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Abstract

Background The effects of SARS-CoV-2 infection before or during pregnancy on pregnancy outcomes are still largely
unknown. We hypothesized that COVID-19 in early pregnancy is a risk factor for adverse pregnancy outcomes, par-
ticularly miscarriage.

Methods We examined the relationship between COVID-19 and adverse pregnancy outcomes, including sponta-
neous abortion, ectopic pregnancy, and preterm delivery in a large, retrospective, electronic health record (EHR)-
based cohort, from 2019 to 2023. Generalized estimating equation modeling was performed to identify risk factors
for adverse pregnancy outcomes. Study exposures included COVID-19 before pregnancy, COVID-19 during preg-
nancy, age, race/ethnicity, comorbidity burden, and neighborhood-level social vulnerability.

Results In the Southeast Texas Pregnancy and COVID Cohort (26,783 pregnancy episodes), the risk of miscarriage
among pregnancy episodes with a miscarriage, livebirth, or delivery outcome was 6.3% (1514/ 24,119). In multivari-
able modeling, history of both mild and moderate to severe COVID-19 before pregnancy were associated with mis-
carriage (adjusted odds ratio (@OR) 2.48, confidence interval (Cl) 2.21-2.78 and aOR 2.81, CI 1.8-4.38, respectively).
Additionally, in the same model, both mild and moderate to severe COVID-19 in the first trimester were associated
with miscarriage (aOR 2.31, Cl 1.96-2.72 and aOR 2.45, CI 1.12-5.35, respectively).

Conclusions COVID-19 both prior to and during pregnancy was identified as a risk factor for spontaneous abortion
in this study sample. These findings highlight the importance of COVID-19 vaccination and post-COVID management
for pregnant people and those planning a pregnancy.
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Background

The effects of SARS-CoV-2 infection before or dur-
ing pregnancy on pregnancy outcomes are still largely
unknown. In the first waves of the pandemic (pre-Delta),
COVID-19 in late pregnancy or the peripartum period
was linked to increased rates of complications, including
hypertensive disorders of pregnancy, preterm birth, and
maternal mortality [1-5]. The risk of severe COVID-19
in pregnant women, as in the general population, has
fluctuated as novel variants arise and vaccinations have
become available [6, 7]. Additionally, as the pandemic
evolved, post-acute COVID-19 syndromes, including
long COVID, have emerged among COVID-19 survivors
[8—10]; the Centers for Disease Control and Prevention
estimates that, by 2023, more than 8% of adults in the
USA had experienced a post—-COVID condition (PCC)
[11].

The physiological relationship between SARS-CoV-2
infection at different stages of a pregnancy, or even
infection preceding pregnancy, and maternal and neo-
natal outcomes is likely complex. Other viral infections,
including human cytomegalovirus, rubella virus, and
Zika virus, have been linked to miscarriage, birth defects,
and adverse pregnancy outcomes, even in asymptomatic
maternal infections [12—14]. In early pregnancy and the
periconception period, SARS-CoV-2 infection may dis-
rupt the complex immunology of pregnancy which shifts
between the temporary immunosuppression necessary
for implantation and fetal tolerance and the proinflam-
matory response which helps to prevent infections in
mid-pregnancy [15-18]. Severe COVID-19 presenting
with acute respiratory distress syndrome, coagulopa-
thies, and other serious manifestations can cause acute
obstetric emergencies or produce longer-term maternal
health changes that may ultimately lead to complications,
preterm delivery, or pregnancy loss [19-22]. The patho-
physiology of PCCs is additionally complex and may vary
widely between individuals [23, 24]. Current research
suggests viral persistence, immune dysregulation, vas-
cular changes, and organ damage from the initial infec-
tion can create significant, chronic disease months to
years after the original COVID-19 episode [25—28]; there
is emerging evidence of ongoing impacts of post-acute
COVID-19 on pregnancy outcomes [29-31].

To examine the relationship between COVID-19 and
miscarriage, we created a customized electronic health
record (EHR)-based cohort of COVID-19 patients with
at least one pregnancy episode between 2019 and 2023.
We utilized a regional health information exchange
(HIE) to overcome the challenges in ascertaining preg-
nancy episodes, outcomes, and gestational age through
EHR data [32]. The HIE platform allowed us to collect
clinical, demographic, and neighborhood-level social
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determinants of health for a very large, representative
population of pregnant patients across Southeast Texas,
one of the most diverse regions in the USA [33]. By mar-
shalling these diverse information streams, we investi-
gated COVID-19 before and during pregnancy as a risk
factor for adverse pregnancy outcomes.

