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Abstract

Objective

To compare maternal and infant outcomes with different antihypertensive medications in

pregnancy.

Design

Retrospective cohort study.

Setting

Kaiser Permanente, a large healthcare system in the United States.

Population

Women aged 15–49 years with a singleton birth from 2005–2014 treated for hypertension.

Methods

We identified medication exposure from automated pharmacy data based on the earliest

dispensing after the first prenatal visit. Using logistic regression, we calculated weighted out-

come prevalences, adjusted odds ratios (aORs) and 95% confidence intervals, with inverse

probability of treatment weighting to address confounding.

PLOS ONE

PLOS ONE | https://doi.org/10.1371/journal.pone.0268284 May 16, 2022 1 / 14

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPEN ACCESS

Citation: Dublin S, Idu A, Avalos LA, Cheetham TC,

Easterling TR, Chen L, et al. (2022) Maternal and

neonatal outcomes of antihypertensive treatment in

pregnancy: A retrospective cohort study. PLoS

ONE 17(5): e0268284. https://doi.org/10.1371/

journal.pone.0268284

Editor: Zhong-Cheng Luo, Mount Sinai Health

System, University of Toronto, CANADA

Received: September 3, 2021

Accepted: April 26, 2022

Published: May 16, 2022

Peer Review History: PLOS recognizes the

benefits of transparency in the peer review

process; therefore, we enable the publication of

all of the content of peer review and author

responses alongside final, published articles. The

editorial history of this article is available here:

https://doi.org/10.1371/journal.pone.0268284

Copyright: © 2022 Dublin et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: Project data come

from patient electronic health records and birth

certificates from the states of California and

Washington. Data from Kaiser Permanente

https://orcid.org/0000-0002-6649-3659
https://orcid.org/0000-0001-7619-1649
https://doi.org/10.1371/journal.pone.0268284
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0268284&domain=pdf&date_stamp=2022-05-16
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0268284&domain=pdf&date_stamp=2022-05-16
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0268284&domain=pdf&date_stamp=2022-05-16
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0268284&domain=pdf&date_stamp=2022-05-16
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0268284&domain=pdf&date_stamp=2022-05-16
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0268284&domain=pdf&date_stamp=2022-05-16
https://doi.org/10.1371/journal.pone.0268284
https://doi.org/10.1371/journal.pone.0268284
https://doi.org/10.1371/journal.pone.0268284
http://creativecommons.org/licenses/by/4.0/


Main outcome measures

Small for gestational age, preterm delivery, neonatal and maternal intensive care unit (ICU)

admission, preeclampsia, and stillbirth or termination at > 20 weeks.

Results

Among 6346 deliveries, 87% with chronic hypertension, the risk of the infant being small for

gestational age (birthweight < 10th percentile) was lower with methyldopa than labetalol

(prevalence 13.6% vs. 16.6%; aOR 0.77, 95% CI 0.63 to 0.92). For birthweight < 3rd percen-

tile the aOR was 0.57 (0.39 to 0.80). Compared with labetalol (26.0%), risk of preterm deliv-

ery was similar for methyldopa (26.5%; aOR 1.10 [0.95 to 1.27]) and slightly higher for

nifedipine (28.5%; aOR 1.25 [1.06 to 1.46]) and other β-blockers (31.2%; aOR 1.58 [1.07 to

2.23]). Neonatal ICU admission was more common with nifedipine than labetalol (25.9% vs.

23.3%, aOR 1.21 [1.02 to 1.43]) but not elevated with methyldopa. Risks of other outcomes

did not differ by medication.

Conclusions

Risk of most outcomes was similar comparing labetalol, methyldopa and nifedipine. Risk of

the infant being small for gestational age was substantially lower for methyldopa, suggesting

this medication may warrant further consideration.

