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Background. To date, no study has examined influenza vaccine effectiveness (IVE) against laboratory-confirmed influenza-as-
sociated hospitalizations during pregnancy.

Methods. The Pregnancy Influenza Vaccine Effectiveness Network (PREVENT) consisted of public health or healthcare systems with
integrated laboratory, medical, and vaccination records in Australia, Canada (Alberta and Ontario), Israel, and the United States (California,
Oregon, and Washington). Sites identified pregnant women aged 18 through 50 years whose pregnancies overlapped with local influenza
seasons from 2010 through 2016. Administrative data were used to identify hospitalizations with acute respiratory or febrile illness (ARFI)
and clinician-ordered real-time reverse transcription polymerase chain reaction (rRT-PCR) testing for influenza viruses. Overall IVE was
estimated using the test-negative design and adjusting for site, season, season timing, and high-risk medical conditions.

Results. Among 19450 hospitalizations with an ARFI discharge diagnosis (across 25 site-specific study seasons), only 1030
(6%) of the pregnant women were tested for influenza viruses by rRT-PCR. Approximately half of these women had pneumonia or
influenza discharge diagnoses (54%). Influenza A or B virus infections were detected in 598/1030 (58%) of the ARFI hospitalizations
with influenza testing. Across sites and seasons, 13% of rRT-PCR-confirmed influenza-positive pregnant women were vaccinated
compared with 22% of influenza-negative pregnant women; the adjusted overall IVE was 40% (95% confidence interval = 12%-59%)
against influenza-associated hospitalization during pregnancy.

Conclusion. Between 2010 and 2016, influenza vaccines offered moderate protection against laboratory-confirmed influen-
za-associated hospitalizations during pregnancy, which may further inform the benefits of maternal influenza vaccination programs.
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Pregnant women are at increased risk of severe complications
from influenza virus infections, including hospitalization [1-3].
Consequently, the World Health Organization and many national
public health agencies recommend that pregnant women receive
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influenza vaccination [2, 4, 5]. Although randomized controlled
trials [6, 7] and observational studies of pregnant women [8,
9] suggest influenza vaccination may reduce the risk of mild
to moderately severe influenza illness by half, no study to date
has examined influenza vaccine effectiveness (IVE) in prevent-
ing severe influenza illness associated with hospitalization dur-
ing pregnancy. The paucity of data on IVE in preventing severe
influenza-related outcomes in pregnant women has been a major
challenge to maternal immunization policymaking [2, 10], espe-
cially in low- and middle-income countries (LMICs) [5]. Even in
high-income countries, influenza vaccines are widely underuti-
lized during pregnancy [11, 12].
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Addressing this knowledge gap with observational studies
poses challenges because of the large number of women needed
to evaluate IVE against influenza hospitalization, and random-
ized placebo-controlled trials would be unethical. Therefore,
the US Centers for Disease Control and Prevention (US CDC)
in collaboration with national and international partners with
integrated medical, laboratory, and vaccination records estab-
lished the Pregnancy Influenza Vaccine Effectiveness Network
(PREVENT) to assess IVE in preventing laboratory-confirmed
influenza (LCI) hospitalizations during pregnancy.

METHODS

Study Sites

PREVENT comprises 5 study sites in 4 countries (see
Supplementary Table A). Regional public health and medical
records were examined for residents in Western Australia and the
provinces of Alberta and Ontario, Canada, whereas electronic
medical records of large integrated care systems were examined
for health plan members in the United States (Kaiser Permanente
in Northern California, Oregon, and Washington) and Israel
(Clalit Health Services). All sites reported high data capture rates
for influenza vaccination from their review of medical records
(Israel and USA), billing claims (Ontario), and/or regional
immunization registries (Western Australia, Alberta, USA). At all
study sites, influenza vaccination was recommended for pregnant
women and available free of cost. Almost all influenza vaccines
were trivalent and inactivated. Institutional Review Boards of
the participating organizations approved the study protocol and
procedures.

