirth time-controls to approximate the
distribution of gestational lengths at SAB in the casesas; that is, to obtain a frequency matched
distribution of index dates for cases (their SAB date) and time-controls (the assigned date). For
example, since approximately 7% of SAB occur between 16-19 weeks (center at 17.5) gestation,
we assigned 7% of livebirths to have a risk window of nine weeks preceding week 17.5 (i.e.,
(LMP+60 to LMP+122)). The same process was applied for gestational ages of 6, 7.5, 11, and 14

weeks (Supplement Figure S1).

RESULTS

After matching, the cohort included 1,204,345 pregnancies ending in livebirth matched to
240,869 ending in SAB based on calendar year and month. Of livebirth pregnancies, 0.75%
(9,072) were exposed in the reference window, and 1.04% (12,484) were exposed in the primary
(Definition A) risk window. Table 1 shows the distribution of baseline demographic, healthcare

utilization, and health conditions in the two cohorts. While overall they are similar, women with
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Table 2.1. Distribution of pre-pregnancy demographic, health utilization, and health
conditions by pregnancy outcome in calendar time-matched cases and time-controls.
Conditions and utilization were measured in the 6 months before estimated LMP.

Table 2.1
Live births SABs
(N=1204345) (N=240869)
LMP year, n(%)
2000 31,960 (2.7) 6,392 (2.7)
2001 71,530 (5.9) 14,306 (5.9)
2002 86,310 (7.2) 17,262 (7.2)
2003 100,225 (8.3) 20,045 (8.3)
2004 105,275 (8.7) 21,055 (8.7)
2005 101,835 (8.5) 20,367 (8.5)
2006 98,270 (8.2) 19,654 (8.2)
2007 98,565 (8.2) 19,713 (8.2)
2008 104,420 (8.7) 20,884 (8.7)
2009 112,710 (9.4) 22,542 (9.4)
2010 119,715 (9.9) 23,943 (9.9)
2011 121,305 (10.1) 24,261 (10.1)
2012 44,880 (3.7) 8,976 (3.7)
2013 7,345 (0.6) 1,469 (0.6)
Race/ethnicity, n(%)
White 451,913 (37.5) 95,666 (39.7)
Black/African American 408,305 (33.9) 76,750 (31.9)
American Indian 19,290 (1.6) 3,575 (1.5)
Asian/Pacific Islander 41,460 (3.5) 8,317 (3.4)
Hispanic/Latino 193,502 (16.1) 37,958 (15.8)
Other or unknown 89,695 (7.4) 18,603 (7.7)
Region, n(%)
Northeast 212,343 (17.6) 49,962 (20.7)
North Central 330,622 (27.5) 61,406 (25.5)
South 373,096 (31) 72,160 (30)
West 288,284 (23.9) 57,341 (23.8)
Age, mean 24.1 25.8
Multiparous, % (n) 829,843 (68.9) 172,715 (71.7)
Number ED visits, mean 0.7 0.9
Number hospitalizations, mean 0.2 0.2
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Table 2.1 cont’d

Live births SABs
(N=1204345) (N=240869)

Number outpatient visits, mean 9.4 10.4
Number generic medications, mean 33 4
Ultrasound, n(%) 61,604 (5.1) 17,711 (7.4)
Emergency contraceptives, n(%) 13,631 (1.1) 3,136 (1.3)
Oral contraceptives, n(%) 243,594 (20.2) 48,747 (20.2)
Health conditions

Alcohol abuse, n(%) 5,738 (0.5) 1,498 (0.6)
Anxiety, n(%) 54,177 (4.5) 13,961 (5.8)
Asthma, n(%) 55,641 (4.6) 13,193 (5.5)
Bacterial infection, n(%) 13,288 (1.1) 3,194 (1.3)
Cardiac arrhythmia, n(%) 7,603 (0.6) 1,977 (0.8)
Chronic heart failure, n(%) 1,361 (0.1) 428 (0.2)
Depression, n(%) 91,504 (7.6) 22,464 (9.3)
Diabetes, n(%) 19,776 (1.6) 7,887 (3.3)
Drug abuse, n(%) 14,415 (1.2) 3,493 (1.5)
Dyslipidemia, n(%) 15,707 (1.3) 4,934 (2)
Endometriosis, n(%) 3,868 (0.3) 1,246 (0.5)
Epilepsy, n(%) 16,341 (1.4) 4,243 (1.8)
Epstein Barr virus, n(%) 1,164 (0.1) 232 (0.1)
Hepeatitis B, n(%) 1,074 (0.1) 278 (0.1)
Hepeatitis C, n(%) 2,112 (0.2) 580 (0.2)
Herpes, n(%) 11,781 (1) 2,856 (1.2)
HIV, n(%) 3,454 (0.3) 876 (0.4)
Hypertension, n(%) 29,888 (2.5) 9,332 (3.9)
Ischemic heart disease, n(%) 2,305 (0.2) 714 (0.3)
Lupus, n(%) 1,465 (0.1) 565 (0.2)
Obesity/overweight, n(%) 27,948 (2.3) 6,666 (2.8)
Other cardiovascular disease, n(%) 764 (0.1) 241 (0.1)
Parasitic or fungal infection, n(%) 29,248 (2.4) 7,411 (3.1)
PCOS, n(%) 3,461 (0.3) 949 (0.4)
Chronic renal disease, n(%) 1,750 (0.1) 725 (0.3)
Sickle cell anemia, n(%) 1,691 (0.1) 527 (0.2)
Tobacco use diagnosis, n(%) 43,287 (3.6) 10,400 (4.3)
Tuberculosis, n(%) 1,021 (0.1) 223 (0.1)
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pregnancies that ended in SAB were older and tended to have more healthcare utilization
and slightly higher proportion of many health conditions. Vaccination increased around 4 weeks
post-LMP and continues until week 9 in livebirth time-controls (Figure 2.1). In the SAB cohort,
the increase starts around 8 weeks before SAB and plateaus in the 2 weeks prior to SAB date.

There is more uncertainty around the timing of LMP in SAB pregnancies compared to livebirths.

The primary analysis comparing the odds of influenza vaccination in the risk window
(LMP to LMP+63 days) vs. the reference window (LMP-153 to LMP-90 days) estimated an
overall effect of 0.93, 95% CI (0.87, 0.99) across all influenza seasons in the study (Figure 2.2).
The odds ratio estimates by influenza season ranged from 0.84 in 2011 (95% CI 0.72, 0.98) to

1.12 in 2004 (95% C1 0.76, 1.65).

When restricting the analysis to women exposed in the risk or reference window who also
had evidence of an influenza vaccine exposure in the prior influenza season (20.2% of exposed,
n=5,298), the estimated odds ratio was 0.95, 95% CI (0.83, 1.10) (Figure 2.3). When restricting
the analysis to the 2009 HIN1 pandemic monovalent vaccine, the odds ratio estimate was 0.90,

95% CI (0.71, 1.14).