Introduction

Hypertensive disorders affect 5–10% of pregnancies [1], increasing the risk of fetal growth

restriction, stillbirth and other adverse outcomes [2–5]. About 160,000 pregnant women take

antihypertensive medications annually in the US [2], yet it is unclear which medication results

in the best outcomes for women and infants. Current US and UK guidelines recommend labe-

talol and nifedipine over methyldopa, while acknowledging uncertainty [6, 7]. The Interna-

tional Society for the Study of Hypertension in Pregnancy has stated that both methyldopa and

nifedipine are acceptable [8].

Randomized clinical trials (RCTs) have not provided definitive evidence because they have

had small sample sizes and heterogeneous methods. If sufficient data were available from

RCTs, a meta-analysis could be performed to compare outcomes with different medications,

but unfortunately data are sparse. A 2018 Cochrane meta-analysis [9] identified 29 RCTs that

compared antihypertensive medications head-to-head; taken together, these trials included a

total of only 2774 women. The trials were heterogeneous, examining many different medica-

tions, which resulted in very small sample sizes for specific comparisons. The only definitive

finding from the meta-analysis was that β-blockers and calcium channel blockers appeared

more effective than methyldopa at preventing severe hypertension [9]. For other outcomes,

there were no statistically significant differences, which is understandable because often only a

few trials were included, leading to low precision and wide confidence intervals. The Cochrane

meta-analysis grouped together all β-blockers, which may obscure important differences

between individual medications, especially as labetalol has different receptor specificity than

other commonly used β-blockers. A recent RCT reported that methyldopa was associated with

significantly lower risk of small for gestational age (SGA) and NICU admission compared to
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labetalol, with odds ratios on the order of 0.40, and that the two medications were associated

with similar risk of severe maternal hypertension or preeclampsia [10]. However, the sample

size was small (~150 women per arm) and many of their risk estimates had wide confidence

intervals. Due to the limitations outlined above, existing RCT data are not adequate to guide

choice of medications for the treatment of hypertension in pregnancy.

When RCT data are insufficient, as is often the case for medication use in pregnancy, rigor-

ous observational studies can provide useful information. One observational analysis [11] used

data from the Control of Hypertension in Pregnancy Study [12], which randomized pregnant

women to tight vs. less tight blood pressure control but did not dictate which medications

were used. The post hoc observational analysis compared pregnancy outcomes with methyl-

dopa vs. labetalol (an observational comparison, since choice of medications was not random-

ized) and found better outcomes with methyldopa [11]. Other antihypertensive medications

were not examined. Several other observational studies have been conducted, but they had

important methodologic limitations which make it difficult to draw causal inferences. Many of

these studies compared women treated with an antihypertensive medication to unexposed

women from the general pregnant population [3, 5, 13–16], most of whom presumably did not

have hypertension. Since hypertension increases the risk of adverse pregnancy outcomes, these

studies are vulnerable to confounding by indication and cannot shed light on the risks of treat-

ment vs. those due to hypertension. Additional studies are needed using rigorous methods

that can support causal inference.

Because additional evidence is needed, we sought to compare the risk of important mater-

nal and infant outcomes with use of different antihypertensive medications using electronic

health records (EHR) data for a large, diverse US population.

Methods

Overview

This retrospective cohort study was conducted at Kaiser Permanente, a US healthcare system

providing health care and insurance coverage. Participating regions were Washington, South-

ern California, and Northern California, which together serve about 8 million people generally

representative of the surrounding communities [17]. Data came from EHRs and linked birth

certificate data. These data have been used in many pregnancy studies [18–21], and important

variables and methods have been validated [22–25]. The study used rigorous causal inference

methods [26, 27], including following recommended principles for emulating a target trial

[28], using active comparators (comparing outcomes with one medication vs. another used for

the same indication) [29], and addressing confounding using inverse probability weighting

[27]. Study procedures were approved by the regions’ institutional review boards and those of

Washington State and California, with a waiver of consent.