Influenza Seasons

Sites contributed data for 3 to 6 seasons, for a combined total
of 25 site-specific study seasons. Southern hemisphere (SH)
data from Western Australia were combined with northern
hemisphere (NH) seasons with homologous influenza vac-
cine components and similar circulating strains (Table 1 and
Supplementary Table B). Israel did not contribute data for NH
2011-12 due to limited clinical testing during that season.
Similar to previous studies that defined influenza seasons con-
sistently across countries [13, 14], sites used regional laboratory
surveillance data to identify early, peak, and late periods for
each season (Supplementary Table C). The peak period con-
tained weeks during which >68% of the entire season’s influ-
enza positives were identified [15]. Median season length was
19 weeks (interquartile range [IQR] = 17-23); prominent influ-
enza virus strains (>20% of tested specimens) were identified
from a combination of clinical testing results and regional sur-
veillance (described in Supplementary Table C).

Inclusion and Exclusion Criteria
Pregnant women aged 18-50 years were identified by
records of live births or stillbirths with gestations >20 weeks.

Hospitalization records were extracted for these women if their
pregnancy overlapped with the local influenza season.

Hospitalizations for acute respiratory or febrile illness (ARFI)
were identified using a shared list of International Classification
of Diseases, 9th and 10th Revision (ICD-9/ICD-10) diagnosis
codes (Supplementary Methods). These codes have been applied
in previous studies of medically attended influenza illness [8,
16, 17] and were expanded to include other acute illnesses, such
as febrile disease and sepsis-like presentations, that may also be
associated with severe influenza disease among adults [18, 19].
A pregnant woman could contribute more than 1 hospital event
if the admission occurred >14 days after the previous hospital
discharge date; a second admission within 14 days of discharge
was combined with the first event (i.e., the initial hospitaliza-
tion) for analytic purposes.

We included ARFI hospitalizations among pregnant women
only if there was also a clinician-ordered real-time reverse tran-
scription polymerase chain reaction (rRT-PCR) test for influ-
enza virus that occurred within 3 days prior to admission (to
include ambulatory or emergency care testing that preceded
admission) through the discharge date. ARFI hospitalizations
among pregnant women with influenza results obtained only
through non-PCR laboratory testing were excluded. Patients
who were vaccinated <14 days prior to hospital admission and
those for whom influenza vaccination status could not be docu-
mented were also excluded.

Statistical Analysis

IVE was assessed using the test-negative design (TND), whereby
IVE equals 1 — odds ratio [ratio of odds of vaccination among
influenza-positive cases to the odds of vaccination among influ-
enza-negative controls] x 100% using logistic regression. The
TND is believed to minimize biases associated with access to
influenza vaccines and healthcare seeking [20, 21]. Nonetheless,
IVE estimates were adjusted for site, season, season timing at
hospital admission (early, peak, vs. late), and the presence
of high-risk medical conditions (Supplementary Methods),
because of the associations between these covariates and both
influenza virus-positivity and vaccination status as well as to
aid in comparability with IVE estimates from other studies
[22]. Other variables that appeared to be potential confounders
in our data (trimester at admission, ARFI primary diagnosis,
pneumonia or influenza ICD-coded diagnosis, pregnancy com-
plication, delivery during hospitalization, or intensive care unit
[ICU] admission) and/or have been shown to be confounders in
previous TND studies (age and race) [16, 23] did not change the
adjusted VE by >5%, in our study, and thus were not included
in the IVE models.

We estimated IVE using a model that combined all data, but
adjusted for covariates including site and season; this approach
has been used in previous studies that estimated IVE among
relatively small populations or against rarer influenza outcomes
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Table 1. Characteristics of Pregnant Women Hospitalized With Acute Respiratory or Febrile lliness (ARFI) Who Were Positive vs. Negative With Real-time
Reverse Transcription Polymerase Chain Reaction (rRT-PCR) Confirmed Influenza Virus Infections and Percentage Vaccinated

Sample Negatives Positives® Vaccinated
N (Col. %) N (Col. %) N (Col. %) P-value N (Row %) P-Value

All hospitalizations 1030 (100) 432 (100) 598 (100) 169 (16)

Site and Season Characteristics

Site 0.0002 <.0001
Australia (Western) 74 (7) 39 (9) 35 (6) 7 (9)