The sensitivity analyses with alternate risk windows are presented in Figures 2.4 & 2.5.
When the risk window excluded the 7 days preceding SAB date or (LMP+63 days) for livebirths
(Definition B), the estimate was closer to the null compared the primary analysis (OR=0.96, 95%
CI(0.90, 1.03). When excluding more time prior to the SAB event (LMP to LMP+49), the
estimate (1.05, 95% CI (0.97, 1.12)) increased in comparison to Definition B, but remained
consistent with a null association (Figure 2.4). For Definition D (LMP+35 to LMP+63), the

estimate is further from the null: OR=0.80, 95% CI (0.73, 0.87) (Figure 2.5). When using
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Figure 2.1. Proportion of pregnancies vaccinated by periconceptional week, among
livebirths and spontaneous abortions.

Flu vaccination (% of pregnancies) by periconceptional week for pregnancies
ending in livebirth and SAB

0.25
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Periconceptional week: LMP is the 1st day of Week 1
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Figure 2.2. Case-time-control odds ratio of spontaneous abortion, comparing influenza
vaccine exposure 63 days prior to SAB to 63-day pre-pregnancy period, by influenza
season.

Influenza season OR (95% Cl)
2002 t = ! 0.91 (0.52, 1.61)
2003 f = i 0.96 (0.66, 1.39)
2004 I - ! 1.12 (0.76, 1.65)
2005 I = ! 0.98 (0.71, 1.35)
2006 f - { 0.96 (0.73, 1.26)
2007 I - i 1.12 (0.90, 1.41)
2008 f = { 0.89 (0.72, 1.08)
2009 o | 0.98 (0.85, 1.13)
2010 —a— 0.96 (0.83, 1.11)
2011 ——a— 0.84 (0.72, 0.98)
2012 [ = | 0.88 (0.66, 1.17)
Overall - 0.93 (0.87, 0.99)
T T | T
0.5 0.75 1 1.5 2
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Figure 2.3. Case-time-control odds ratio of spontaneous abortion, comparing influenza
vaccine exposure 63 days prior to SAB to 63-day pre-pregnancy period, by influenza season
among women with influenza vaccine exposure in prior influenza season.

Influenza season OR (95% ClI)

2003 t = ‘ | 0.76 (0.23, 2.57)
2004 f | = { 1.37 (0.57, 3.29)
2005 f = { 0.54 (0.22, 1.35)
2006 f - { 0.69 (0.36, 1.31)
2007 f = ! 0.70 (0.41, 1.21)
2008 f = ! 1.12 (0.73, 1.72)
2009 I—I—I 1.01 (0.72, 1.41)
2010 P 0.90 (0.68, 1.20)
2011 }——l—i 1.10 (0.82, 1.47)
2012 I = ! 0.95 (0.53, 1.71)
Overall = 0.95 (0.83, 1.10)

055 O.I75 1I 1.|5 é

*Season 2001 and 2002 are not displayed due to large confidence intervals. 2001: OR=1.167 (0.06,
22.94), 2002: OR=6.40 (0.47, 86.34).
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9%

Figure 4. Secondary analyses: odds ratio of spontaneous abortion, comparing influenza vaccine exposure prior to SAB to pre-
pregnancy period, by influenza season.

Influenza season Deﬁnition B: LMP o LMP+56 OR (95% Cl) Deﬁnition C: LMP to LMP+49 OR (95% ClI)

2002 i . | 0.99 (0.55, 1.76) : - | 1.23 (0.67, 2.27)
2003 b - f 0.94 (0.63, 1.38) t o i 0.91(0.61, 1.37)
2004 } - i 1.28 (0.85, 1.94) t = i 1.62(1.02, 2.58)
2005 ; - | 1.02 (0.72, 1.45) t { 1.02 (0.69, 1.49)
2006 t = i 0.89 (0.66, 1.19) f i 0.99 (0.71, 1.37)
2007 . 1.16 (0.91, 1.48) e 1.23 (0.95, 1.59)
2008 —_— 0.93 (0.75, 1.15) A 0.99 (0.79, 1.25)
2009 [ — 1.03 (0.88, 1.19) e 1.10 (0.94, 1.30)
2010 S — 0.99 (0.85, 1.16) e 1.10 (0.93, 1.30)
2011 e 0.87 (0.74, 1.03) e 0.93 (0.78, 1.11)
2012 t = ) 0.89 (0.66, 1.19) b - i 0.98 (0.72, 1.34)
Overall - 0.96 (0.90, 1.03) = 1.05 (0.97, 1.12)

T T T

T
0.5 0.75 1 15 2 0.5 0.75 1 1.5 2



Figure 2.5. Case-time-control odds ratio of spontaneous abortion, comparing influenza vaccine exposure in a
28 day period prior to SAB, compared to a 28 day pre-pregnancy period (Definition D).

Influenza season OR (95% ClI)
2002 [ = I 0.55 (0.19, 1.62)
2003 f = : 0.84 (0.45, 1.57)
2004 f = ! 0.86 (0.49, 1.51)
2005 [ = i 0.96 (0.61, 1.52)
2006 I u | 0.98 (0.66, 1.47)
2007 f = I 0.88 (0.64, 1.22)
2008 e 0.82 (0.61, 1.09)
2009 —a— 0.82 (0.67, 1.00)
2010 —a— 0.82 (0.67, 1.01)
2011 —a— 0.76 (0.61, 0.94)
2012 F - { 0.71 (0.49, 1.03)
Overall = 0.80 (0.73, 0.87)
T T T T
0.5 0.75 1 1.5 2
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varying gestational ages to anchor the risk windows in livebirths to approximate the distribution

of gestational age at SAB, the OR was 0.87, 95% CI (0.82, 0.93) when the weeks preceding the

SAB were included in the window and 0.88, 95% CI (0.92, 0.94) when the 7 days preceding the

index date were excluded (Supplemental Figures S2-S5). The counts of women in the risk and

reference windows for all of these analyses are presented in Table 2.2.

Table 2.2. Number of women with influenza vaccination in the risk and reference windows,
by outcome, for each window and secondary analysis.

Window Spontaneous Abortion Livebirth
Risk/Reference window Risk /Reference window

Definition A 2662/2078 12439/9027
Definition B 2304/1887 10232/8056
Definition C 1958/1622 8200/7102
Definition D 1393/952 7641/4165
Definition A / 544/443 2417/1877
Previous year exposure

Definition B / 490/399 2063/1682
Previous year exposure

Def A/ varying windows 2662/2078 13122/8911
Def B/ varying windows 2304/1887 11169/8031
Def C/ varying windows 1958/1622 9365/7117
Def D/ varying windows 1393/952 7184/4128

*A: LMP to LMP+63
*B: LMP to LMP+56
*C: LMP to LMP+49
*D: LMP+35 to LMP+63
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DISCUSSION

In this study, we found no evidence for an increased risk of SAB associated with
influenza vaccination in early pregnancy. Although our estimates slightly varied with alternative
risk windows, every analysis is consistent with no increase in risk of SAB triggered by
vaccination. Some of our analyses resulted in point estimates consistent with a protective effect,
but these may be explained by other phenomena including misestimated gestational age and

behavior change prior to SAB diagnosis.

