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Effect of pentaerythritol tetranitrate (PETN) on the
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with impaired uteroplacental perfusion at
midgestation—a randomized trial
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BACKGROUND: Fetal growth restriction is strongly associated with opment of fetal growth restriction. Secondary endpoints were neonatal and
impaired placentation and abnormal uteroplacental blood flow. Nitric oxide

donors such as pentaerythritol tetranitrate are strong vasodilators and pro-

tect the endothelium. Recently, we demonstrated in a randomized controlled

pilot study a 38% relative risk reduction for the development of fetal growth

restriction or perinatal death following administration of pentaerythritol tet-

ranitrate to pregnant women at risk, identified by impaired uterine perfusion

at midgestation. Results of this monocenter study prompted the hypothesis

that pentaerythritol tetranitrate might have an effect in pregnancies with

compromised placental function as a secondary prophylaxis.

OBJECTIVE: This study aimed to test the hypothesis that the nitric oxide
donor pentaerythritol tetranitrate reduces fetal growth restriction and

perinatal death in pregnant women with impaired placental perfusion at

midgestation in a multicenter trial.

STUDY DESIGN: In this multicenter, randomized, double-blind, pla-

cebo-controlled trial, 2 parallel groups of pregnant women presenting with

a mean uterine artery pulsatility index>95th percentile at 19þ0 to 22þ6

weeks of gestation were randomized to 50-mg Pentalong or placebo twice

daily. Participants were assigned to high- or low-risk groups according to

their medical history before randomization was performed block-wise with

a fixed block length stratified by center and risk group. The primary effi-

cacy endpoint was the composite outcome of perinatal death or devel-
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maternal outcome parameters.

RESULTS: Between August 2017 and March 2020, 317 participants

were included in the study and 307 were analyzed. The cumulative inci-

dence of the primary outcome was 41.1% in the pentaerythritol tetranitrate

group and 45.5% in the placebo group (unadjusted relative risk, 0.90;

95% confidence interval, 0.69e1.17; adjusted relative risk, 0.90; 95%

confidence interval, 0.69e1.17; P¼.43). Secondary outcomes such as

preterm birth (unadjusted relative risk, 0.73; 95% confidence interval,

0.56e0.94; adjusted relative risk, 0.73; 95% confidence interval,

0.56e0.94; P¼.01) and pregnancy-induced hypertension (unadjusted

relative risk, 0.65; 95% confidence interval, 0.46e0.93; adjusted relative
risk, 0.65; 95% confidence interval, 0.46e0.92; P¼0.01) were reduced.

CONCLUSION: Our study failed to show an impact of pentaerythritol

tetranitrate on the development of fetal growth restriction and perinatal

death in pregnant women with impaired uterine perfusion at midgestation.

Pentaerythritol tetranitrate significantly reduced secondary outcome pa-

rameters such as the incidence of preterm birth and pregnancy-induced

hypertension in these pregnancies.

Key words: fetal growth restriction, pentaerythritol tetranitrate,
placental insufficiency, placental perfusion, preterm birth
Introduction
Fetal growth restriction (FGR) remains a
major cause of perinatal mortality and
morbidity. FGR is defined as the patho-
logic restriction of intrauterine supply
and the failure of the fetus to achieve its
genetic growth potential.1 Furthermore,
intrauterine malnutrition causes lifelong
consequences as a developmental origin
of adult diseases.2 In the mother, FGR is
associated with vascular pathology,
impaired placentation, and failure of
decidual spiral artery remodeling, leading
to impaired uteroplacental perfusion.
Abnormal uterine flow and maternal
conditions associated with impaired
vascular health, including previous FGR,
signify the risk of developing FGR during
pregnancy.3 Consequently, a recent
consensus on the definition of FGR
incorporates the presence of Doppler
abnormalities, underscoring the patho-
physiological significance of fetoplacental
perfusion.4 Thus, abnormal placental
and/or fetal perfusion differentiates FGR
from the term “small for gestational age,”
according to which fetal weight below the
10th percentile can still be considered
normal. Nitric oxide (NO) donors such as
pentaerythritol tetranitrate (PETN)
reduce the impedance in the uteropla-
cental vessels and have been demon-
strated to possess protecting effects on the
endothelium.5 A randomized controlled
pilot study suggested a beneficial effect of
PETN on pregnancies with impaired
uteroplacental perfusion at midgestation.
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Why was this study conducted?
This study aimed to evaluate and confirm the effect of the nitric oxide donor
pentaerythritol tetranitrate (PETN) on the development of fetal growth restric-
tion (FGR) and perinatal death in high-risk pregnancies.