Canada (Alberta) 186 (18) 84 (19) 102 (17) 23 (12)
Canada (Ontario) 354 (34) 132 (31) 222 (37) 27 (8)
Israel 265 (26) 94 (22) 171 (29) 37 (14)
USA (Western) 151 (15) 83 (19) 68 (11) 75 (50)

Season 0.55 .004
NH 2010-11 167 (16) 70 (16) 97 (16) 14 (8)

NH 2011-12 84 (8) 41 (9) 43 (7) 17 (20)
NH 2012-13 and SH 2013 192 (19) 73 (17) 119 (20) 31 (16)
NH 2013-14 200 (19) 81 (19) 119 (20) 25 (13)
SH 2014 and NH 2014-15 171 (17) 78 (18) 93 (16) 36 21)
SH 2015 and NH 2015-16 216 (21) 89 (21) 127 (21) 46 (21)

Season timing of hospital <0.0001 .02
admission®
Early season 116 (11) 61 (14) 55 (9) 25 (22)

Peak season 582 (57) 207 (48) 375 (63) 104 (18)
Late season 332 (32) 164 (38) 168 (28) 40 (12)

Descriptive Characteristics

Age at admission 0.12 .30
<35 years 811 (79) 330 (76) 481 (80) 128 (16)
>35 years 219 (21) 102 (24) 17 (20) 41 (19)

Parity® 0.65 .92
0 313 (30) 130 (30) 183 (31) 51 (16)

1 357 (35) 151 (35) 206 (34) 56 (16)
>2 360 (35) 151 (35) 209 (35) 62 (17)

Trimester at index admission 0.03 .16
First (0-13 weeks) 60 6) 33 8) 27 (5) <5 (<8) "
Second (14-27 weeks) 298 (29) 134 (31) 164 (27) 46 (15)

Third (=28 weeks) 672 (65) 265 (61) 407 (68) 18 (18)

Health Status

Any high risk medical <0.0001 <.0001
condition®
No high risk 680 (66) 236 (55) 444 (74) 83 (12)

One or more high risk 350 (34) 196 (45) 154 (26) 86 (25)

Asthma 0.01 <.0001
No asthma 926 (90) 376 (87) 550 (92) 138 (15)

Asthma 104 (10) 56 (13) 48 (8) 31 (30)

Cardio-pulmonary condition <0.0001 .001
No cardiac or pulmonary 868 (84) 327 (76) 541 (90) 128 (15)

One or more cardiac or 162 (16) 105 (24) 57 (10) 41 (25)
pulmonary

Index Hospitalization

ARFI was first or primary 0.0001 <.0001
diagnosis
ARFI not primary 498 (48) 239 (55) 259 (43) 106 (21)

ARFI was primary 532 (52) 193 (45) 339 (57) 63 (12)

Delivery at index hospitalization 0.01 .02

No delivery 807 (78) 322 (75) 485 (81) 121 (15)
Delivery 223 (22) 110 (25) 113 (19) 48 (22)
(Continued)

1446 « CID 2019:68 (1 May) « Thompson et al

1202 J9qUBAON £Z U0 1s8nB Aq 06£9Z L S/t 1/6/89/9101ME/PID/W00 dNOD1Wepese)/:Sdjy WO paPEOUMOQ



Table 1. Continued
Sample Negatives Positives® Vaccinated
N (Col. %) N (Col. %) N (Col. %) P-value N (Row %) P-Value
ICU 0.0002 .52
No ICU admission 931 (90) 374 (87) 557 (93) 159 (17)
ICU admitted 75 (7) 47 (1) 28 (5) 10 (13)
Unknown 24 (2) 1 (3) 13 (2) 0 (0)
Pneumonia or influenza <0.0001 .01
diagnosed
No pneumonia or influenza 470 (46) 263 61) 207 (35) 87 (19)
Pneumonia or influenza 560 (54) 169 (39) 391 (65) 82 (15)
diagnosed
Febrile disease diagnosed <0.0001 .80
No febrile disease 920 (89) 365 (84) 555 (93) 150 (16)
Febrile disease diagnosed 110 (11) 67 (16) 43 (7) 19 (17)
Pregnancy complications® 0.003 <.0001
No high risk 504 (49) 188 (44) 316 (53) 58 (12)
One or more high risk 526 (51) 244 (56) 282 (47) m (21)
Influenza Vaccination
Current season influenza vac- <0.0001
cination status’
Unvaccinated 861 (84) 338 (78) 523 (87)
Vaccinated 169 (16) 94 (22) 75 (13)
Influenza RT-PCR Results
A or B influenza result <.0001
Negative 432 (42) 94 (22)
Positive 598 (58) 75 (13)
Influenza type and subtype® <.0001
A unsubtyped 207 (35) 31 (15)
A(H3N2) virus 113 (19) 17 (15)
AHTNT)pdmO9 virus 179 (30) 16 (9)
B virus 102 (17) 12 (12)