Our findings support the safety of seasonal influenza vaccination in early pregnancy as
stated by the ACIP. In contrast to Donahue, et al. 2017, we did not find evidence of an increased
risk among women with influenza vaccination in the prior seasoni9. This is consistent with the
authors’ more recent study finding of no association during influenza seasons 2012, 2013, and
201420. We also did not observe an increased risk among women exposed to the monovalent
version of the 2009 HIN1 pandemic vaccine in 2009-2010, unlike that observed in Donahue, et

al. 201719.

The primary motivation for using a case-time-control design in this study was the known
misclassification of vaccinated individuals in insurance claims databases; many adults receive
influenza vaccination for free in their workplace, school, or public health clinics. This design
inherently restricts to individuals receiving the vaccine in either the reference or risk window in a
way that is recorded in insurance claims. Except in 2009-2010, adults only receive one influenza
vaccine per season, so we have assumed that for women with a recorded vaccination in a season
we have captured all of their influenza vaccine exposure for that season. Since a case-crossover

design would have been affected by seasonality of the vaccination as described, livebirth time
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controls were used to control for the expected increasing trend in exposure upon detection of

pregnancy.

There are potential sources of bias in our study. First, we do not know the gestational age
at which SABs occur. In this study our primary analysis assumes an average gestational age at
SAB of nine weeks. Given the increasing trends in influenza vaccination after LMP, and
assuming correct LMP timing for livebirths, if the true average were earlier, we expect our odds
ratio to be biased downwards, and if the true average is later in gestation, our odds ratio may be
biased upwards. The reason for this is as follows: if the true 9 week period before SAB are
actually gestational weeks (LMP-1 week to LMP+8 weeks, i.e. SAB occurs earlier on average
than we thought), then the correct gestational age comparison in livebirths would have been
(LMP-1 to LMP+8) also. In livebirths, exposure (i.e. the denominator of the OR) in (LMP-1 to
LMP+8) is lower than exposure in (LMP to LMP+9), so the correct odds ratio would be higher
than the odds ratio we estimated. However, given the trends observed in Figure 1, it is more
likely that the average gestational age at SAB diagnoses was after week 9 rather than before,
since the increase in vaccinations begins around week 3 for SAB cases and around week 4 for
livebirths. It is therefore unlikely for this limitation to hide a true increased risk. This
phenomenon may also explain why the effect appears to be more protective when using a
gestational age distribution. The distribution skews to the right (longer gestational ages), and
livebirths have more exposure in later gestational weeks, so this would increase the denominator

and decrease the odds ratio, as observed.

With the sensitivity analyses using alternative risk windows, we saw that the week or two
prior to clinical recording of SAB should be considered carefully. Influenza vaccination appears

to plateau in this period, which may be due to prodromal symptoms of the SAB, during which
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preventive measures such as vaccination are not a priority. Alternatively, there is likely a lack of
healthcare visits in the time leading up to a scheduled pregnancy visit at which SAB is
diagnosed. By definition, the SAB cases had a healthcare visit on day LMP+63, or 9 weeks.
Livebirths did not have this restriction and could have had healthcare visits at any time during
these gestational weeks. Excluding the time closest to the diagnosis of SAB led to odds ratio
estimates closer to the null (Definition B), while vaccination during the closest days to diagnosis

appear spuriously protective.

The case-crossover design protects from conventional non-time-varying confounding.
However, the case-time-control estimate is subject to confounding: 1) if there is a within-person
time-varying confounder that is associated with the change in exposure that is different between
cases and controls, or 2) if the trend in exposure is different between the cases and controls in the
absence of an causal effect of exposure and the outcome. It is possible that women who go on to
have an SAB have some time-varying behaviors that differ from women with livebirths, but we

do not hypothesize any factor to have a substantial effect on our estimate.

Additionally, the enrollment criteria inherently require longer enrollment for livebirth
mothers (up to livebirth) than SAB mothers (up to SAB). We do not believe this to be a source of
bias in this study design because the effect of the selection would have to be associated with the
trend in probability of influenza vaccination prior to pregnancy to during pregnancy. The SAB
cohort had a slightly higher prevalence of vaccination in the period before LMP. The observed
higher level of baseline comorbidities is may be associated with an increased number of health
encounters and, therefore, opportunity for vaccination, but we do not expect this to translate to a
difference in the trend. This also extends to the analysis of women with influenza vaccine in the

prior season. We did not require all women in the analysis to have enrollment of 730 days, which
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would be required to include all possible consecutive season vaccinations (July vaccination in
first season, June vaccination in second season). This analysis is inherently restricted to women
with long previous enrollment, and different enrollment lengths depending on when their
vaccination occurred within a season. While limitations of any observational study based on
healthcare databases could certainly lead to some bias, it would be unlikely for our study to miss

a meaningful increase in risk.

A discussion of the risks of vaccination during pregnancy should be considered in the
context of the risk of fetal loss from the infection itself. Evidence concerning the effect of
influenza illness on pregnancy-related outcomes is inconsistent, with few quality studies
examining fetal loss after seasonal influenza infection29. One study showed a close to doubling in
the risk of fetal loss (HR = 1.91) comparing women infected with 2009 HIN1compared to
uninfected women, while another found a four times higher risk for stillbirth following 2009
HINT1 infectionso31. For other pregnancy outcomes, studies have shown a mix of no or a small
increased risk for outcomes such as preterm delivery and low birth weight when comparing
women with influenza or respiratory infections during pregnancy to those who remained
uninfecteds2,33. Importantly, pregnant women on average suffer from more severe influenza
illness and are at a higher risk of complications and mortality compared to non-pregnant

womeni.

Our study, from a large, national database, provides evidence consistent with the
hypothesis that influenza vaccination early in pregnancy does not increase the risk of SAB.
Further work in this area may be necessary to study the risks of newer quadrivalent and

recombinant influenza vaccines introduced in the mid-2010s.
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APPENDIX

Supplemental Figure S2.1. Distribution of gestational weeks assigned to the livebirth
controls to approximate the gestational lengths at SAB in the cases.
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Supplemental Figure S2.2 Case-time-control odds ratio of spontaneous abortion,
comparing influenza vaccine exposure 63 days prior to SAB to 63-day pre-pregnancy
period in the matched cohort, using varying risk windows among livebirths to approximate
uncertainty in the gestational age of spontaneous abortions.

Influenza season OR (95% ClI)
2002 [ = | 0.91 (0.52, 1.59)
2003 f = { 0.89 (0.62, 1.29)
2004 f - i 0.87 (0.60, 1.28)
2005 f = ! 0.86 (0.63, 1.18)
2006 t - : 0.86 (0.65, 1.13)
2007 } - i 1.06 (0.85, 1.33)
2008 f = { 0.87 (0.71, 1.07)
2009 E— 0.90 (0.78, 1.03)
2010 e 0.89 (0.77, 1.03)
2011 e 0.78 (0.67, 0.91)
2012 [ = ! 0.95 (0.72, 1.27)
Overall = 0.87 (0.82, 0.93)
T T | T
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Supplemental Figure S2.3 Case-time-control odds ratio of spontaneous abortion,
comparing influenza vaccine exposure 56 days prior to 7 days before SAB to 56-day pre-
pregnancy period in the matched cohort (Definition B), using varying risk windows among
livebirths to approximate uncertainty in the gestational age of spontaneous abortions.