Key findings
Our inclusion criteria identified a high-risk cohort with 41% FGR, 44% preterm
birth (PTB), 31% pregnancy-induced hypertension (PIH), and 25% preeclampsia.
PETN was not proven to affect the primary outcome. Secondary outcomes such
as PTB and PIH were reduced.

What does this add to what is known?
Although PETN failed to affect FGR and fetal death, it did affect maternal blood
pressure and prolong pregnancy.

ajog.org OBSTETRICS Original Research
A PETN pilot study revealed a 38% rela-
tive risk (RR) reduction of FGR or peri-
natal death (adjusted RR, 0.410; 95%
confidence interval [CI], 0.184e0.914)
and a 70% reduction of preterm birth
before 32weeks of gestation (adjustedRR,
0.436; 95%CI, 0.196e0.970) in thePETN
intervention group relative to the placebo
group.6 On the basis of this pilot data we
developed the hypothesis that PETN
could serve as secondary prophylaxis to
prevent FGR in women with impaired
placental perfusion at midgestation.
Thus, the aim of this PETN trial was to
assess the effect of PETN on the devel-
opment of FGR and perinatal death in
patients with placentation failure, identi-
fied at midgestation in a multicenter,
randomized, double-blind, placebo-
controlled, parallel-group trial.7

Materials and Methods
Study design
This PETN study was a multicenter,
randomized, double-blind, placebo-
controlled, parallel-group study to assess
the efficacy and safety of 50-mg PETN
twice a day to prevent FGR and perinatal
death in pregnancies with placentation
failure at midgestation. The trial was
performed at 14 tertiary-care hospitals in
Germany. Ethical approval was obtained
from the ethical committee of the Jena
University Hospital as the leading com-
mittee (institutional review board of
Friedrich Schiller University Jena;
5085-02/17), and each of the 14 German
study centers obtained ethical approval
from their local committees. The study
protocol was approved by the higher
federal authority and was published
previously.7

Study participants
Participants were recruited from pregnant
women presenting at 19þ0 to 22þ6weeks
of gestation for routine or risk-guided
midtrimester ultrasound screening for
fetal structural anomalies including the
assessment of uteroplacental perfusion.
The major inclusion criterion was
abnormal uterine Doppler flow defined by
amean pulsatility index (PI) exceeding the
95th percentile of the reference popula-
tion.8 Exclusion criteria were multiple
pregnancies, diagnosed or suspected fetal
chromosomal or major structural defects,
and maternal circumstances indicating
adverse pregnancy outcome other than
impaired placental function and maternal
disease defined as a contraindication for
intake of PETN.Participantswere assigned
to risk groups on inclusion and before
randomization. Women with preexisting
hypertension, diabetes mellitus, or other
vascular diseases, and/or who have had
FGR, stillbirth, premature placental
abruption, HELLP (hemolysis, elevated
liver enzymes, and low platelet count)
syndrome, or preeclampsia in a previous
pregnancy were classified as “high-risk,”
and otherwise as “low-risk.”

Treatment
Following verification of eligibility, pa-
tients were randomly assigned in a 1:1
JANUARY 2023 Ame
ratio to receive PETN or placebo using
an internet-based randomization soft-
ware. Randomization was performed
block-wise with a fixed block length
stratified by center and risk group. PETN
and placebo tablets were manufactured
by Aesica Pharmaceuticals GmbH
(Zwickau, Germany). The 2 types of
tablets appeared identical in size, shape,
taste, and color. Packs were labeled with
unique pack identifiers linked to the
randomly generated sequence known
only to the manufacturing unit and the
trial unit programmers. All tablets were
blistered and labeled as study medica-
tion, and thus verum and placebo were
indistinguishable to participants, study
nurses, and clinicians. Following
randomization, PETN or placebo were
taken orally 2 times daily starting with
enrollment until 36þ6 weeks of gesta-
tion or the day of delivery. Participants
were asked to record tablet intake and
side effects in patient IDeassigned study
diaries. Maternal and fetal status and
condition were assessed every 4 weeks
during the treatment period. On de-
livery, data on neonatal and maternal
outcomes were collected. Data capture
was done via a secure web application on
the servers of the Jena University Hos-
pital with OpenClinica. This study
management software meets all regula-
tory requirements and records data via
an encrypted data link (HTTPS) by use
of data entry masks.