P-values are from y? tests of association.

Abbreviations: ARFI, acute respiratory or febrile illness; ICU, intensive care unit; NH, Northern Hemisphere; RT-PCR, reverse transcription polymerase chain reaction; SH, Southern

Hemisphere.

Al hospitalizations for ARFI included clinical rRT-PCR testing for influenza within 3 days of admission through discharge

®Period of influenza circulation was defined by regional surveillance of laboratory-confirmed influenza (Supplementary Table C); peak period contained the weeks during which >68% of the

entire season'’s influenza positives were identified.
°A small number <5 with unconfirmed parity were assumed to have 0 parity.

9High-risk medical conditions include underlying medical conditions (not pregnancy complications) recognized as increasing risk of secondary influenza complications; identified from dis-

charge codes at index hospitalization.

*Pregnancy complications identified from discharge codes at index hospitalization.

fCurrent season vaccination documented by medical record or registry; those known to have received vaccination 0-14 days prior to admission are excluded from study sample as indeter

minate immunization status.

“The total by (sub)type is higher than the total influenza positives due to influenza A and B coinfections.

"Small cells had to be expressed as a range of possible values due to site-specific data use rules.

[8, 24, 25]. In exploratory examinations of data heterogene-
ity, neither Cochran’s XZ (or Q-test) nor the I index rejected
the null hypothesis of homogeneity in adjusted IVE between
study sites (Q[4] = 1.19, P = .95; I* = 0) or between seasons
(Q[5] = 4.40, P = 51; > = 0) though both indicators were
underpowered to detect heterogeneity with small numbers
of observations [26]. Nonetheless, to aid in the interpretation
of the overall adjusted IVE estimate, IVE results are reported
by strata for all adjusted model covariates and by trimester
at admission, ICU admission, the presence of an ICD-coded
pneumonia or influenza diagnosis, and whether ARFI was the
primary diagnosis. IVE is also reported excluding SH 2014 and

NH 2014-15 given poor antigenic and genetic match between
the A(H3N2) vaccine component and circulating strains dur-
ing these seasons [23, 27, 28]. For the purposes of hypothesis
generation, we examined statistical indications that IVE varied
by certain subgroups by estimating interaction terms for vacci-
nation status by all stratification variables.

Because our sample was relatively small, and because influ-
enza A virus subtyping results were not available for Israel or
the United States, we were not able to report IVE by influenza
subtype. Site-specific estimates could not be calculated for
Western Australia, and small cells had to be expressed as a range
of possible values due to site-specific data use requirements.
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RESULTS

Sample Characteristics

Among the sites that we were able to identify all recorded preg-
nancies (=20 weeks gestation) during the study years, 84% (1.72
million [M]/2.05 M) of the pregnancies occurred during an
influenza season (Supplementary Table D). Across all sites and
seasons, 19450 ARFI hospitalizations were identified; of these,
6% (1235) had rRT-PCR influenza virus testing; an additional
0.5% (99) had non-PCR influenza test results only and were
excluded. After excluding 11 ARFI hospitalizations with recent
or missing vaccination status, and combining 95 readmissions
(<14 days of discharge) into single hospitalizations, the ana-
lytic sample was 1030 hospitalizations, which included only 25
repeated hospitalizations from the same woman.

Most of the ARFI hospitalizations occurred among women
who were aged <35 years (79%), were in their third trimester
(65%), and had no high-risk medical conditions (66%) (Table 1).
An ARFI diagnosis was the primary discharge diagnosis for
52% of the hospitalizations; 7% included an ICU admission,
and delivery occurred in 22% of the hospitalization. About half
(54%) of the hospitalizations included an ICD-coded discharge
diagnosis of pneumonia or influenza, and half (51%) included a
pregnancy complication diagnosis.