Influenza season OR (95% ClI)
2002 [ = | 1.02 (0.57, 1.82)
2003 f = { 0.87 (0.59, 1.28)
2004 f 1 { 1.00 (0.66, 1.50)
2005 [ = | 0.91 (0.64, 1.29)
2006 t = i 0.82 (0.61, 1.09)
2007 [ = i 1.09 (0.85, 1.38)
2008 : = { 0.88 (0.71, 1.08)
2009 p—a— 0.90 (0.78, 1.04)
2010 e 0.91 (0.78, 1.06)
2011 —a— 0.78 (0.66, 0.92)
2012 f = i 0.92 (0.69, 1.24)
Overall = 0.88 (0.82, 0.94)
| T | T
0.5 0.75 1 1.5 2
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Supplemental Figure S2.4 Case-time-control odds ratio of spontaneous abortion,
comparing influenza vaccine exposure 49 days prior to 14 days before SAB to 49-day pre-
pregnancy period in the matched cohort (Definition C), using varying risk windows among
livebirths to approximate uncertainty in the gestational age of spontaneous abortions.

Influenza season OR (95% ClI)

2003 [ = | 0.90 (0.60, 1.34)
2004 t = i 1.25(0.79, 1.99)
2005 f = { 0.91 (0.62, 1.33)
2006 f = ! 0.91 (0.66, 1.26)
2007 F = I 1.12 (0.86, 1.45)
2008 f = ! 0.85 (0.68, 1.08)
2009 b 0.94 (0.80, 1.10)
2010 P 0.95 (0.80, 1.12)
2011 P 0.80 (0.67, 0.95)
2012 I = I 0.97 (0.71, 1.32)
Overall —a— 0.92 (0.85, 0.99)
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Supplemental Figure S2.5 Case-time-control odds ratio of spontaneous abortion,
comparing influenza vaccine exposure 28 days prior to SAB to 28-day pre-pregnancy
period in the matched cohort (Definition D), using varying risk windows among livebirths
to approximate uncertainty in the gestational age of spontaneous abortions.

Influenza season OR (95% ClI)

2003 [ = | 0.66 (0.35, 1.21)
2004 [ = | 0.72 (0.41,1.27)
2005 f = { 0.95 (0.60, 1.49)
2006 I » : 1.01 (0.68, 1.52)
2007 [ = | 0.90 (0.65, 1.24)
2008 f = I 0.82 (0.61, 1.09)
2009 p—a— 0.85 (0.69, 1.03)
2010 ] 0.87 (0.71, 1.07)
2011 [E— 0.82 (0.66, 1.02)
2012 I = { 0.88 (0.61, 1.28)
Overall —a— 0.84 (0.77, 0.92)

OTS 0.175 1 115 ;
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DX, and NDC codes t identiy influenza vaceine 00008073002 NDC
exposure. 00008076001 NDC
Code Code Type 00008076002 NDC
ggggi’_ 333391, 9141, HCPCS 00008079501 NDC
V04.81, V06.6 D9 Dx 00008079502 NDC
90470, 90630, 00008080801 NDC
90653-90664, 00008080802 NDC
wsrrs00a 0682, |
90685-90688 00008081502 NDC
00003132510 NDC 00008083501 NDC
00003132610 NDC 00008083502 NDC
00003132810 NDC 00008084001 NDC
00003132901 NDC 00008084002 NDC
00003132910 NDC 00008084801 NDC
00003133210 NDC 00008084802 NDC
00003133301 NDC 00008084901 NDC
00003133315 NDC 00008084902 NDC
00003133410 NDC 00008084935 NDC
00003133501 NDC 00008084945 NDC
00003133515 NDC 00008098001 NDC
00003133710 NDC 00008098002 NDC
00003133801 NDC 00008098035 NDC
00003133815 NDC 00008098045 NDC
00003133910 NDC 00008098101 NDC
00003134015 NDC 00008098102 NDC
00003134031 NDC 00008098135 NDC
00003134110 NDC 00008098145 NDC
00003134215 NDC 00008098201 NDC
00003134231 NDC 00008098202 NDC
00005206031 NDC 00008098501 NDC
00008064701 NDC 00008098502 NDC
00008064702 NDC 00008098601 NDC
00008068501 NDC 00008098701 NDC
00008068502 NDC 00071400608 NDC
00008073001 NDC 00071408508 NDC
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Supplemental Table S2.1 (continued)

00071408608 NDC
00071408640 NDC
00071408808 NDC
00071408840 NDC
00071408908 NDC
00071408940 NDC
00071409008 NDC
00071409040 NDC
00071409108 NDC
00071409140 NDC
00071409208 NDC
00071409240 NDC
00071409308 NDC
00071409340 NDC
00071409608 NDC
00071409640 NDC
19515084511 NDC
19515085041 NDC
19515085011 NDC
19515085052 NDC
19515088407 NDC
19515088507 NDC
19515088607 NDC
19515088707 NDC
19515088711 NDC
19515088807 NDC
19515088902 NDC
19515088907 NDC
19515089007 NDC
19515089101 NDC
19515089111 NDC
19515089302 NDC
19515089307 NDC
19515089441 NDC
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19515089452 NDC
19515089511 NDC
19515089601 NDC
19515089611 NDC
19515089801 NDC
19515089811 NDC
19515090141 NDC
19515090152 NDC
19515090301 NDC
19515090311 NDC
19515090841 NDC
19515090852 NDC
19515091241 NDC
19515091252 NDC
19650010001 NDC
19650010010 NDC
19650010101 NDC
19650010110 NDC
19650010201 NDC
19650010210 NDC
19650010301 NDC
19650010310 NDC
21695063205 NDC
33332000701 NDC
33332000801 NDC
33332000901 NDC
33332001001 NDC
33332001101 NDC
33332001201 NDC
33332001202 NDC
33332001210 NDC
33332001301 NDC
33332001302 NDC
33332001401 NDC
33332001402 NDC
33332001501 NDC




Supplemental Table S2.1 (continued)

33332001502 NDC
33332001601 NDC
33332001602 NDC
33332001701 NDC
33332001702 NDC
33332010710 NDC
33332010810 NDC
33332010910 NDC
33332011110 NDC
33332011010 NDC
33332011210 NDC
33332011310 NDC
33332011311 NDC
33332011410 NDC
33332011411 NDC
33332011510 NDC
33332011511 NDC
33332011610 NDC
33332011611 NDC
33332011710 NDC
33332011711 NDC
33332031601 NDC
33332031602 NDC
33332031701 NDC
33332031702 NDC
33332041610 NDC
33332041611 NDC
33332041710 NDC
33332041711 NDC
33332051901 NDC
33332051925 NDC
33332062910 NDC
33335001301 NDC
42874001201 NDC
42874001210 NDC
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42874001310 NDC
42874001401 NDC
42874001410 NDC
42874001501 NDC
42874001510 NDC
42874001601 NDC
42874001610 NDC
42874001701 NDC
42874001710 NDC
42874011601 NDC
42874011710 NDC
46028010801 NDC
46028011001 NDC
49281000025 NDC
49281000510 NDC
49281000525 NDC
49281000550 NDC
49281000610 NDC
49281000625 NDC
49281000650 NDC
49281000710 NDC
49281000725 NDC
49281000750 NDC
49281000810 NDC
49281000825 NDC
49281000850 NDC
49281000910 NDC
49281000925 NDC
49281000950 NDC
49281001010 NDC
49281001025 NDC
49281001050 NDC
49281001110 NDC
49281001150 NDC
49281001210 NDC
49281001250 NDC