Methods

Southeast Texas Pregnancy and COVID Cohort

The Southeast Texas COVID cohort is a collaboration
between The University of Texas Health Science Center
at Houston School of Public Health and Healthconnect
Texas (HTX), the regional HIE for Southeast Texas, and
is described in detail elsewhere [34]. Briefly, the South-
east Texas COVID cohort includes all patients with a
COVID-19 diagnosis, positive PCR or antigen laboratory
result, and/or local health department case report cap-
tured between February 1, 2020, and June 1, 2023, in the
HTX dataset. Patients residing outside of Texas based on
the address on file on June 1, 2023, were excluded from
these analyses.

The Southeast Texas Pregnancy and COVID cohort
includes of all eligible Southeast Texas COVID Cohort
patients with at least one defined pregnancy episode
beginning between August 1, 2018, and June 1, 2022,
and ending between June 1, 2019, and June 1, 2023
(Figs. 1 and 2). Women between the ages of 18 and 55 at
the date of data capture (June 1, 2023) were eligible for
inclusion. All eligible patients’ diagnosis, laboratory test,
and procedure code records from the period August 1,
2018, to June 1, 2023, were extracted and evaluated for
the presence of pregnancy, birth, or obstetric-related
indicators and outcomes.

The set of pregnancy-related indicators was based
on the pregnancy-related Observational Medical Out-
comes Partnership (OMOP) Common Data Model
(CDM) concepts curated by Matcho et al. [35]. Because
this HIE-based dataset incorporates EHR data from dis-
parate health systems which utilize a variety of coding
standards, we first mapped all eligible patient codes to
the OMOP-CDM concepts using the National Library of
Medicine’s I-MAGIC tool [36] and the Athena OHDSI
Vocabularies Repositories [37]. To determine the date
range and outcome of each potential pregnancy episode,
we utilized the outcome classification system developed
by Matcho et al. [35] as well as the algorithm developed
by Jones et al. [32]. Episode identification and cleaning
was performed in R 4.3.1 and Python 3.9.18.

Analytic cohort

To test our hypothesis that COVID-19 in early pregnancy
would be a risk factor for adverse pregnancy outcomes,
we created an analytic sub-cohort from the Southeast
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Health Information Exchange Cohort

Includes individual residents of Southeast Texas
with healthcare interactions captured within the
Greater Houston Healthconnect (GHH) database

Earliest available data point: January 1, 2018 January 1, 2018 -

Latest available data point: June 1, 2023

August 1,2018 -

Southeast Texas COVID-19 Cohort

Includes members of the health information
exchange cohort with at least one COVID-19
episode captured in the GHH dataset.

Earliest COVID-19 episode: February 1, 2020
Latest COVID-19 episode: June 1, 2023

February 1, 2020 -

SETX Pregnancy and COVID Cohort

Includes members of the Southeast Texas COVID
cohort with at least one pregnancy episode
captured in the GHH dataset.

Earliest pregnancy start date: August 1, 2018
Latest pregnancy start date: June 1, 2023

June 1, 2022 L

Study population

Includes members of the Southeast Texas
Pregnancy COVID cohort with at least one
pregnancy episode beginning before June 1, 2022
with a defined pregnancy outcome

June 1, 2023 .

Earliest pregnancy start date: August 1, 2018
Latest pregnancy start date: June 1, 2022

Fig. 2 Study population with inclusion criteria




Sandoval et al. BMC Medicine (2025) 23:274

Texas Pregnancy and COVID cohort. This study-specific
subset consists of only pregnancy episodes for which a
defined pregnancy outcome and at least one COVID-19
episode could be ascertained. To standardize observa-
tion times across pregnancy episodes and to mitigate the
selection bias from the declining capture of COVID cases
after the spring of 2022, we excluded pregnancy episodes
beginning on or after June 1, 2022.

Study exposures

We defined a COVID-19 episode as 30 days from the
index COVID-19 report. For all patients, the start date
of each COVID-19 episode was compared to the start
and end dates of each pregnancy episode, and COVID-
19 episodes were classified as occurring before preg-
nancy, during pregnancy, or after pregnancy (Fig. 2).
Each COVID-19 episode was classified using diagnosis
and problem data into asymptomatic, mild, moderate,
or severe categories according to the NIH/CDC defini-
tion of COVID-19 severity [38]. COVID-19 severity by
time window categories represents the most severe epi-
sode within the risk time window. Pregnancy episodes
that ended before any recorded COVID-19 episodes were
considered non-exposed.