Study population

The population was women age 15–49 years with a singleton live or stillbirth from 2005

through 2014. Women were required to be enrolled in Kaiser Permanente from 16 weeks’ ges-

tation through delivery, to have at least one blood pressure (BP) measured before 20 weeks,

and to have chronic or gestational hypertension (defined from BP values, diagnosis codes and

medication fills; our algorithm is shown in S1 Table in S1 File and has been published [30]).

We included both chronic or gestational hypertension because in clinical practice, it can be

difficult to determine which type of hypertension is present and because these conditions may

represent different points on a continuum of disease.
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Women had to have filled at least one antihypertensive medication before 36 weeks gesta-

tion, to be on monotherapy, and to have been enrolled in Kaiser Permanente for at least 150

days before their qualifying fill. They could contribute more than one pregnancy to these anal-

yses. We excluded deliveries exposed to teratogenic medications or certain high-risk maternal

medical conditions (see S1 Table in S1 File for more information). The sample size was deter-

mined by the number of eligible births.

Exposures

From computerized pharmacy data, we identified fills for labetalol, methyldopa, nifedipine

and other β-blockers (S1 Table in S1 File). These data are recorded prospectively when medi-

cations are dispensed, eliminating the biases that can arise in some retrospective observational

studies (for instance, studies that interview women after delivery about medications taken in

pregnancy.) Unlike many prior studies, we considered labetalol separately from other β-block-

ers because it is a combined α and β-blocker and unlike other β-blockers, it is recommended

as first-line in US guidelines [6]. Exposure was defined based on the earliest fill after the first

prenatal visit (typically at 8–10 weeks’ gestation) or, if the visit date was unknown, at� 10

weeks gestation; we called this the ‘index fill’. Using intent to treat principles, women’s expo-

sure status was fixed rather than time-varying, because subsequent medication switches could

be affected by the initial medication choice.

Outcomes

Outcomes included SGA, preterm delivery, neonatal intensive care unit (NICU) admission,

preeclampsia, maternal ICU admission, and stillbirth or termination at> 20 weeks. SGA was

defined using sex and race-specific US birthweight curves [31]. The primary outcome was

birthweight <10th percentile for gestational age and a secondary outcome < 3rd percentile.

Deliveries missing birthweight (n = 32) were excluded from SGA analyses. We defined pre-

term delivery using gestational age from the EHR (preferentially) or birth certificate data, with

the primary outcome being delivery before 37 weeks gestation and a secondary outcome, deliv-

ery before 34 weeks. We considered preterm delivery a potential measure of medication effec-

tiveness, because less effective medications could lead to higher risk of uncontrolled maternal

hypertension or fetal growth restriction (a potential consequence of severe hypertension) and

via these pathways, to indicated preterm delivery. The automated data available to us do not

reliably distinguish spontaneous vs. indicated preterm births. We identified ICU admissions

using EHR data. Preeclampsia was identified from inpatient diagnosis codes after 20 weeks’

gestation, an approach with a positive predictive value of 90% [32]. We reviewed 45 charts

meeting those criteria and found a positive predictive value of 93%. We identified preeclamp-

sia cases with “severe features” using modified criteria from the American College of Obstetri-

cians & Gynecologists [33], drawing on BP values, laboratory results and diagnosis codes (S1

Table in S1 File).

Potential stillbirths and terminations after 20 weeks’ gestation were identified using EHR

data; we included as outcomes the 76% of potential cases validated through medical record

review or linkage to fetal death certificates. We grouped together stillbirths and terminations

for several reasons. Terminations after 20 weeks might be done for fetal anomalies, which

could in theory be affected by medication choice, as there is no definitive evidence about birth

defect risk for some widely used antihypertensive medications. Also, the decision to terminate

might be influenced by severe uncontrolled maternal hypertension, which could be a conse-

quence of the initial medication choice. Finally, we hypothesized that variation in coding
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might lead to similar clinical scenarios being classified as either a stillbirth or termination in

different instances.