Supplemental Table S2.1 (continued)

49281001310 NDC
49281001350 NDC
49281001358 NDC
49281001388 NDC
49281001450 NDC
49281001488 NDC
49281011125 NDC
49281011225 NDC
49281011300 NDC
49281011325 NDC
49281034310 NDC
49281034411 NDC
49281034415 NDC
49281034510 NDC
49281034511 NDC
49281034615 NDC
49281034710 NDC
49281034811 NDC
49281034815 NDC
49281034910 NDC
49281035011 NDC
49281035015 NDC
49281035110 NDC
49281035211 NDC
49281035215 NDC
49281035310 NDC
49281035411 NDC
49281035415 NDC
49281036110 NDC
49281036211 NDC
49281036215 NDC
49281036310 NDC
49281036411 NDC
49281036415 NDC
49281036510 NDC
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49281036611 NDC
49281036615 NDC
49281036811 NDC
49281036815 NDC
49281036925 NDC
49281037011 NDC
49281037015 NDC
49281037125 NDC
49281037150 NDC
49281037211 NDC
49281037215 NDC
49281037325 NDC
49281037411 NDC
49281037415 NDC
49281037615 NDC
49281037815 NDC
49281038015 NDC
49281038215 NDC
49281038415 NDC
49281038565 NDC
49281038615 NDC
49281038765 NDC
49281038815 NDC
49281038965 NDC
49281039015 NDC
49281039165 NDC
49281039215 NDC
49281039278 NDC
49281039365 NDC
49281039388 NDC
49281039415 NDC
49281039478 NDC
49281039565 NDC
49281039588 NDC
49281039615 NDC
49281039678 NDC




Supplemental Table S2.1 (continued)

49281039765 NDC
49281039788 NDC
49281039965 NDC
49281039988 NDC
49281040165 NDC
49281040188 NDC
49281041310 NDC
49281041350 NDC
49281041358 NDC
49281041388 NDC
49281041410 NDC
49281041450 NDC
49281041458 NDC
49281041488 NDC
49281041550 NDC
49281041510 NDC
49281041558 NDC
49281041588 NDC
49281041610 NDC
49281041650 NDC
49281041658 NDC
49281041688 NDC
49281041710 NDC
49281041750 NDC
49281041758 NDC
49281041788 NDC
49281051300 NDC
49281051325 NDC
49281051400 NDC
49281051425 NDC
49281051525 NDC
49281051600 NDC
49281051625 NDC
49281051700 NDC
49281051725 NDC
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49281051825 NDC
49281061915 NDC
49281062115 NDC
49281062178 NDC
49281062315 NDC
49281062378 NDC
49281062515 NDC
49281062578 NDC
49281062715 NDC
49281062778 NDC
49281062915 NDC
49281064015 NDC
49281065010 NDC
49281065025 NDC
49281065050 NDC
49281065070 NDC
49281065026 NDC
49281065027 NDC
49281065028 NDC
49281065050 NDC
49281065070 NDC
49281065090 NDC
49281070355 NDC
49281070555 NDC
49281070748 NDC
49281070755 NDC
49281070840 NDC
49281070848 NDC
49281070948 NDC
49281070955 NDC
49281071040 NDC
49281071048 NDC
49281071240 NDC
49281071248 NDC
53014010001 NDC
53014010010 NDC
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54569413900 NDC
54569480400 NDC
54569480500 NDC
54569513600 NDC
54569513700 NDC
54569518100 NDC
54569530700 NDC
54569532300 NDC
54569544900 NDC
54569545100 NDC
54569582100 NDC
54569585600 NDC
54569597100 NDC
54569641800 NDC
54868382900 NDC
54868384800 NDC
54868412400 NDC
54868413000 NDC
54868444000 NDC
54868458100 NDC
54868467600 NDC
54868494900 NDC
54868549500 NDC
54868566500 NDC
54868581300 NDC
54868594100 NDC
54868605900 NDC
54868617700 NDC
54868618000 NDC
58160087251 NDC
58160087346 NDC
58160087446 NDC
58160087546 NDC
58160080815 NDC
58160087541 NDC
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58160087546 NDC
58160087641 NDC
58160087646 NDC
58160087741 NDC
58160087746 NDC
58160087852 NDC
58160087952 NDC
58160088052 NDC
58160088141 NDC
58160088152 NDC
58160088341 NDC
58160088352 NDC
58160089852 NDC
58160090041 NDC
58160090052 NDC
58160090141 NDC
58160090152 NDC
58160090341 NDC
58160090352 NDC
58160090541 NDC
58160090552 NDC
58160090741 NDC
58160090752 NDC
62577061301 NDC
62577061311 NDC
62577061411 NDC
62577061401 NDC
63851061101 NDC
63851061201 NDC
63851061211 NDC
63851061301 NDC
63851061311 NDC
64029409801 NDC
64029409802 NDC
64029409901 NDC
64029409902 NDC
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66019010001 NDC
66019010101 NDC
66019010201 NDC
66019010401 NDC
66019010501 NDC
66019010601 NDC
66019010701 NDC
66019010801 NDC
66019010805 NDC
66019010810 NDC
66019010910 NDC
66019011010 NDC
66019020001 NDC
66019020005 NDC
66019020010 NDC
66019030010 NDC
66019030101 NDC
66019030110 NDC
66019030210 NDC
66019030301 NDC
66019030310 NDC
66019030401 NDC
66019030410 NDC
66521000001 NDC
66521000011 NDC
66521010410 NDC
66521010510 NDC
66521010610 NDC
66521010710 NDC
66521010401 NDC
66521010501 NDC
66521010601 NDC
66521010701 NDC
66521010801 NDC
66521010810 NDC
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66521010901 NDC
66521010910 NDC
66521011001 NDC
66521011002 NDC
66521011010 NDC
66521011101 NDC
66521011102 NDC
66521011110 NDC
66521011202 NDC
66521011210 NDC
66521011302 NDC
66521011310 NDC
66521011402 NDC
66521011410 NDC
66521011502 NDC
66521011510 NDC
66521011602 NDC
66521011610 NDC
66521011611 NDC
66521011612 NDC
66521011702 NDC
66521011710 NDC
66521011711 NDC
66521011712 NDC
66521011802 NDC
66521011810 NDC
66521011811 NDC
66521011812 NDC
66521020002 NDC
66521020010 NDC
66521020010 NDC
70461000101 NDC
70461000111 NDC
70461000201 NDC
70461000211 NDC
70461011902 NDC
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70461011910 NDC
70461011911 NDC
70461011912 NDC
70461012002 NDC
70461012010 NDC
70461012011 NDC
70461012012 NDC
70461020001 NDC
70461020002 NDC
70461020011 NDC
70461020012 NDC
70461020101 NDC
70461020111 NDC
70461030110 NDC
70461030112 NDC
70461031803 NDC
70461041810 NDC
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70461061401 NDC
70461061411 NDC
76420047010 NDC
76420047101 NDC
76420048101 NDC
76420048201 NDC
76420048301 NDC
7642047010 NDC
7642047101 NDC
76420049101 NDC
76420049301 NDC
76420049501 NDC
76420051001 NDC
76420051101 NDC
76420051501 NDC
76420051701 NDC
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ABSTRACT