Influenza-associated ARFI Hospitalizations

Among the ARFI hospitalizations with PCR-influenza testing,
58% (598/1030) were positive for influenza virus infection.
Influenza positivity ranged from 51% to 62% across seasons
and from 45% to 65% across sites. The number of influenza
positives identified per season was similar for most seasons
(ranges, n = 93-127) except for NH 2011-12, which was con-
siderably lower (n = 43) (Supplementary Figure A). Of 25
site-specific study seasons, A(H3N2) viruses were most prom-
inent in 18 (72%); A(HIN1)pdmO09 viruses were prominent in
13 (52%); B viruses were prominent in 10 (40%) of the seasons
(Supplementary Table C).

Compared to influenza-negative pregnant women hospital-
ized with ARF], influenza-positive pregnant women were more
likely to be in their third trimester and less likely to have a high-
risk medical condition (Table 1). Influenza-positive pregnant
women were also more likely to have an ICD-coded pneumonia
or influenza diagnosis and have an ARFI ICD code as their pri-
mary discharge diagnosis; however, they were less likely to have
a febrile disease diagnosis, have a pregnancy complication diag-
nosis, deliver during their ARFI hospitalization, or be admit-
ted to an ICU. Nonetheless, influenza positivity was high even
in these groups. For example, influenza positivity was highest
for women with a pneumonia or influenza diagnosis (70%)
but was also high among those with a febrile disease diagnosis
(39%). Similarly, influenza positivity was >50% among women
when ARFI was not their primary diagnosis, when they were

diagnosed with a pregnancy complication, or when they deliv-
ered in hospital. Site-level associations are summarized in
Supplementary Table E.

Influenza Vaccination

Across all sites and seasons, 16% of women were vacci-
nated against influenza prior to their ARFI hospitalization.
Vaccination coverage varied across seasons (range = 8%-21%),
but was significantly higher after SH 2014 (21%) than before
(14%) (P =.002). Vaccination coverage was much higher in the
USA (50%) compared to the other four sites (range = 8%-14%).
With the combined data from all sites, vaccination coverage
did not differ significantly by maternal age group, parity, or tri-
mester at ARFI hospitalization; however, coverage was higher
among women with a high-risk medical condition (includ-
ing asthma or any cardiopulmonary conditions) (Table 1).
Vaccination coverage was higher among women who delivered
or had a pregnancy complication during their ARFI hospitaliza-
tion and was lower if ARFI was the primary discharge diagnosis
or if there was a diagnosis of pneumonia or influenza.

Vaccine Effectiveness

Across study seasons, 13% of rRT-PCR-confirmed influen-
za-positive pregnant women were vaccinated compared with
22% of influenza-negative pregnant women, which corresponds
to an unadjusted IVE of 48% (95% confidence interval [CI]:
28%-63%). Adjusted for site, season, season timing, and the
presence of any high-risk medical condition, IVE was 40% (95%
CI: 12%-59%) against LCI hospitalization during pregnancy.

Confidence intervals overlapped for all stratified IVE esti-
mates by site, season, season timing, and patient diagnoses.
Adjusted IVE point estimates by site were lowest for Alberta
(8%) and Israel (17%) and highest for Ontario (40%) and the
United States, which was the only site with a statistically sig-
nificant IVE estimate: 55% (95% CI: 7%-78%) (Table 2). IVE
point estimates by season ranged from —24% (SH 2014 and NH
2014-15) to 72% (NH 2010-11); when SH 2014 and NH 2014-
15 seasons were excluded, the combined adjusted IVE estimate
for all other seasons was 49% (95% CI: 22-67%).