Covariates

Covariates included maternal age at delivery, Kaiser Permanente region, delivery year, hyper-

tension type (chronic or gestational), BP values, race/ethnicity, parity, maternal education,

pregestational diabetes, depression, tobacco use, body mass index (BMI), and prior use of cer-

tain medications (S1 Table in S1 File). Hypertension was categorized as chronic if it was pres-

ent prior to pregnancy or during the first 20 weeks gestation and as gestational otherwise. To

account for hypertension severity, we identified the most recent BP value prior to the index fill

and also determined whether a woman experienced one or more BPs� 160/110 before preg-

nancy or during this pregnancy before the index fill. We categorized history of antihyperten-

sive medication use as no use prior to the index fill, continuous use up to the index fill

(allowing for 80% adherence), or prior use with a gap. Other covariates included prior use of

angiotensin converting enzyme inhibitors, angiotensin receptor blockers, thiazide diuretics,

diabetes medications, benzodiazepines, statins, antidepressants or antiseizure medications.

Statistical analyses

Descriptive analyses included counts and proportions for categorical variables and means and

standard deviations for continuous variables. Primary analyses used logistic regression to

model study outcomes, with labetalol as the referent group. Inverse probability of treatment

weights (IPTW) were used to account for confounding. We calculated weighted outcome prev-

alences for each medication group and adjusted odds ratios (aORs) and 95% confidence inter-

vals (CIs). We used the bootstrap to account for multiple pregnancies per woman and for the

estimation of the weights [34, 35]. Treatment weights were generated from propensity scores

calculated using a multinomial logistic regression model including all covariates shown in

Table 1 except for BMI, education, parity, and timing of prenatal care. We omitted these vari-

ables because they were well balanced before weighting and a small proportion of deliveries

had missing information for each of these characteristics. S2 Table in S1 File lists variables in

the propensity score. To improve statistical efficiency, we calculated stabilized weights includ-

ing some baseline covariates in both the outcome model and the numerator of the weights [36,

37]. These were Kaiser Permanente region, race/ethnicity, diabetes, type of hypertension

(chronic vs. gestational), and gestational age at index fill.

For statistical modeling, we categorized delivery year as 2005–2008, 2009–2010, 2011–2012,

and 2013–2014. We grouped together the four earliest years because very few deliveries were

included from 2005–2006, when only one region had electronic BP values available. Maternal

age was categorized as< 30, 30–34, 35–39 or� 40 years. Gestational age at the index fill was

modeled as a linear spline with knots at 140 and 210 days. The systolic and diastolic BP values

closest to the index fill were modeled using linear splines, with knots at 140 mm Hg and 90

mm Hg respectively. Deliveries missing race/ethnicity (0.5%) were grouped with those with

“other” race/ethnicity and treated as a category of race/ethnicity in statistical models.

To assess covariate balance, we calculated the average standardized mean differences across

all treatment groups before and after IPTW [38, 39].

We excluded stillbirths/terminations from analyses of SGA, NICU and preterm delivery

because they are competing events. We used inverse probability of censoring weights to

account for possible bias due to excluding stillbirths; S3 Table in S1 File lists the variables used

to model these weights.
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In sensitivity analyses, we restricted the analysis to women with chronic hypertension (87%

of the population) and excluded women with pregestational diabetes. In subgroup analyses, we

examined new users separately from women with prior antihypertensive treatment. Analyses

were performed using R, version 3.5.

Funding

This study was funded by the US National Institute on Child Health and Human Development

grant R01HD082141. The Group Health Foundation funded Dr. Chen’s fellowship. The fund-

ers did not play a role in conducting the research or writing the paper.

Results

Among 6346 eligible deliveries, there were 3017 (48%) where the woman had taken labetalol,

1834 (29%) methyldopa, 1105 (17%) nifedipine, and 390 (6%) other β-blockers. Fig 1 shows

the impact of inclusion and exclusion criteria on the study population.