Patient demographics, including age at beginning
and end of each pregnancy episode, race, and ethnic-
ity, were extracted directly from the EHR. The Charlson
Comorbidity Index (CCI) was calculated as a measure of
overall comorbidity burden [39, 40]; individual CCI com-
ponents were extracted by searching ICD-10-CM [41]
and SNOMED CT [42] diagnosis codes associated with
any encounter recorded from January 1, 2018, to the start
date of each pregnancy episode. CCI scores were cal-
culated and categorized into three comorbidity burden
grades: mild, having CCI scores of 1-2; moderate, hav-
ing CCI scores of 3—4; and severe, having CCI scores >5
[43].

Ecological measures of socioeconomic disadvantage,
including the Area Deprivation Index (ADI), which meas-
ures relative deprivation between all census block groups
by state [44, 45], and the Social Vulnerability Index (SVI),
which measures relative vulnerability to external stresses
to human health among all census tracts in the state [46],
were calculated from the geocoded patient-provided
home addresses collated and analyzed in June 2023. All
geospatial analyses were performed on ArcGIS Pro ver-
sion 3.1.1 (ESRI, Redlands, CA).

Outcomes

The primary outcome for this investigation was miscar-
riage, defined as spontaneous abortions before 20 weeks
gestation among pregnancy episodes with known out-
comes (ectopic pregnancies, abortions of unclear etiology
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[induced vs spontaneous], and induced abortions were
excluded from this analysis). Pregnancy outcomes were
initially classified into abortion (includes spontaneous
and induced), ectopic pregnancy, stillbirth, livebirth,
and delivery. Miscarriage was further separated from
the abortion outcome based on diagnosis and procedure
codes indicating spontaneous abortion, miscarriage, or
intrauterine fetal death. Stillbirth was defined as intrau-
terine fetal death occurring at or after 20 weeks. Preg-
nancy endpoints were classified as delivery if there was
a birth event recorded, but the vital status of the fetus
could not be determined. Gestational age was calcu-
lated by comparing gestational age markers (e.g., Z3 A.38
[ICD-10 Code for 38 weeks gestation of pregnancy]) to
date of delivery. Ectopic pregnancy and preterm delivery
were additionally examined in independent, exploratory
analyses. Singleton pregnancy episodes were classified as
preterm if delivery occurred after 20 weeks and before 37
weeks. Multiple gestation episodes were excluded from
term classifications.

Sensitivity analyses

To examine potential selection biases in the construction
of the cohort, clinical and demographic characteristics
were compared by pregnancy outcome and by pregnancy
start date (before vs. after June 1, 2022) (Additional File
1: Tables 1 and 2); deliveries were additionally compared
to American Community Survey fertility estimates (Addi-
tional File 2: Table 1). We were unable to include COVID-
19 vaccination status in predictive models due to poor
capture; we therefore conducted a sub-analysis within the
population with a COVID-19 vaccination recorded before
their pregnancy start dates (Additional File 3: Tables 1
—3). Since not all abortions could be classified as induced
vs. spontaneous, we conducted an additional supple-
mentary analysis considering total abortions, includ-
ing miscarriages (spontaneous abortions), abortions of
unclear etiology, and induced abortions (Additional File
3: Table 4). The proportion of elective abortions in Texas
is low and dependent upon recent policy changes; 53,949
induced terminations of pregnancy (includes medical and
elective terminations) were reported in the state of Texas
in 2020 [47], while only 17,514 were reported in 2022 [48].
As is typical in EHR-based analyses, some pregnancy end-
points could not be conclusively calculated as livebirth,
as the vital status of the baby was not captured; these
outcomes were classified as “delivery” A comparison of
“delivery” vs. “livebirth” pregnancies is presented in Addi-
tional File 3: Table 5.