IVE point estimates were similar when stratified by season
timing of admission or by the presence of high-risk medical
conditions. IVE point estimates were lower for women hospi-
talized in their third trimester and when their ARFI hospitaliza-
tion discharge included an ICD-coded pneumonia or influenza
diagnosis. IVE point estimates were higher for hospitalizations
with an ICU admissions and for hospitalizations where an ARFI
diagnoses was the primary discharge code; this corresponded
to an interaction term for vaccination status by ARFI primary
diagnosis that was statistically significant (P = .028). Interaction
terms for all other variables, including site and season, were not
statistically significant (P > .28).
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Strengths of this study include the relatively large sample
size from 5 sites in 4 countries, the use of the extensively val-
idated TND [20-22] with influenza virus infection confirmed
by highly sensitive and specific rRT-PCR assay, and vaccina-
tion status documented in medical records and vaccination
registries. We also used a broad ARFI case definition that
included diagnoses beyond typical acute respiratory illnesses.
Our findings suggest that there may be a broader vaccine-pre-
ventable laboratory-confirmed influenza burden among hos-
pitalized pregnant women, including laboratory-confirmed
influenza with febrile disease or at delivery, which may have
been missed by the use of narrower ARI definitions in previ-
ous studies [3, 32].

Our overall IVE estimate is a function of the match between
vaccine and circulating viruses of the specific study sites and
seasons we examined. Despite the lack of statistical heteroge-
neity between study sites, there is certainly visible heterogene-
ity in stratified IVE estimates between study sites and seasons.
Nonetheless, the direction of the effects with higher vaccina-
tion coverage among influenza-negatives compared to influ-
enza-positives across sites and most seasons is consistent with
expectations. The findings of low IVE point estimates in NH
2012-13 and SH 2013 seasons and negative IVE in SH 2014 and
NH 2014-15 seasons fit with previous reports that the A(H3N2)
vaccine components in those years were antigenically and/or
genetically mismatched with the prominent A(H3N2) circulat-
ing viruses [23, 27, 28, 33, 34]. Israel and Canada (Alberta) had
relatively low IVE estimates, which may be due in part to the
fact that they both contributed data for seasons with particu-
larly low IVE (2012-13 and 2014-15) and did not contribute
data from a season with relatively high IVE (2011-12 for Israel
and 2015-16 for Canada [Alberta]).

The interpretation of our IVE findings are limited because we
were unable to stratify IVE based on influenza types and sub-
types. Thus, we could not examine whether IVE may have been
higher against A(HIN1)pdm09 compared to A(H3N2) viruses,
which was observed among hospitalized adults during this time
period in a recent review [29]. Similarly, we lacked information
on the genetic sequencing of viruses, which may have aided in
interpreting IVE differences even between neighboring regions
[35].

In addition to those already mentioned, this study has other
limitations. First, we could not extract date of illness onset
from medical records and thus could not exclude women with
prolonged illnesses and reduced influenza virus shedding. The
higher IVE observed among hospitalizations when ARFI was
the primary diagnosis may reflect that there was less misclassi-
fication of LCI among these women who had a clinically urgent
illness. Second, PREVENT relied on clinician-ordered rRT-PCR
testing of only 6% of ARFI hospitalizations; clinician-ordered
testing can bias IVE results if they are influenced by vacci-
nation status, although findings on the association between

clinical testing and vaccination status are mixed [36, 37]. Third,
we likely misclassified some women as unvaccinated at some
sites; however, this likely biases IVE estimates toward the null
as vaccination ascertainment is unlikely to differ substantially
for influenza positives versus negatives [22, 38]. Fourth, without
full influenza vaccination histories, we were unable to examine
whether prior vaccination offered cross-season protection and/
or negatively interfered with IVE, as observed by other studies
in some of our study seasons [8, 39-41].

CONCLUSION

In this retrospective cohort of over 2 million pregnancies that
we assembled from 2010 to 2016 across 5 regions in 4 countries,
84% of the pregnancies overlapped with an influenza season.
Thus, the risk of influenza virus infection is relevant to most
pregnant women. In addition to the ample data on the safety
of inactivated influenza vaccination during pregnancy [42, 43],
mounting evidence that influenza vaccination reduces the risk
of mild to moderately severe LCI disease during pregnancy
[6-8], and evidence that maternal vaccination offers secondary
protection to infants during the first months of life [6, 7, 44,
45], our finding of 40% IVE in preventing LCI hospitalization
during pregnancy further strengthens the rationale for influ-
enza vaccination programs for pregnant women.
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