Table 1. Baseline characteristics of the population before weighting, by treatment groupa.

Characteristic (number (%) unless otherwise stated) Labetalol N = 3017 Methyldopa N = 1834 Nifedipine N = 1105 Other β-blockers N = 390

Maternal age, yrs, mean±SD 33.5±5.2 33.9±5.3 33.2±5.6 33.8±5.2

Nulliparousb 1109 (36.8) 699 (38.1) 422 (38.2) 139 (35.6)

Race/ethnicity

White, non-Hispanic 1011 (33.5) 551 (30.0) 369 (33.4) 175 (44.9)

Hispanic 928 (30.8) 604 (32.9) 275 (24.9) 75 (19.2)

Black, non-Hispanic 470 (15.6) 242 (13.2) 184 (16.7) 60 (15.4)

Asian 575 (19.1) 414 (22.6) 261 (23.6) 73 (18.7)

Obese (BMI� 30 kg/m2)b 1796 (59.5) 968 (52.8) 581 (52.6) 223 (57.2)

Tobacco use 150 (5.0) 68 (3.7) 53 (4.8) 21 (5.4)

Chronic hypertension 2550 (84.5) 1693 (92.3) 910 (82.4) 360 (92.3)

Pre-gestational diabetes 560 (18.6) 355 (19.4) 250 (22.6) 68 (17.4)

Prenatal care in trimester 1b 2653 (87.9) 1402 (76.4) 922 (83.4) 277 (71.0)

Gestational age at index fill (weeks), mean±SD 18.8±9.6 16.5±8.0 20.8±9.6 17.1±7.9

Systolic BP, mm Hg; mean±SDc 142.8 (17.2) 138.7 (15.7) 138.9 (17.0) 132.8 (17.3)

Diastolic BP, mm Hg; mean±SDc 88.0 (12.1) 84.9 (10.9) 84.9 (12.9) 80.7 (11.9)

Prior antihypertensive medication use

Prior use, continuous 1018 (33.7) 813 (44.3) 348 (31.5) 162 (41.5)

Prior use with a gap 839 (27.8) 577 (31.5) 296 (26.8) 127 (32.6)

No prior use 1160 (38.4) 444 (24.2) 461 (41.7) 101 (25.9)

Delivery year

2005–2008 500 (16.6) 704 (38.4) 314 (28.4) 139 (35.6)

2009–2010 713 (23.6) 489 (26.7) 250 (22.6) 99 (25.4)

2011–2012 860 (28.5) 348 (19.0) 287 (26.0) 89 (22.8)

2013–2014 944 (31.3) 293 (16.0) 254 (23.0) 63 (16.2)

Abbreviations: BMI, body mass index; BP, blood pressure; SD, standard deviation.
aAll characteristics measured prior to the index medication fill, except for delivery year. The proportion with missing data across groups was as follows: for parity, 2.8 to

4.2%; for race/ethnicity, 0.4 to 1%; and for BMI, 3.7 to 13.9%. No pregnancies had missing data for other listed variables.
bCovariate not in the propensity score model.
cMost recent BP prior to index fill of antihypertensive medication.

https://doi.org/10.1371/journal.pone.0268284.t001
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Mean maternal age was 33.6 years, 87% had chronic hypertension, and the mean gestational

age at the index fill was 18.4 weeks. Many women (37%) were taking antihypertensive medica-

tion continuously prior to the index fill, and mean BPs prior to the index fill suggest that their

hypertension was on average fairly well controlled. Table 1 shows baseline characteristics by

treatment group, and S4 Table in S1 File provides more detailed information for an expanded

list of baseline characteristics. S5 Table in S1 File shows characteristics by treatment group

after IPTW and demonstrates that overall, these were well balanced (standardized mean

difference < 0.1), except for those characteristics included in the outcome model, which are

not expected to be balanced by IPTW. After IPTW, the group exposed to other β-blockers

looked modestly different from the other groups, likely due to this group’s small size. S6

Table and S1 Fig in S1 File describe the distributions of propensity scores and weights.