Statistical analyses
Demographic and clinical data were reported as fre-
quencies and proportions for categorical variables.
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Fig. 3 COVID-19 and pregnancy episode temporal categorization

Generalized estimating equation modeling was per-
formed to identify risk factors for miscarriage, ectopic
pregnancy, and preterm delivery. Clustered error esti-
mations were used to compensate for correlation within
patients contributing multiple pregnancy episodes.
Model results were presented as crude and adjusted odds
ratios and 95% confidence intervals. Variable selection
for the multivariable models was based on a priori clini-
cal importance. All statistical analyses were performed
on Stata MP version 17.0 (StataCorp LLC, College Sta-
tion, TX). A p-value of <0.05 was considered statistically
significant. Heat maps were created from kernel density
estimates utilizing individual, de-duplicated patients’ res-
idential addresses; low-density values (< 15 th quantile)
were truncated to preserve patient privacy. All geospatial
analyses were performed on ArcGIS Pro version 3.1.1
(ESRI, Redlands, CA).

Ethics statement

This retrospective registry-based study was approved
by the WGC Institutional Review Board as a quality
improvement study and granted a waiver of informed
consent (#20240775).

Results

Study population

Within the Southeast Texas COVID cohort (N=
1,029,345), we identified 27,565 patients with at least

COVID <30 days before
pregnancy end date

COVID >=30 days before
pregnancy end date

[ Mid pregnancy ]

[ Peripartum period ]

one defined pregnancy episode within the study period
(Fig. 1). From these patients, we identified 32,625 preg-
nancy episodes, of which 26,783 (82%) had known
outcomes and dates (Fig. 3, and Tables 1 and 2). The tem-
poral relationship between COVID-19 infection episodes
and pregnancy episodes is illustrated in Fig. 4. Kernel
density estimates for patients’ residential addresses are
illustrated in Additional File 2: Fig. 1. For this analysis,
1725 pregnancy episodes beginning on or after June 1,
2022, were excluded; 25,058 total pregnancy episodes
were included in statistical models.

Within this cohort of 25,058 pregnancy episodes, 2082
(8.3%) ended in abortion (spontaneous or induced), of
which 1514 (6.0%) were further classified as miscarriages,
371 (1.5%) were ectopic, 12,950 (51.7%) were livebirths,
155 were stillbirths (0.6%), and 9500 (37.9%) were classi-
fied as deliveries. Among the 22,610 singleton pregnan-
cies with gestational age at delivery greater than or equal
to 20 weeks, 17,331 (76.7%) were able to be classified
according to term status: 2896 (16.7%) of these deliveries
were preterm, occurring before 37 weeks gestational age.
Risk of adverse outcomes over time is illustrated in Fig. 5.
We identified 17 patients who expired during the study
period; of these, five were determined by expert review
to be maternal mortality, defined according to the CDC
as “maternal death within 1 year of any pregnancy end-
point due to condition caused or exacerbated by preg-
nancy or delivery” [49]. Of these, two patients died due to
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Table 1 Characteristics of Southeast Texas COVID Cohort
patients with a pregnancy episode, June 2019 to June 2023

Total
Characteristics N=23,433
Demographics n (%)
Age at end of first captured pregnancy episode (years)
Under 18 193 (0.8%)
18-24 5959 (25.4%)
25-34 12,838 (54.8%)
35-44 4334 (18.5%)
45+ 109 (0.5%)
Race/Ethnicity
Non-Hispanic White 6974 (29.8%)
Non-Hispanic Black or African American 4033 (17.2%)
Non-Hispanic Asian 1093 (4.7%)
Non-Hispanic Native American/Alaskan 78 (0.3%)
Non-Hispanic Native Hawaiian/Pacific Islander 33(0.1%)
Non-Hispanic Other Race 1650 (7.0%)
Hispanic or Latino 9421 (40.2%)
Race/Ethnicity Unknown 151 (0.6%)
Social vulnerability index
Quintile 1 (Least Vulnerable) 3158 (13.5%)
Quintile 2 3884 (16.6%)
Quintile 3 4328 (18.5%)
Quintile 4 5484 (23.4%)
Quintile 5 (Most Vulnerable) 6458 (27.6%)
Missing 121 (0.5%)
Area deprivation index
Quintile 1 (Least Disadvantaged) 4135 (17.6%)
Quintile 2 4486 (19.1%)
Quintile 3 5907 (25.2%)
Quintile 4 5258 (22.4%)
Quintile 5 (Most Disadvantaged) 3399 (14.5%)
Missing 248 (1.1%)

Number of reported pregnancy episodes

1 20,343 (86.8%)
2846 (12.1%)
227 (1.0%)
15(0.1%)

2 (0.0%)

v~ W

Values are represented as number (percent) for categorical and binary variables

“Number of reported pregnancies” includes pregnancy episodes captured
within the Southeast Texas COVID and Pregnancy Cohort with defined start and
end dates and known outcomes