Outcomes
The primary outcome was prespecified
as a composite outcome of perinatal
death and/or development of FGR.
Perinatal death was defined as in utero
fetal death after randomization or
neonatal death within the first week of
life. FGR was defined by abnormal
uterine Doppler flow and a birthweight
<10th centile according to population
growth charts.9

As a key secondary endpoint, we re-
ported severe neonatal morbidity and
mortality as a composite of severe FGR
(defined by birthweight below the third
and the fifth centile according to popu-
lation growth charts9) and/or perinatal
death and/or placental abruption. In
addition, we reported a combined
rican Journal of Obstetrics & Gynecology 84.e2
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outcome parameter of “severe neonatal
morbidity” as a composite outcome in
cases in which one of the following
occurred: need for ventilation, intra-
ventricular hemorrhage grade III to IV,
or necrotizing enterocolitis requiring
surgery.

Additional secondary outcome pa-
rameters were birthweight <3rd, <5th,
and <10th centile, development of FGR
requiring delivery before 30, 34, and 37
weeks’ gestation, preterm birth before
30, 34, and 37 weeks, rate of neonatal
intensive care unit (NICU) admission,
and neonatal complications such as the
need for assisted ventilation, occurrence
of intraventricular hemorrhage grade II
to IV, and necrotizing enterocolitis.
Maternal secondary outcome measures
were the development of pregnancy-
induced hypertension (PIH), defined as
occurrence of blood pressure exceeding
140 mm Hg for the systolic and/or 90
mm Hg for the diastolic measurements
during the study period; and pre-
eclampsia, defined as PIH and at least 1
additional manifestation of organ mal-
perfusion leading to either FGR, liver
enzyme alteration, or kidney malfunc-
tion.10 Occurrence of HELLP syndrome
was subsumed to preeclampsia.

In reporting data, including the
reporting of adverse and serious adverse
events, we followed the requirements of
the International Council for Harmo-
nisation of Technical Requirements for
Pharmaceuticals for Human Use—Good
Clinical Practice (ICH-GCP). A data
safety monitoring board (DSMB) was
established to supervise safety events and
outcome data of the neonates born
during the ongoing study. The DSMB
met on a regular basis and did not find
any peculiarities nor make any recom-
mendations on protocol changes.

Statistical analysis
Sample size considerations were based
on the results of a pilot study.6 Because
additional risk factors increase the risk of
FGR, a stratified randomization and
analysis were planned with 2 strata. The
pilot study observed a 2:1 ratio of low- to
high-risk patients and estimated the
proportion of FGR or perinatal death to
be 0.42 in the low-risk and 0.69 in the
84.e3 American Journal of Obstetrics & Gynecolo
high-risk stratum of the placebo group.
Comparing PETN with placebo in the
pilot study resulted in an estimated odds
ratio of 0.41. Thus, for the planning of
the PETN trial, we aimed to detect a
more conservative, clinically relevant
50% risk reduction in the PETN group
compared with the placebo group.
Accordingly, a sample size of 290 pa-
tients was needed to detect this treat-
ment effect by a ManteleHaenszel test
with a power of 80% at a 2-sided sig-
nificance level alpha of 0.05 (nQuery 7.0;
Statsols, Cork, Ireland). Assuming a
dropout rate of approximately 10%, a
total of 324 patients were planned to be
randomized. Primarily, data were
analyzed according to the intent-to-treat
(ITT) principle.
Regarding the primary endpoint, the

ManteleHaenszel test was chosen as a
confirmatory test to address the strati-
fied analysis of the primary endpoint,
and the ManteleHaenszel estimate of
the RR with 95% CI was reported to
assess the treatment effect, applying a 2-
sided significance level alpha of 0.05. In
addition, to check the robustness of the
primary test, a generalized mixed linear
model with treatment and risk group as
the fixed and canter as the random factor
was fitted to adjust for variability be-
tween study centers. Estimated RRs with
95% CI were also reported for the pri-
mary endpoint in this model. In a sub-
sequent sensitivity analysis checking the
robustness of the main results, we per-
formed multiple imputation of missing
primary endpoint data (fully conditional
specification approach with m¼20 im-
putations) and reran the aforemen-
tioned analyses. For all secondary
endpoint or subgroup (in both low- and
high-risk patients) analyses there were
no adjustments for multiple testing
because they are all considered as
exploratory. Thus, we reported nominal
2-sided P values for all exploratory tests
in addition to point and interval.