Most women did not switch medications after their index fill. The proportion of women

who later filled a different medication was 15% overall, ranging from 11 to 22% for different

exposure groups.

Table 2 provides crude counts of outcomes by treatment group. Fig 2 shows the risk of

maternal and neonatal outcomes comparing different medications, with labetalol as the

Fig 1. Impact of inclusion and exclusion criteria on study population. a Abbreviations: BP, blood pressure; KPNC,

Kaiser Permanente Northern California; KPSC, Kaiser Permanente Southern California; KPWA, Kaiser Permanente

Washington. aA woman may meet more than one exclusion criterion within a box. Detailed information about

inclusion and exclusion criteria is found in S1 Table in S1 File. bThe index fill was defined as the earliest fill after the

first prenatal visit (typically at 8–10 weeks’ gestation) or, if the visit date was not known, at� 10 weeks gestation.

https://doi.org/10.1371/journal.pone.0268284.g001
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referent group. We present weighted prevalences for outcomes after accounting for confound-

ers together with adjusted ORs and 95% CIs. For SGA < 10th percentile, risk was lower with

methyldopa than labetalol (weighted prevalence 13.6% vs. 16.6%; aOR 0.77, 95% CI 0.63 to

0.92), and the association was stronger for birthweight < 3rd percentile (aOR 0.57, 95% CI 0.39

to 0.80). The mean birthweight after IPTW was 3002 ± 797 g for labetalol, 3060 ± 788 g for

methyldopa, 3033 ± 798 g for nifedipine, and 2944 ± 791 g for other β-blockers.

Preterm delivery was slightly more common with nifedipine than labetalol (28.5% vs.

26.0%; aOR 1.25, 95% CI 1.06 to 1.46), as was NICU admission (25.9% vs. 23.3%; aOR 1.21,

95% CI 1.02 to 1.43). β-blockers other than labetalol were associated with higher risk of pre-

term delivery (aOR 1.58, 95% CI 1.07 to 2.23). Methyldopa and labetalol conveyed similar

risks of preterm delivery and NICU admission. After IPTW, the mean gestational age at deliv-

ery was 37.6 ± 2.8 weeks for labetalol, 37.6 ± 2.8 weeks for methyldopa, 37.4 ± 2.8 weeks for

nifedipine, and 37.4 ± 2.8 weeks for other β-blockers.

There was no significant association between medication type and risk of preeclampsia

(overall or with severe features), maternal ICU admission, or stillbirth/termination.

Results of sensitivity and subgroup analyses are shown in S2-S5 Figs in S1 File. Results did

not change when we restricted the population to women with chronic hypertension, who

made up 87% of the population. Results also did not change when we excluded women with

pregestational diabetes. Some findings appeared qualitatively different when we limited analy-

ses to new users; in this group, there was a suggestion of lower risk for many outcomes with

methyldopa than with labetalol, with aORs around 0.5 to 0.7 (though most were not statisti-

cally significant).

Discussion

In this large retrospective cohort study, the prevalence of many maternal and neonatal out-

comes was similar with use of different antihypertensive medications. Compared to labetalol,

the risk of SGA was significantly lower with methyldopa.

Other studies have examined outcomes with use of different antihypertensive medications.

Most prior studies were small, yielding inconclusive results, and many observational studies

compared treated women to healthy pregnant women, making confounding likely. Our find-

ing of lower SGA risk with methyldopa compared to labetalol (aOR 0.77, 95% CI 0.63 to 0.92)

Table 2. Counts of maternal and neonatal outcomes by treatment group.