Codes from the following standards/ontologies were utilized to flag potential
pregnancies: International Classification of Diseases, Tenth Revision (ICD-10);
International Classification of Diseases, Ninth Revision (ICD-9); International
Classification of Diseases Tenth Revision, Clinical Modification (ICD-10-CM),
International Classification of Diseases Ninth Revision, Clinical Modification
(ICD-9-CM); The International Classification of Diseases, 10th Revision, Procedure
Coding System (ICD-10-PCS); The International Classification of Diseases, 9th
Revision, Procedure Coding System (ICD-9-PCS); Current Procedural Terminology
(CPT®)/Healthcare Common Procedure Coding System (HCPCS); Logical
Observation Identifiers Names and Codes (LOINC®); and SNOMED Clinical Terms
(SNOMED CT)

Page 6 of 14

complications of severe COVID-19 infection around the
time of delivery.

Miscarriage

In the Southeast Texas Pregnancy and COVID Cohort,
the risk of miscarriage among pregnancy episodes with
a miscarriage, livebirth, or delivery outcome was 6.3%
(1514/24,119). Due to the threat of multicollinearity,
related variables such as binary history of COVID-19
infection, history of COVID-19 by severity category, and
history of COVID-19 by temporal proximity to the preg-
nancy episode were examined in univariable analyses but
could not be combined in multivariable models; univari-
ate and multivariable models are presented in Fig. 6 and
Additional File 4: Table 1. All multivariable models were
adjusted for age, race/ethnicity, social vulnerability index,
and comorbidity burden. In univariate generalized esti-
mating equation models, history of COVID-19 infection
was a significant risk factor for miscarriage, and COVID-
19 infection 31 to 180 days, 181 to 365 days, and more
than 365 days before pregnancy start date, had similar
effect sizes compared to no COVID-19 before pregnancy
(crude odds ratio (cOR) 2.33, 95% confidence interval
(CI) 1.99-2.71; cOR 2.32 CI 1.95-2.75; and cOR 2.75, CI
2.32-3.26, respectively).

In the multivariable model (area under the receiver
operator curve (AUC) 0.7169), mild and moderate to
severe COVID-19 before pregnancy were associated
with miscarriage compared to no history of COVID-19
(adjusted odds ratio (aOR) 2.48, CI 2.21-2.78 and aOR
2.81, CI 1.8-4.38, respectively). Additionally, in the same
model, both mild COVID-19 and moderate to severe
COVID-19 in early pregnancy were again associated with
increasing odds of miscarriage (aOR 2.31, CI 1.96-2.72
and aOR 2.45, CI 1.12-5.35, respectively).

Exploratory analyses
The detailed results of these exploratory analyses are pre-
sented in Additional File 4: Tables 2 and 3 and Additional
File 4: Figs. 1 and 2.

Ectopic pregnancy

Among all pregnancies, the risk of ectopic pregnancy was
1.5% (371/25,058). Based on the univariable results, the
binary measure of COVID-19 history was used in the
multivariable model (AUC 0.6327). COVID-19 infection
prior to pregnancy was not significant in multivariable
analyses (aOR 1.26, CI 0.99-1.6).

Preterm delivery

The risk of preterm delivery among singleton pregnancy
episodes >20 weeks duration was 16.7% (2896/17,331).
In the multivariable analysis (AUC 0.5788), history of
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Table 2 Characteristics of pregnancy episodes identified within Southeast Texas COVID Cohort, June 2019 to June 2023