Results
Between August 2017 and March 2020,
317 women were enrolled in the study.
Because we observed a dropout rate of
<5%, far below the expected rate of
10%, we decided to stop recruitment in
gy JANUARY 2023
April 2020, when constraints caused by
the COVID-19 pandemic started influ-
encing study performance and 317 par-
ticipants had been enrolled (Figure 1).
Primary outcome data of 307 patients
were included in the ITT analysis,
exceeding the required number of 290.
Sensitivity analyses including all 317
patients had no impact on our main
statements. Table 1 displays the baseline
characteristics of the 2 treatment groups.

The cumulative incidence of the pri-
mary outcome was 41.1% (62/155 in-
fants) in the PETN group and 45.5%
(71/161 infants) in the placebo group,
and the difference between the groups
was not statistically significant (adjusted
RR, 0.90; 95% CI, 0.69e1.17; P¼.43).
The estimated treatment effect was
supported by a generalized linear model
with adjustment for study center effects
(adjusted RR, 0.90; 95% CI, 0.69e1.15;
P¼.38) and also after multiple imputa-
tion of missing values (RR, 0.90; 95%CI,
0.70e1.17; P¼.43). Five perinatal deaths
(3.3%) occurred in the PETN group vs 7
cases (4.5%) in the placebo group
(adjusted RR, 0.74; 95% CI, 0.23e2.28;
P¼.6) (Table 2 and Figure 2).

The cumulative incidence of the
combined endpoint of birthweight
below the third centile, intrauterine or
neonatal death, and placental abruption
was 25.2% (38/155 infants) in the
PETN group and 26.3% (41/161 in-
fants) in the placebo group (adjusted
RR, 0.90; 95% CI, 0.65e1.40; P¼.82).
Birthweight of 61 infants (40.7%) in the
PETN group and 69 infants (44.2%) in
the placebo group was <10th percentile
(adjusted RR, 0.92; 95% CI, 0.71e1.20;
P¼.5). Preterm birth before completed
37 weeks of gestation occurred in 138
cases—57 (37.7%) in the PETN group
and 81 (51.9%) in the placebo group.
Expressed as risk reduction for preterm
birth, the estimated RR was 0.73 (95%
CI, 0.56e0.94; P¼.01) (Table 2 and
Figure 2). Severe neonatal morbidity
reported as “combined neonatal
morbidity” as a composite of need for
ventilation and/or necrotizing entero-
colitis and/or intraventricular hemor-
rhage grade III to IV occurred in 30.1%
(44/155) of infants in the PETN group
and 35.8% (53/161) in the placebo

http://www.AJOG.org


FIGURE 1
Trial profile
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group (adjusted RR, 0.84; 95% CI,
0.61e1.7; P¼.3) (Table 3 and Figure 2).

The cumulative incidence of PIH was
23.9% (37/155 women) in the PETN
group and 36.6% (59/161 women) in the
placebo group (adjusted RR, 0.65; 95%
CI, 0.46e0.92; P¼.01) (Table 2 and
Figure 2). Preeclampsia was observed in
20% (31/155 women) of the PETN and
29.2% (47/161 women) of the placebo
group (adjusted RR, 0.68; 95% CI,
0.46e1.03; P¼.05) (Table 2 and
Figure 2). Outcome according to gesta-
tional age did not reveal statistically sig-
nificant results (Supplemental Figure).
Additional outcome data are displayed in
Table 3. Longitudinal monitoring of
Doppler parameters and fetal growth
during the study period also revealed no
evidence for group differences (Figure 3).

Figure 4 displays the cumulative per-
centage of participants who developed
blood pressure exceeding 140 mm Hg
systolic and/or 90 mm Hg diastolic or
preeclampsia, who delivered, and who
were admitted to the hospital. Explor-
ative KaplaneMeier analyses revealed in
these secondary endpoints that partici-
pants in the PETN group seemed to be
less likely to have increased blood pres-
sure (hazard ratio [HR], 0.62; 95% CI,
0.41e0.94; P¼.02), to deliver preterm
(HR, 0.77; 95%CI, 0.61e0.96;P¼.01), and
to be admitted to the hospital (HR, 0.51;
95% CI, 0.30e0.85; P¼.01) (Figure 4).