Background: Pregnancy cohorts nested in large health care databases allow the study of
medications in relation to multiple adverse pregnancy outcomes. However, databases record
neither the date of conception nor the gestational age at the end of pregnancy, which is necessary
to estimate the pregnancy start date. For livebirths, validated algorithms are available to estimate
the gestational age at birth. For pregnancy losses, investigators may assign an average gestational
age, or a distribution of gestational ages expected in the study population, at the end of
pregnancy. We conducted a simulation to estimate the potential bias in estimates of spontaneous
abortion (SAB) risks associated with exposures in early pregnancy when gestational ages at

SABs are unknown.

Methods: Using a simulation study, we quantified the potential bias caused by comparing
exposure within gestational age risk-set by frequency-matching the index date (date of SAB)
distribution to index dates in non-cases (livebirths). The simulation was conducted 1,000 times
with N=50,000 for each exposure-association scenario. We simulated under three exposure
patterns (stable, increasing, decreasing) and three exposure-outcome associations (null, medium,
and large). Seven frequency-matching options were compared to the true association: using a
single . A real-world example of the effect of HPV vaccination in early pregnancy on the risk of

SAB is presented as an application of the frequency-matching options tested in the simulation.

Results: These simulations show that for a stable prevalence of exposure, variations of
gestational age index for non-cases result in little to no bias. However, when exposure increases
or decreases during early pregnancy, there may be clinically meaningful bias (about 20-40% in
our examples) depending on the index distribution used. The magnitude and direction of the bias

under different gestational age distributions depends on the degree of misspecification of the
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distribution, and the degree and direction of exposure trends in early pregnancy. The odds ratio
of SAB for HPV vaccine in early pregnancy compared to unexposed ranged from 0.861 (0.797,
0.931) when assigning index to 8 weeks to 1.040 (0.962, 1.125) when assigning 10 weeks; ORs

using weekly distributions fell between these two estimates.

Conclusion: For exposure patterns similar to those simulated in this study, observational studies
can estimate potential bias due to lack of information on gestational age at pregnancy loss by
conducting sensitivity analyses at a range of index date distributions. Exposures with no
substantial trend over the early pregnancy period will not be subject to large bias from this
misclassification. The HPV example supports the conclusions from simulations as an extreme

example of a point exposure with substantial discontinuation early in pregnancy.
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INTRODUCTION

Pregnancy cohorts identified within health care databases are becoming a common source
of real world evidence on the potential risks associated with interventions during pregnancyi-3.
There is clinical interest in the effect of drugs on a variety of adverse pregnancy outcomes,
including pregnancy loss. However, there is a unique challenge to consider: Since the start of
pregnancy is not a claim-generating event, pregnancies are identified by the end-of-pregnancy
event, which are typically recorded (live birth, stillbirth, spontaneous abortion (SAB), etc.). The
last menstrual period (LMP) date is then estimated by subtracting gestational age from the date
of the end-of-pregnancy eventi4,5. While for livebirths, validated algorithmsi,2,6 have been shown
to estimate LMP quite accuratelys, for pregnancy losses a claims-based algorithm to estimate
gestational age is currently not available. The gestational age at the time of the pregnancy loss is
unknown because there are no insurance claim codes for gestational age at pregnancy loss, and
losses can occur throughout the pregnancy with some probabilistic distribution. Therefore, for
any individual SAB or stillbirth, we currently do not have a reliable way to assign a gestational

age at the time of the event, and therefore the LMP date is also unknown.

Determining the gestational age at which the SAB occurs is necessary to define the
gestational time window during which to measure exposure. Following a risk-set sampling
paradigm for time-varying exposure, each case is matched on index date (gestational age of
SAB) to a non-case at that gestational age, and exposure is measured in the preceding
hypothesized etiologic window. Transient exposures, such as short term medication use or
vaccinations, are more sensitive to misclassification of the exposure window compared to
chronic or stable exposures. The situation is further complicated if either the frequency of

exposure or its effects change over gestational age (e.g., drugs discontinued after pregnancy
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recognition, or exposures only abortifacient at specific weeks). In the presence of such trends,
misclassification of the index date of SAB, and therefore a mismatch of the gestational age
exposure window with the livebirth risk-set can lead to a substantially different prevalence of

exposure.

Despite missing gestational age at index date for SABs in insurance claims data, we can
draw on clinical experience and prospective studies to draw an approximate distribution of
gestational ages at SAB. Then, instead of using individual risk-set matching, we can implement
frequency-matching to get the same distribution of index dates for cases and the underlying
pregnant population, and sample exposure from the hypothesized risk window in cases and non-
cases. The difference in the approximate distribution and the true distribution in a study will be a
source of bias under certain conditions. Prior studies have assigned an average gestational age at

SAB estimate of nine or ten weeks, and of 28 weeks for stillbirths2,7.s.

In this study, we simulate analyses under varying exposure trends and exposure-outcome
associations to compare the bias generated from assuming gestational age at SAB distributions.
We then implemented these analyses in a real-world example to estimate the effect of

periconceptional (LMP-30 days to LMP+63 days) HPV vaccination on the risk of SABo-11.
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METHODS

We conducted a simulation to estimate the potential bias in estimates of SAB risks
associated with exposures in early pregnancy when gestational ages at SAB are unknown. For
each analysis, we conducted 1,000 simulations of size N=50,000. SABs were assigned to 10%
(n=5,000), and non-cases (livebirths representing continuing pregnancies) 90%, n=45,000. A
“true” distribution of gestational age was assigned to the SABs, based on an approximate
Gamma distribution fit to observed gestational lengths by Savitz, et al (Figure 3.1)12. The

average gestational age in the true distribution is 9.6 weeks.