Outcome and Medication Class Outcomes/Exposed Pregnanciesa

Labetalol Methyldopa Nifedipine Other β-blockers

Preeclampsia 1001/3017 523/1834 338/1105 91/390

Preeclampsia with severe features 786/3017 351/1834 230/1105 56/390

Maternal ICU 61/3017 37/1834 20/1105 14/390

Stillbirth or termination 41/3017 18/1834 13/1105 2/390

SGA < 10th percentile 512/2962 231/1805 159/1091 66/382

SGA < 3rd percentile 145/2962 49/1805 41/1091 19/382

Preterm delivery < 37 weeks 812/2976 485/1816 352/1092 87/388

Preterm delivery < 34 weeks 299/2976 161/1816 112/1092 27/388

Neonatal ICU admission 726/2976 426/1816 296/1092 86/388

Abbreviations: OR, odds ratio; CI, confidence interval; SGA, small for gestational age; ICU, intensive care unit.
aActual numbers prior to inverse probability of treatment weighting. The population for different outcomes differs slightly because pregnancy losses were not included

in the denominator for SGA, preterm delivery, or neonatal ICU admission, and because 32 deliveries missing infant birthweight were excluded from analyses of SGA.

https://doi.org/10.1371/journal.pone.0268284.t002
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is consistent with one recent RCT, which found the prevalence of SGA was much lower with

methyldopa than labetalol (21% vs. 41%;OR 0.37, 95% CI 0.23–0.61) [10]. Similar results were

found by Magee et al. in a secondary analysis of RCT data [11]. The Cochrane meta-analysis of

Fig 2. Risk of maternal and neonatal outcomes with use of different antihypertensive medications in pregnancy�.

Abbreviations: OR, odds ratio; CI, confidence interval; SGA, small for gestational age; ICU, intensive care unit. �ORs

and 95% CIs are calculated after inverse probability of treatment weighting. Labetalol is the referent group. The

population for different outcomes differs slightly because pregnancy losses were not included in the denominator for

SGA, preterm delivery, or neonatal ICU admission. For most outcomes, the total N is 6346, for SGA the total N is

6240, and for preterm delivery and NICU admission the total N is 6272. ��Weighted prevalence in the subgroup,

calculated using inverse probability of treatment weighting with unstabilized weights.

https://doi.org/10.1371/journal.pone.0268284.g002
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RCTs compared methyldopa to all β-blockers grouped together and reported a combined RR

of 1.19 (0.76, 1.84). Grouping labetalol together with other β-blockers is problematic because it

has different receptor specificity and thus may have different effects on outcomes.

Labetalol binds to β-adrenergic receptors, lowering maternal heart rate and cardiac output,

while also acting on α-adrenergic receptors in peripheral blood vessels to block the adrenergic

stimulation that causes vasoconstriction. In contrast, methyldopa lowers blood pressure by

binding to α2-adrenergic receptors as an agonist, reducing sympathetic outflow that causes

peripheral vasoconstriction. Methyldopa crosses the placenta and recently, α2 receptors have

been found on the placenta where they may regulate placental cell syncytialization and migra-

tion [40]. Methyldopa and labetalol may have differing effects on placental uptake of folate, a

critical nutrient. Keating et al. found that labetalol exposure reduced the uptake of folate by

placental cells and also decreased these cells’ viability, while exposure to methyldopa did not

[41]. Another mechanism through which antihypertensive medications could affect fetal

growth is via methylation of placental DNA. Studies have found that alterations in placental

DNA methylation are associated with maternal BP levels [42] and with infants being small for

gestational age [43]. Placental genes that were affected included genes associated with cardio-

metabolic disease [42] and with cell proliferation, protein transport, and inflammation [43].

We were not able to find studies that examined placental DNA methylation in relation to spe-

cific antihypertensive medications; this topic warrants further investigation.