Comment
Principal findings
Among pregnant women with impaired
uteroplacental perfusion at midg-
estation, using the NO-donor PETN vs
placebo did not reduce the cumulative
incidence of the primary composite
outcome of perinatal death and/or
development of FGR. Several sensitivity
analyses underlined the robustness of
JANUARY 2023 Ame
this claim. However, the secondary
endpoints revealed that PETN reduced
both hypertension in the pregnant
women and the rate of preterm births.
These observations require subsequent
confirmation in independent studies.
Results in the context of what is
known
A mean uteroplacental PI >95th
percentile predicts FGR with a sensitivity
of 18% and a specificity of 95% in gen-
eral populations, and a sensitivity of 58%
for any FGR in high-risk populations
with a specificity of 75%.11 More recent
data confirm the higher risk of FGR in
womenwith amedical history of chronic
hypertension, diabetesmellitus, systemic
lupus erythematodes, or anti-
phospholipid antibody syndrome and in
those with history of adverse pregnancy
outcomes associated with FGR.12 Ac-
cording to these data, at least one-third
of pregnant women diagnosed with
impaired perfusion of the uterine ar-
teries at midgestation will develop FGR
and associated adverse pregnancy out-
comes. Consistently, in our study FGR
occurred in 110 of 307 (35.8%) cases.
Poor placental function and malperfu-
sion of the placenta are recognized to
cause, maintain, and worsen the devel-
opment of FGR. Although in our previ-
ous trial uteroplacental and fetal
perfusion were significantly improved in
the PETN group,13 Doppler measure-
ments during the current trial did not
reveal any changes (Figure 3). The failure
to improve uteroplacental resistance and
consecutive fetal perfusion indices dur-
ing this trial could explain the inability to
reproduce beneficial effects on fetal
growth. Concordantly, short-term
neonatal outcome data did not differ
between groups.

Whereas risk reduction for pre-
eclampsia (20% vs 29.2%; RR, 0.7;
P¼.055) was similar between the treat-
ment groups, the maternal outcomes
indicated improvement favoring PETN
for a reduced rate of PIH. These benefi-
cial maternal effects were also reflected
in a reduced need for hospital admission
during the course of pregnancy
(Figure 4).
rican Journal of Obstetrics & Gynecology 84.e4
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TABLE 1
Baseline characteristics of the trial participantsa

Characteristic PETN group (n¼155) Placebo group (n¼162)

Age (y) 33 (30e36) 34 (29e37)

BMI (kg/m2) 24.6 (22e30.9) 25.7 (21.6e31.5)

Gestational age at randomization (wk) 21.7 (21e22.4) 21.7 (20.9e22.3)

BMI at start of pregnancy (kg/m2) 74 (64.9e86.6) 76.6 (65e91)

Systolic blood pressure (mm Hg) 122 (111e134) 120 (112.5e133.5)

Nulliparous 78 (70e85) 78 (70e85)

Number of previous deliveries 1 (0e1) 0 (0e1)

High risk 61 (39.4) 64 (39.8)

Reason for high risk

Preexisting hypertension 20 (32.8) 25 (39.1)

Preexisting diabetes mellitus 6 (9.8) 6 (9.4)

Previous FGR 23 (37.7) 20 (31.3)

Previous preeclampsia 14 (23.0) 14 (21.9)

Previous HELLP syndrome 10 (16.4) 10 (15.6)

Previous stillbirth 4 (6.6) 4 (6.3)

Previous placental abruption 5 (8.2) 3 (4.7)

Other diseases affecting the endothelium 7 (11.5) 3 (4.7)

Sonographic data at randomization

EFW (g) 416 (352e474) 411 (344e458)

EFW percentile 30 (12e50) 29 (13e48)

EFW percentile <10 32 (20.6) 31 (19.3)

Abdominal circumference (mm) 162 (152e172) 163 (151e170)

Head circumference (mm) 189 (180e199) 188 (179e196)

PI arteria uterina (mean) 1.84 (1.69e2.11) 1.82 (1.68e2.04)

PI arteria cerebri media 1.64 (1.44e1.84) 1.62 (1.48e1.83)

PI arteria umbilicalis 1.25 (1.11e1.41) 1.28 (1.15e1.45)

CPR 1.32 (1.10e1.57) 1.27 (1.08e1.50)

BMI, body mass index; CPR, cerebroplacental ratio; EFW, estimated fetal weight; FGR, fetal growth restriction; HELLP, he-
molysis, elevated liver enzymes, and low platelet count; PETN, pentaerythritol tetranitrate; PI, pulsatility index.

a Median and 25th to 75th percentile are reported for continuous baseline characteristics, and absolute and relative frequencies
for categorical characteristics.