Risk-set sampling by gestational age was used to measure exposure, so that the odds ratio
estimates the incidence rate ratio and accounts for time-varying exposures and outcomes. Since
we do not know the gestational age of an individual SAB, we used a frequency-matching
approach so that the index dates for the cases and the underlying population have the same
distribution. The non-cases (pregnancies ending in livebirths) were each randomly assigned an
index date from an approximated SAB gestational age distribution to frequency-match to the
gestational age distribution in the SABs. Seven gestational age distribution options were
compared: (1) all index at 8 weeks (potential average gestational age at SAB in the study
population), (2) all index at 9 weeks, (3) all index at 10 weeks, (4) a weekly distribution of
gestational ages with an average of 8.5 weeks, (5) a weekly distribution from a Denmark-based
cohorti3 that differs from the true distribution applied to the SABs but has a close average
gestational age (9.7 weeks), and (6) a crude (five broad categories of gestational weeks) version
of the weekly distribution. The performance of each approximated gestational age distribution
was assessed by comparing the estimates from those analyses to the estimate obtained when

using the true gestational age distribution, which is not identifiable in the real world.
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Figure 3.1. Gestational age distributions

A) Gestational age distribution applied to the spontaneous abortions in each simulation, based on
observed distribution by Savitz, et al.

B) Crude (broad categories) gestational age index distribution compared to the SAB distribution in panel
A

C) Weekly gestational age index distribution compared to the SAB distribution in panel A

D) Early gestational age index distribution compared to the SAB distribution in panel A
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The misspecification of gestational age distribution bias will depend on the true
exposure-outcome association and the underlying exposure pattern, so we simulated variations of
these two factors. The true exposure-outcome association was either set to null by using the same
exposure pattern in both SABs and non-cases or was increased by setting the prevalence of
exposure in SABs to 1.3 or 2 times higher than non-cases. Exposure patterns were simulated by
randomly assigning exposure from a distribution of weekly exposure proportions around the start
of pregnancy. Ten exposure patterns were simulated (scenarios A-J) and are described in Table
1. For example, in scenario A, a constant 0.06% of the population was exposed in each week
before and after last menstrual period (LMP) (Table 3.1). Each individual could only be exposed
in one week. Weekly exposure proportions were based on observed exposures to HPV vaccine

and influenza vaccine in a pregnancy cohort.

In scenarios A-D, the exposure distribution was stable from pre-pregnancy through week
20. In scenarios C and D, we sought to determine if the bias differed when the true etiologic
window was smaller than the assumed etiologic window. Scenario C limits the true increased
association to the 2 weeks prior to SAB, and scenario D limits the increased association to
gestational weeks 5-7. In scenarios E-G, exposure decreases after pregnancy initiation, similar to
what might be observed for a contraindicated or non-preferred medication in pregnancy. In
scenarios H-J, exposure increases, as might be expected for a recommended or preferred

medication in pregnancy.

For all analyses, the etiologic window of exposure was set to be nine weeks. This means
that for each exposure occurrence (e.g. vaccination), exposure was carried forward for nine
weeks (Figure 3.2). If an individual in the simulation had a point exposure at week 7, they were

considered exposed for weeks 7 through 16. Therefore, if their assigned (for non-cases) or true
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Table 3.1. Ten exposure pattern scenarios simulated. Patterns F-J were simulated twice,
with a prevalence ratio of 1.3 and 2.

Scenario Data-generating Exposure Exposure prevalence
association pattern
A OR=1 Constant 0.06%/week
B OR=13,2 Constant 0.06%/week except:
9 weeks prior to SAB: 0.078% or 0.12%
C OR=1.3,2 Constant 0.06%/week except
2 weeks prior to SAB: 0.078% or 0.12%
D OR=1.3,2 Constant (0.06%/week) except
Gestational weeks 5,6,7: 0.078 or 0.12%/week
E OR=1 Decreasing 0.06%/week at week 0 — 0.01% at week 9
F OR=1 Decreasing 0.6%/week at week 0 — 0.1% at week 9
G OR=13,2 Decreasing 0.06%/week—0.01%/week for livebirths
0.06%/week—0.02%/week for SAB
H OR=1 Increasing 0.075%/week —0.2%/week
I OR=1 Increasing 0.75%/week —2.0%/week
J OR=1.3,2 Increasing 0.075%/week—0.2%/week for livebirths
0.075%/week —0.4%/week for SABs
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Figure 3.2. Schema of frequency matched risk set sampling.

SAB cases, with unknown gestational ages, are estimated to have some gestational age distribution
(shown in pink). This distribution is sampled among non-cases (livebirths in this study) to frequency
match index dates to the unknown individual SAB gestational ages. Exposure is measured at the index
date in livebirths. Here, point exposure is assumed to have a 9 week etiologic window, as shown in
yellow.
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(for cases) index date was anytime from 7-16 weeks, they would be categorized as exposed.

Otherwise, they would be unexposed.

Logistic regression was used to estimate the odds ratios with exposure as the independent
variable. No other variables were included in the models, as confounding was not applied in the
simulation. Box plots display the odds ratios from each simulation. Bias was estimated by
comparing beta estimates (log odds ratios) from each analysis to the estimate from the analysis

using the true distribution.

Real world example

To explore this bias in a real-world example, we conducted a study on the association of
HPYV vaccine in the periconceptional period with the risk of SAB in pregnant women identified
in the Medicaid Analytic eXtract (MAX) database. From prior literature, the risk window is
hypothesized to begin one month prior to LMPo,14,15. Exposure to vaccination in SAB cases was
defined as any code for HPV vaccine in the 93 days prior to SAB (for an average SAB at 9
weeks, this covers gestational days 1-63 + 30 days pre-LMP). This was compared to exposure to
HPV vaccine in a 93 day window prior to assigned index date in livebirths. Livebirth index date
was assigned in the same six ways as the above simulation: at 8 weeks, 9 weeks, 10 weeks, a
crude distribution, a weekly distribution with mean 8.5, and a weekly distribution with mean 9.7.
Logistic regression was used to estimate the odds ratio of SAB in women exposed to HPV
vaccine in the periconceptional window compared to women unexposed to HPV vaccine. To
adjust for confounding, the regression included variables for multiparity, age, and variables
measured in pre-pregnancy (LMP-183 to LMP-30): ultrasound, number of generic medications,
number of outpatient visits, emergency contraception, oral contraception, diagnosis of PCOS and

diagnosis of endometriosis.
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RESULTS

Box plots of odds ratios are presented in Figure 3.3. In scenarios with a stable trend in
exposure, all gestational age distributions estimated odds ratios with little to no bias (A, B, C, D).
In scenarios where the assumed exposure etiologic window (9 weeks) was longer than the true
etiologic window (2 or 3 weeks in scenarios C and D respectively), the odds ratio is an
underestimate of the acute association, but this underestimate is the same regardless of the
gestational age distribution in the analysis, and would be underestimated even if we knew the
true gestational ages. In scenario D, where the increased risk was set to gestational weeks 5-7

regardless of SAB index, using a weekly distribution performed the same as using an average.

For the scenarios with a trend in exposure and an underlying null association, odds ratios
were close to the true estimate when the mean gestational age in the distribution was close to the
true mean gestational age (Scenarios E, F, H, I). For example, in the scenarios with a decreasing
trend in exposure and a null association (E and F), the median OR for assigning a weekly index
distribution with mean 9.7 weeks was 1.01. In contrast, using an index of 8 weeks or a
distribution with mean 8.5 weeks results in downward bias of about 21% (median OR = 0.81).
This was true for both increasing and decreasing exposure, but with an increase in exposure
(Scenarios H and I) assigning index at 8 weeks is an overestimate. The magnitude of bias does
not appear to depend on the overall prevalence of exposure. Bias was similar between scenarios

E and F, and between H and I, where the only difference was a 10-fold more common exposure.