Total
Characteristics N=26,783
Clinical characteristics n (%)
Charlson Comorbidity Index calculated at pregnancy start date
No comorbidity 25,871 (96.6%)
Mild comorbidity 815 (3.0%)
Moderate comorbidity 86 (0.3%)
Severe comorbidity 11 (0.0%)
Charlson Comorbidity Index components calculated at pregnancy start date
Chronic pulmonary disease 415 (1.5%)
Cerebrovascular disease 19 (0.1%)
Dementia 0 (0.0%)
Diabetes without complications 288 (1.1%)
Diabetes with complications 26 (0.1%)
Congestive heart failure 15(0.1%)
Hemiplegia 4 (0.0%)
Myocardial infarction history 1(0.0%)
Mild liver disease 111 (0.4%)
Moderate to severe liver disease 41 (0.2%)
Mild to moderate renal disease 16 (0.1%)
Severe renal disease 10 (0.0%)
Peptic ulcer disease 8 (0.0%)
Peripheral vascular disease 13 (0.0%)
Rheumatic disease 61 (0.2%)
HIV infection 22 (0.1%)
HIV infection with complications 0 (0.0%)
Malignant neoplasm 30 (0.1%)
Solid tumor 6 (0.0%)
Pregnancy Start Date
8/1/18-7/31/19 2605 (9.7%)
8/1/19-7/31/20 6387 (23.8%)
8/1/20-7/31/21 9710 (36.3%)
8/1/21-7/31/22 7221 (27.0%)
8/1/22-4/13/23 860 (3.2%)
COVID infection before pregnancy episode
No COVID before pregnancy 20,045 (74.8%)
Mild COVID before pregnancy 6738 (25.2%)
Moderate or severe COVID before pregnancy 6738 (25.2%)
COVID infection during early pregnancy
No COVID during early pregnancy 24,664 (92.1%)
Mild COVID during early pregnancy 2061 (7.7%)
Moderate or severe COVID during early pregnancy 58 (0.2%)
COVID infection during peripartum period
No COVID during peripartum period 21,796 (81.4%)
Mild COVID during peripartum 4832 (18.0%)
Moderate or severe COVID during peripartum 155 (0.6%)
Pregnancy outcome
Abortion (total)? 2641 (9.9%)
Miscarriage 2035 (7.6%)

Delivery 9844 (36.8%)
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Table 2 (continued)
Total

Characteristics N=26,783
Clinical characteristics n(%)

Ectopic pregnancy 466 (1.7%)

Live birth 13,667 (51.0%)

Stillbirth 165 (0.6%)
Preterm birth

Term birth 15,038 (56.1%)

Preterm birth 3136 (11.7%)

Not assessed
Multiple pregnancies

8609 (32.1%)

Singleton 23,236 (86.8%)
Twin 383 (1.4%)
Triplet 5(0.0%)

Not assessed 3159 (11.8%)

Maternal mortality
No maternal mortality
Non-COVID maternal mortality
COVID-associated maternal mortality

26,778 (100.0%)
3(0.0%)
2(0.0%)

Values are represented as number (percent) for categorical and binary variables

2Total abortions includes miscarriages (spontaneous abortions), abortions of unclear etiology (induced vs spontaneous), and induced abortions

Includes pregnancy episodes captured within the Southeast Texas COVID and Pregnancy Cohort with defined start and end dates and known outcomes

Maternal/neonate matching: Taking advantage of the large HIE dataset, the HTX team attempted to match neonates to pregnant patients using the delivery
encounter data, dates of delivery, date of birth, and residential address. To strengthen the specificity of the matching algorithm, we excluded addresses linked
to group living quarters, including prisons, shelters, etc. Of the 16,437 pregnancy episodes originally classified as “deliveries,” 7719 were successfully matched to

neonates and subsequently reclassified as “livebirths.” Of the 2814 pregnancy episodes originally classified as “livebirths,” 1456 were matched to neonates. To validate
these results, a random sample of 100 matched dyads were manually reviewed and confirmed to be true matches. All cases in which a single pregnancy episode was
matched to multiple neonates (n = 283) were manually reviewed for accuracy

COVID severity by time window categories represents the most severe episode within the time window, i.e., if a patient had one mild and one severe COVID episode

before their pregnancy episode, they would be classified as severe COVID before pregnancy

Maternal mortality defined as maternal death within 1 year of any pregnancy endpoint due to condition caused or exacerbated by pregnancy or delivery

prior mild COVID-19 infection was a risk factor, though
moderate to severe infection history did not achieve
significance (aOR 1.23, CI 1.11-1.36 and aOR 1.28, CI
0.8-2.05, respectively). Infection in early pregnancy was
not a risk factor for preterm delivery (aOR 1.04, CI 0.89—
1.21). While mild COVID-19 infection in the peripartum
period was not significant (aOR 0.99, CI 0.9, 1.1), moder-
ate to severe peripartum COVID-19 infection was a risk
factor for preterm delivery, compared to no infection in
the peripartum period (aOR 2.81; CI 1.86, 4.25).