Groten. Effect of pentaerythritol tetranitrate on the development of fetal growth restriction in high-risk pregnancies. Am
J Obstet Gynecol 2023.
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In our study cohort, 125 of 317 ran-
domized women were high-risk (39.4%)
(Table 1). Unexpectedly, the rate of FGR
was similar in the high- and the low-risk
group (44% and 41%), whereas in our
previous study the proportion of FGR
was 50% in the high-risk and 34% in the
low-risk group. However, in the pilot
study stratification was done during
statistical analysis, whereas randomiza-
tion was not stratified. The extent to
which undetected high-risk patients who
may have been assigned to the low-risk
group may have contributed to the re-
sults cannot be determined.

Preterm birth before 37 weeks’ gesta-
tion could be reduced by 30% (RR, 0.7;
95% CI, 0.6e0.9; P¼.01). Accordingly,
KaplaneMeier analysis revealed that
during the course of pregnancy partici-
pants in the treatment group delivered
later (P¼.007), revealing a risk reduction
of 25% (HR, 0.767; 95% CI,
0.612e0.961) (Figure 4, D).

Clinical and research implications
The actual and future burden of being
born with a birthweight <10th percen-
tile, leading to adverse outcomes at any
period of life, including increased rates of
neurologic delay, chronic diseases, and
mortality, makes FGR a general health
problem for the society.14,15 Treatment
and even just mitigation of intrauterine
growth restriction would have tremen-
dous impact on public health and would
help to reduce the burden of diabetes
mellitus and obesity.14,16,17 Nevertheless,
there have been only a few studies on
pharmacologic treatment of FGR thus
far. This PETN randomized controlled
trial (RCT) made the relevant contribu-
tion of defining reduction of FGR as the
primary outcome in a cohort recognized
to be at risk for the development of
placenta-associated pregnancy compli-
cations because of impaired uteropla-
cental perfusion at midgestation. The
most recent international RCT including
cases where severe FGR was diagnosed
before 30 weeks of gestation investigated
the effect of the phosphodiesterase-5
inhibitor sildenafil on neonatal out-
comes. Although there was extensive
evidence in appropriate animal models
of FGR and human evidence suggesting
84.e5 American Journal of Obstetrics & Gynecolo
beneficial effects on uterine and fetal
perfusion,18,19 the Sildenafil TheRapy In
Dismal prognosis Early onset fetal
growth Restriction (STRIDER) studies
failed to show any effect on the outcome
of the affected pregnancies. Beyond the
lack of effect, the Dutch STRIDER trial
had to be discontinued in 2018 because
of suspected excess mortality in the sil-
denafil group.20 The frequency of the
gy JANUARY 2023
most severe outcome of perinatal death
(15%e30%) observed during the
STRIDER trial impressively demon-
strated the risk and danger associated
with FGR, clearly emphasizing the
importance of finding an effective ther-
apy for FGR.21,22 The outcome in our
study was associated with a stillbirth rate
of 3.8%, a high rate of NICU admission,
and severe combined neonatal morbidity

http://www.AJOG.org


TABLE 2
Outcomes according to study group

Outcome

High-riska (n¼122) Low-riska (n¼185) Total (n¼307b) Unadjustedc Adjustedd

PETN
(n¼60)

Placebo
(n¼62) P value

PETN
(n¼91)

Placebo
(n¼94) P value

PETN
(n¼151)

Placebo
(n¼156) P value RRc CIc RRd CId P valued

Primary outcome

Combined endpoint of
perinatal death or FGR

27 (45.0) 28 (45.2) 1.00 35 (38.5) 43 (45.7) .37 62 (41.1) 71 (45.5) .49 0.90 0.69e1.17 0.90 0.69e1.17 .43

Secondary outcome parameter

Perinatal death 2 (3.3) 2 (3.2) 1.00 3 (3.3) 5 (5.3) .23 5 (3.3) 7 (4.5) .77 0.74 0.23e2.28 0.74 0.24e2.27 .60

Birthweight below third
percentile and/or
perinatal death and/or
placental abruption

19 (31.7) 13 (21.0) .22 19 (20.9) 28 (29.8) .18 38 (25.2) 41 (26.3) .90 0.96 0.65e1.41 0.96 0.65e1.41 .82

Birthweight below fifth
percentile and/or
perinatal death and/or
placental abruption

21 (35.0) 18 (29.0) .56 22 (24.2) 29 (30.9) .33 43 (28.5) 47 (30.1) .80 0.95 0.66e1.34 0.95 0.67e1.34 .75

Birthweight percentile 18.1�20.7 19.1�20.3 .89 19.3�19.0 17.5�18.3 .53 18.8�19.6 18.2�19.1 .77 0.64 �3.8 to 5.0 0.64 �3.8 to 5.0 .93