When exposure increases or decreases after pregnancy initiation and there is a true
increased risk between exposure and SAB, it is more difficult to predict the direction of bias. In
scenario G, exposure decreases from week 0 to week 8, and decreases more rapidly among the

livebirths. For a moderate increase in risk (here, OR=1.3), assigning an index of 8 weeks results
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Figure 3.2. Box plots of odds ratios from 1,000 simulations of the logistic regression of exposure at index date and spontaneous

abortion.
*Each panel represents the exposure scenario as described in Table 1. Each boxplot within the panel are the odds ratios estimated for

each index date distribution applied to the livebirths (8= 8 weeks, 9=9 weeks, 10= 10 weeks, Early = weekly distribution with mean
8.5 weeks, Crude = broad categories of gestational weeks, Weekly = weekly distribution with mean 9.7 weeks, True = the true
gestational age distribution in the SABs). Horizontal lines are set at the median OR for the True analysis.
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in a downward bias of 0.19 (log odds ratio scale), and a similar upward bias when assigning an

index of 10 weeks. When the true association is larger (here, OR=2.0), the upward bias of using
index at 10 weeks is larger (0.47 log odds ratio scale). At both levels of association, the weekly
distribution index results in the least bias, due to the close approximation of the true average

gestational age.

For an increasing exposure with an increased risk of SAB (scenario J), using an index
that is earlier than the true average results in an overestimation of the true odds ratio, and vice
versa for a later than average index. In scenario J, as with scenario G, the weekly or crude
distribution with average gestational age close to the true average results in odds ratios with little

to no bias.

In our real-world example, assigning livebirth index date to 8, 9 and 10 weeks, the odds
ratio of SAB within the 93 days after the vaccination was 0.86, 95% CI (0.80, 0.93), 0.94, 95%
CI(0.87, 1.02), and 1.04, 95% CI (0.96, 1.13) (Table 3.2). Using a crude distribution of
gestational ages results in an odds ratio estimate of 1.03, 95% CI (0.96, 1.12), similar to the
weekly distribution with an odds ratio of 1.01, 95% CI (0.93, 1.09). Lastly, when using a weekly
distribution with an earlier mean gestational age, OR = 0.91, 95% CI (0.84, 0.98). These odds
ratio estimates are similar to what we observed in Scenario E, under a null association with a

similar decreasing exposure pattern.
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Table 3.2. Odds ratio and log odds ratios comparing periconceptional HPV vaccination in
pregnancies ending in spontaneous abortion compared to those ending in livebirths, using
three different gestational age at SAB assumptions.

Gestational age distribution n, LB n, SAB OR (95% CI)

8 weeks 8159 696 0.861 (0.797, 0.931)
9 weeks 7507 696 0.941 (0.870, 1.017)
10 weeks 6802 696 1.040 (0.962, 1.125)
Crude distribution 6838 696 1.033 (0.955, 1.118)
Early 7726 696 0.910 (0.841, 0.983)
Weekly 7012 696 1.01 (0.932, 1.090)
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DISCUSSION

The simulations conducted in this study show that when the prevalence of exposure is
stable, choice of gestational age index for non-cases results in little to no bias. However, when
exposure increases or decreases during early pregnancy, there may be clinically meaningful bias
(about 20-40% in our examples) depending on the index distribution used. It appears that the
amount of bias is related to how close the average assigned gestational age is to the average
gestational age in the SABs. However, since this cannot be measured in a real world study,

investigators should conduct sensitivity analyses around their choice of index distribution.

The specific pattern of the bias (over or under-estimation) and the magnitude of the bias
from gestational age assumptions depends on how close the assumed gestational age distribution
is to the true distribution. While the magnitude of the bias observed here will not replicate unless
the true gestational age distribution in a study is the same as the one we applied, investigators
can use multiple index distributions to determine the potential magnitude of bias in their own
study. The larger the discrepancy between the assumed distribution and the true distribution, the
larger the resulting bias. However, we do have some clinical basis for the distribution of

gestational age at SAB, so there is a natural upper limit to the resulting bias.

A commonly used alternative to identifying gestational age risk sets for spontaneous
abortions is to use exposure at any time during the first trimester. This is never recommended to
answer causal questions for exposures associated with spontaneous abortion due to immortal
time bias in spontaneous abortionsis. That is, the outcome affects the length of the exposure
window; SABs have a shorter time to be exposed in the first trimester- to be exposed at three

months the pregnancy has to survive three months by definition.
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There are caveats to the conclusions of this simulation. First, we have simulated a point
exposure. For drug exposures that are chronic, we expect the bias to decrease since exposure is
spread across more days, and therefore the timing is less likely to be misclassifieds. Therefore,
this simulation provides estimates of bias at the extreme, and our recommendations are
conservative for chronic exposures. We also did not simulate the effect if the exposure of interest
is more than one exposure (e.g. two vaccinations or two drug dispensings). This is an area for
further investigation, and the results will depend heavily on the pattern of exposures. The
conclusions based on these single exposure scenarios may not apply to all exposure definitions.
Additionally, our simulation includes somewhat extreme exposure trends (~6-fold changes). We
hypothesize that less extreme changes in exposure will be subject to less bias from the

gestational age distribution choice.

We have to make several assumptions for the frequency-matched risk set sampling
approach. First, that the effect of the exposure is transient and our exposure definition captures
the etiologic window. Second, that the ratio effect estimate is constant over the gestational period
of interest (or, alternatively, it is an average over the period). Third, that our estimation of
gestational age for non-events is accurate. Fourth, that the event (SAB) is infrequent, so that
livebirths can represent the exposure pattern in the underlying cohort of non-events at their index
date. Lastly, that our sampling method (non-replacement) generates a distribution of index dates

that are proportional to the distribution they are sampled from.

Another consideration for application of these gestational age distributions is the effect
on defining a baseline period. In most cohort pharmacoepidemiology studies, a baseline period is
used to exclude prior exposure and measure potential confounders. As the gestational age

distribution is applied to livebirth pregnancies, investigators may need to change the baseline
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definition, depending on the study question. For example, if some livebirths are assigned an
index of 6 weeks, an etiologic window of >6 weeks will include some pre-LMP time. If baseline
is defined as the pre-LMP period, there will be overlap between baseline and exposure

measurement.

Investigators designing studies on pregnancy loss in a claims-based database should
consider the implications of estimating a gestational age distribution for pregnancy losses when
there is a trend in exposure during the exposure period of interest and when a non-null
association is hypothesized. However, other sources of bias, including misclassification due to
incorrect selection of the time window, may have stronger effects on risk estimates. We
recommend that in studies with trends in exposure, investigators conduct sensitivity analyses

with a range of potential average gestational ages to triangulate an unbiased estimate.
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