Discussion

This study represents a large, regionally representative,
HIE-based investigation of COVID-19 and adverse preg-
nancy outcomes. By examining COVID-19 and preg-
nancy episodes within variable windows of exposure, we
revealed not only infection during pregnancy but also
COVID-19 before pregnancy to be potential risk fac-
tors for miscarriage. In additional exploratory analyses,
COVID-19 before pregnancy not significant as a risk

factor for ectopic pregnancy in multivariable modeling.
Similarly, while COVID-19 in early pregnancy was not
predictive of preterm delivery in exploratory analyses,
moderate or severe COVID-19 in the peripartum period
was significant in multivariable analyses.

Consistent with existing literature [50, 51], we found
increasing age, Black or Hispanic ethnicity, and higher
comorbidity burden to be independently associated with
miscarriage in multivariable models; notably, neigh-
borhood level social vulnerability was not significant
in the primary analysis. The literature around adverse
pregnancy outcomes and COVID-19 is varied: rates of
miscarriage reported in the early pandemic were not
significantly higher than baseline [52-54], but there is
evidence that infection with Delta or Omicron variants
during pregnancy may increase risk of adverse preg-
nancy outcomes [55-58]. We found that miscarriage risk
increased over the pandemic period, rising from around
5% in early 2020 to around 10% in late 2021. In a recent
meta-analysis of 46 studies, among pregnant women with
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COVID-19 infections by week of pregnancy:
Southeast Texas COVID cohort, July 2019 to June 2023
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Fig. 4 COVID-19 infections relative to pregnancy. COVID infection episodes are defined as 30 days from the date of the index COVID-19 report
(captured from diagnoses/public health registry report/lab tests). Any COVID report dated within this 30-day period was discarded, and any
COVID report dated after this 30-day period became the index date of a new COVID episode. In this figure, the start date of each COVID episode

was compared to the start dates of each pregnancy episode

SARS-CoV-2 infection, the prevalence of first trimester
miscarriage increased from 7% in studies published in
2020 to between 11 and 13% in studies published in 2021
or 2022, though heterogeneity between studies was sub-
stantial [58]. Notably, because this cohort was predicated
on COVID-19 case status, patients were more likely to
have a pregnancy with a prior or concurrent COVID-19
exposure as time progressed, which created the poten-
tial for selection bias. In sensitivity analyses (Additional
File 3: Table 6), pregnant patients with a prior recorded
COVID episode were marginally older and more likely to
be non-Hispanic Black than those without any COVID
episode before pregnancy.

Proposed mechanisms of action for miscarriage sec-
ondary to acute COVID-19 include maternal hyper-
immune response, microvascular changes, endothelial
tissue damage, and transplacental viral transmission
[59-62]. Furthermore, pregnancy-related upregulation
of the angiotensin-converting enzyme 2 receptor, which
SARS-CoV-2 binds, may contribute to higher risks of
vascular injury and placental dysfunction [63-66]. While
estimates vary, recent studies have found that 10-30%
of women who were diagnosed with COVID-19 while

pregnant went on to experience post COVID conditions
(PCCs), with higher rates among those diagnosed in the
pre-vaccination era and those with more severe COVID-
19 episodes [29-31]. Though little is currently known
about the effects of PCCs on subsequent pregnancies,
associated pathologies such as pulmonary or cardiovas-
cular disorders, dysautonomia, or metabolic disease can
present significant comorbidity burden in previously
healthy women [22, 23, 67]. Additionally, the chronic
inflammatory response and reactivation of other viruses
that has emerged as a feature of PCCs may affect first-
trimester immune regulation in subsequent pregnancies
[24-26].

The relationship between SARS-CoV-2 infection and
preterm delivery is complex. Investigators have docu-
mented higher rates of risk factors for preterm delivery
such as gestational diabetes, preeclampsia, and poor fetal
growth within the pandemic period [68, 69]. This sug-
gests COVID-19 history may be a mediator or moderator
in the relationship between these known risk factors and
preterm delivery. While we explored preterm delivery as
a secondary outcome, additional research is needed to
untangle the specific causal pathways between prior or
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Pregnancy Episodes identified within the Southeast Texas COVID Cohort
by date: August 1, 2018 to June 1, 2023
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Fig. 5 Pregnancy episodes identified within the Southeast Texas COVID Cohort by date with adverse pregnancy outcomes. Cl: Confidence
interval. Miscarriage risk calculated as the proportion of miscarriage among Miscarriage models include spontaneous abortions among pregnancy
episodes with known outcomes; ectopic pregnancies, abortions of unclear etiology (induced vs spontaneous), and induced abortions are
excluded from this analysis (1514 events/ 24,119 episodes). Ectopic risk calculated as the proportion of ectopic pregnancy among all pregnancy
episodes (371 events/25,058 episodes). Preterm birth risk calculated as the proportion of deliveries occurring between 20 and 36 weeks gestation
among singleton pregnancy episodes of >20 weeks gestation with gestational age at delivery available (2896/17,331)

concurrent COVID-19 and established risk factors for
spontaneous and induced preterm delivery. Likewise,
additional research is needed to explore the potential
relationship between COVID-19 and ectopic pregnancy.