Birthweight <10th
percentile

26 (44.1) 28 (45.2) 1.00 35 (38.5) 41 (43.6) .55 61 (40.7) 69 (44.2) .56 0.92 0.70e1.20 0.92 0.71e1.19 .53

Below fifth percentile 16 (27.1) 16 (25.8) 1.00 22 (24.2) 25 (26.6) .74 38 (25.3) 41 (26.3) 0. 0.96 0.65e1.41 0.96 0.65e1.41 .85

Below third percentile 13 (22.0) 11 (17.7) .65 19 (20.9) 24 (25.5) .49 32 (21.3) 35 (22.4) .89 0.95 0.62e1.46 0.95 0.61e1.46 .81

Gestational age at birth
(wk)

35.7�4.9 34.7�4.9 .28 36.3�4.6 35.3�4.6 .13 36.1�4.7 35.1�4.7 .06 1.00 �0.1 to 2.1 1.00 �0.1 to 2.1 .06

Preterm birth (before
completed 37 wk)

23 (38.3) 33 (53.2) .11 34 (37.4) 48 (51.1) .08 57 (37.7) 81 (51.9) .02 0.73 0.56e0.94 0.73 0.56e0.94 .01

PIHe 17 (27.9) 35 (54.7) <.01 20 (21.3) 24 (24.7) .61 37 (23.9) 59 (36.6) .02 0.65 0.46e0.93 0.65 0.46e0.93 .01

Preeclampsiaf 17 (27.9) 29 (45.3) .06 14 (14.9) 18 (18.6) .56 31 (20.0) 47 (29.2) .07 0.69 0.46e1.02 0.69 0.46e1.02 .06

Placental abruption 4 (6.7) 1 (1.6) .20 0 (0) 3 (3.2) .25 4 (2.6) 4 (2.6) 1.00 1.03 0.26e4.06 1.03 0.26e4.09 .96

Data are in number (percentage) or mean�standard deviation.

CI, confidence interval; FGR, fetal growth restriction; HELLP, hemolysis, elevated liver enzymes, and low platelet count; PETN, pentaerythritol tetranitrate; PIH, pregnancy-induced hypertension; RR, relative risk.

a Participants with preexisting hypertension, diabetes mellitus, or other vascular diseases, and/or who have had FGR, stillbirth, premature placental abruption, HELLP syndrome, or preeclampsia in a previous pregnancy were classified as “high-risk,” and otherwise as
“low-risk”; b Outcome data were available for 307 patients included in the intention-to-treat analysis; c Unadjusted analysis: estimate of the RR with 95% CI; d ManteleHaenszel estimate of the stratified RR with 95% CI was reported to assess the treatment effect;
e PIH defined as blood pressure exceeding 140 mm Hg for the systolic and/or 90 mm Hg for the diastolic; f Defined as PIH and at least 1 additional manifestation of organ malperfusion leading to either FGR, liver enzyme alteration, kidney malfunction, or HELLP
syndrome.
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FIGURE 2
Effect of PETN on primary and secondary outcome parameters

PETN, pentaerythritol tetranitrate.
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of those born growth-restricted. Of the
121 children born with FGR, 73 (60.3%)
were admitted to the NICU, of whom 47
(64.4%) developed severe neonatal
morbidity, emphasizing the importance
of achieving clinical progress regarding
FGR treatment and prevention.

In this study investigating the imme-
diate neonatal outcome of pregnancies
complicated by impaired uterine perfu-
sion, we failed to prove a beneficial effect
of PETN. Follow-up studies of the in-
fants born in this study at the age of 12
months and 5 years are prearranged and
may still reveal beneficial effects for the
offspring. Furthermore, our study
showed an impact onmaternal outcome,
84.e7 American Journal of Obstetrics & Gynecolo
and data retrieved will be analyzed post
hoc to further evaluate whether PETN
might serve as a reasonable option to
complement the treatment of high blood
pressure in high-risk pregnancies.
Finally, our study demonstrated that
interventional clinical trials are feasible
and safe to be performed in obstetrical
populations, which is of particular
importance to overcome the STRIDER
trauma.