We found a slightly higher risk of preterm delivery with nifedipine compared to labetalol in

an analysis including over 4000 women. The Cochrane review found only one relevant RCT, a

study of 112 women yielding an RR of 1.61 that was not statistically significant [44]. For NICU

admission, we observed slightly higher risk with nifedipine than labetalol (aOR 1.21, 95% CI

1.02 to 1.43). Similarly, in a recent RCT, NICU admission was more frequent with nifedipine

(18%) than labetalol (10%), yielding a risk difference of 7.8 (95% CI 2.2 to 13.4) [45]. The

Cochrane meta-analysis reported a summary RR of 1.14 with a 95% CI of 0.63 to 2.05, which is

wide enough to be consistent with our finding. Still, since our study was not randomized, our

findings could reflect confounding, including by indication for use, since nifedipine is also

used for tocolysis.

Current US guidelines recommend labetalol and nifedipine above other medications and

state that methyldopa is less preferred because of possible lower effectiveness and adverse

effects [6]. UK guidelines recommend labetalol, followed by nifedipine and then methyldopa

[7]. There is little actual evidence to support this order of priority, and several older RCTs sug-

gested that labetalol and methyldopa are equally effective in lowering BP [46–48]. While recog-

nizing the potential for unmeasured confounding, our large observational study suggests that

outcomes are very similar between methyldopa and labetalol, except for SGA. We suggest that

when there is substantial concern for SGA, it may be reasonable to give more consideration to

methyldopa.

This study has several strengths. The large population improves precision and allowed

more granular analyses, including examining labetalol and nifedipine as individual agents and

directly comparing antihypertensive medications. We studied a diverse population in commu-

nity practice and adjusted for many covariates including BP. We had precise measures of ges-

tational age and birthweight, not available in administrative (claims) datasets. We also had

information about confounders not readily available in many large datasets, such as smoking,

race/ethnicity and BMI. We conducted a validation study which demonstrated that our algo-

rithm for preeclampsia had very high positive predictive value, and we validated potential still-

births and terminations, reducing outcome misclassification.

The study also has limitations. There is potential for residual confounding because treat-

ment was not randomized. Because we studied medication use in real world clinical practice,
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there were not uniform criteria for initiating or intensifying antihypertensive medications. It is

possible that women filled medications but did not take them, leading to misclassification of

exposure. All women had health insurance and access to care and in general, their hyperten-

sion was well controlled at the time of the index fill, which may affect generalizability. Our

data did not allow us to distinguish between spontaneous and indicated preterm birth, which

on average would be expected to bias findings toward the null. The subgroup of women with

gestational hypertension was too small to analyze separately. We did not have information

about use of low dose aspirin, which the US Preventive Services Task Force recommended for

women with chronic hypertension in 2014 [49]. The mean difference in birthweight between

medications was small, and it could be argued that a difference this small is not clinically

important. However, even a small shift of the birthweight curve to the left could result in a

large relative increase in infants born SGA or with low birth weight, which may have impor-

tant consequences for their long term health.

Our findings suggest a need for future research. We observed that labetalol appeared to

convey higher risk of SGA. Infants born SGA may remain small, return to a normal growth

curve, or experience compensatory weight gain leading to obesity, increasing future cardiome-

tabolic risk. Future studies should examine child growth and development in relation to the

use of specific antihypertensive medications during pregnancy. Other causal inference meth-

ods could be used to examine the associations we studied, including instrumental variable

approaches such as Mendelian randomization. These observational analyses and designs rely

on different untestable assumptions than the methods we utilized [50], and so if they found

results similar to ours, this would further support a causal association.

In conclusion, in this large retrospective study, the prevalence of most maternal and infant

outcomes was similar with different antihypertensive medications. A significantly lower risk of

SGA was seen for methyldopa than labetalol, which is noteworthy because methyldopa is not

preferred in US or UK guidelines [6, 7]. Our results suggest that methyldopa may warrant

additional consideration, especially when there is heightened concern about growth

restriction.
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