A major strength of this investigation was the size
(N= 25,058 pregnancy episodes contributed by 22,238
patients), diversity, and the study period, which
spanned the pre-pandemic period (2018-2019) up to
spring 2023. By utilizing an HIE with extensive cov-
erage in Southeast Texas [34], we captured patients’
movements between healthcare providers. In any EHR-
based research, events occurring outside of a healthcare
encounter, including very early or undetected miscar-
riage, and asymptomatic or mild COVID-19, are chal-
lenging to capture, and misclassification or selection
bias could have affected our analyses. However, our
population was representative of delivering patients in

the Greater Houston region (Additional File 2: Table 1).
Another strength was our ability to capture COVID-
19 episodes independent of obstetric screenings, ena-
bling us to examine COVID-19 prior to pregnancy as
an independent predictor of adverse pregnancy out-
comes. We further mitigated the selection bias from the
declining capture of COVID-19 cases by limiting this
analysis to pregnancy episodes beginning before June
2022. We were unable to include vaccination status in
the primary models due to high missingness; in sensi-
tivity analyses of a limited population with at least one
SARS-CoV-2 vaccination recorded prior to pregnancy,
COVID-19 in early pregnancy was not a significant
risk factor for miscarriage (Additional File 3: Table 5).
Vaccination status at the time of each COVID-19 epi-
sode before or during pregnancy may alter the risk for
severe acute infection or serious sequelae, and future
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Fig. 6 Forest plot: Univariable and multivariable generalized estimating equation models for miscarriage.

Results of univariable models reported

as crude odds ratios [95% confidence intervals] and multivariable models reported as adjusted odds ratios [95% confidence intervals]. Miscarriage
models examine spontaneous abortions among pregnancy episodes with known outcomes. Ectopic pregnancies, abortions of unclear etiology

(induced vs spontaneous), and induced abortions are excluded from this analysis

investigations should incorporate vaccination level in  Conclusions
the later pandemic years. Despite the limitations, this
investigation represents one of the most comprehensive
views of COVID-19 and pregnancy outcomes within a

single study population to date.

COVID-19 both prior to and during pregnancy was
identified as a risk factor for spontaneous abortion in
this study sample. These findings highlight the impor-
tance of COVID prevention for pregnant people and
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those planning a pregnancy. While exploratory analyses
revealed potential increased risk of both ectopic preg-
nancy and preterm birth in women with a documented
COVID-19 episode prior to pregnancy, further research
is needed to elucidate this relationship.

Abbreviations

EHR Electronic health record
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OR Odds ratio

@] Confidence interval
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OMOP  Observational Medical Outcomes Partnership
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Table 2. Generalized estimating equation models: ectopic pregnancy
among pregnancies within the Southeast Texas COVID Cohort (N=25,058
pregnancy episodes). Table 3. Generalized estimating equation models:
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preterm birth among singleton pregnancies greater than 20 weeks
gestation within the Southeast Texas COVID Cohort (N=17,331 pregnancy
episodes). Figure 1. Forest plot: univariable and multivariable generalized
estimating equation models: ectopic pregnancy among pregnancies
within the Southeast Texas COVID Cohort. Legend: Results of univariable
models reported as crude odds ratios [95% confidence intervals] and mul-
tivariable models reported as adjusted odds ratios [95% confidence inter-
vals]. Ectopic models examine ectopic pregnancies among all pregnancy
episodes. Figure 2. Forest plot: univariable and multivariable generalized
estimating equation models: preterm birth among singleton pregnancies
greater than 20 weeks gestation within the Southeast Texas COVID Cohort.
Legend: Results of univariable models reported as crude odds ratios [95%
confidence intervals] and multivariable models reported as adjusted

odds ratios [95% confidence intervals]. Preterm models examine preterm
delivery among singleton pregnancy episodes with known gestational
age greater than 20 weeks at delivery.
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