Strengths and limitations
A key strength of this trial is the pro-
spective, randomized, double-blind, pla-
cebo-controlled design matched to our
successful pilot study, enabling informed
gy JANUARY 2023
caseload planning. The trial was rigor-
ously conducted according to a pre-
specified protocol without changes. In
addition, the results of our study clearly
demonstrated that by applying our in-
clusion criteria, we were able to identify a
cohort of high-risk pregnancies devel-
oping FGR in 41%, prematurity in 44%,
PIH in 31%, and preeclampsia in 25% of
cases. Given that the inclusion criterion of
our study was impaired uterine perfusion
defined by mean PI of the arteriae uteri-
nae exceeding the 95th centile, all infants
with birthweight <10th percentile were
considered to have FGR in accordance
with the consensus definition of FGR
published by Gordijn4 in 2016, which

http://www.AJOG.org


TABLE 3
Additional outcome parameters according to study group

Outcome

High-riska (n¼122) Low-riska (n¼185) Total (n¼307b) Unadjustedc Adjustedd

PETN
(n¼60)

Placebo
(n¼62) P value

PETN
(n¼91)

Placebo
(n¼94) P value

PETN
(n¼151)

Placebo
(n¼156) P value RRc CIc RRd CId

P
valued

Neonatal outcomee according to study group

Combined neonatal outcomef 18 (31.0) 24 (40.7) .34 27 (30.7) 29 (32.6) .87 45 (30.8) 53 (35.8) .39 0.86 0.62e1.20 0.86 0.62e1.20 .37

Additional outcome parameters

Female 18 (30.0) 26 (41.9) .19 36 (39.6) 46 (48.9) .24 54 (35.8) 72 (46.2) .08 0.77 0.58e1.02 0.78 0.59e1.02 .06

Apgar score <7 at 5 min after
birth

3 (5.3) 6 (9.8) .49 5 (5.7) 7 (7.7) .77 8 (5.6) 13 (8.6) .37 0.65 0.27e1.53 0.65 0.27e1.53 .32

Umbilical artery pH 7.3�0.1 7.3�0.1 .69 7.3�0.1 7.3�0.1 .32 7.3�0.1 7.3�0.1 .31 -0.01 �0.1 to 0.2 -0.01 �0.1 to 0.2 .30

Mode of delivery

Vaginal delivery 25 (41.7) 17 (27.4) .13 45 (49.5) 34 (36.2) .08 70 (46.4) 51 (32.7) .02 1.42 1.06e1.89 1.42 1.07e1.88 .01

Assisted vaginal delivery 2 (3.3) 1 (1.6) .62 3 (3.3) 2 (2.1) .68 5 (3.3) 3 (1.9) .50 1.72 0.41e7.08 1.72 0.42e7.08 .45

Elective cesarean delivery 22 (36.7) 31 (50.0) .15 27 (29.7) 31 (33.0) .64 49 (32.5) 62 (39.7) .19 0.82 0.60e1.11 0.82 0.61e1.10 .18

Emergency cesarean delivery 11 (18.3) 13 (21.0) .82 16 (17.6) 27 (28.7) .08 27 (17.9) 40 (25.6) .13 0.70 0.45e1.08 0.70 0.45e1.08 .10

Additional neonatal outcome parameters

Assisted ventilation 18 (30.0) 24 (38.7) .35 27 (29.7) 29 (30.9) .87 45 (29.8) 53 (34.0) .46 0.88 0.63e1.22 0.88 0.63e1.22 .43

IVH III-IV 0 (0.0) 1 (1.6) 1.00 0 (0.0) 0 (0.0) 1.00 0 (0.0) 1 (0.6) 1.00 0.34 0.01e8.16 0.34 0.01e8.16 .32

NEC 0 (0.0) 2 (3.3) .50 0 (0.0) 0 (0.0) 1.00 0 (0.0) 2 (1.3) .50 0.21 0.01e4.22 0.21 0.01e4.22 .16

Admission to NICU 25 (43.1) 34 (56.7) .20 38 (43.2) 46 (51.7) .29 63 (43.2) 80 (53.7) .08 0.80 0.63e1.03 0.80 0.63e1.03 .07

Nights on NICU 46.6�56.5 36.2�24.0 .42 32.5�33.5 32.6�28.3 1.00 38.1�44.2 34.1�31.3 .55 4.00 �8.6 to 16.6 4.25 �8.3 to 16.8 .20

Joint discharge of mother and
child

36 (60.0) 31 (50.0) .28 54 (60.0) 47 (50.0) .19 90 (60.0) 78 (50.0) .09 1.20 0.97e1.48 1.20 0.98e1.47 .08

Data are in number (percentage) or mean�standard deviation.

CI, confidence interval; FGR, fetal growth restriction; HELLP, hemolysis, elevated liver enzymes, and low platelet count; IVH, intraventricular hemorrhage; NEC, necrotizing enterocolitis; NICU, neonatal intensive care unit; PETN, pentaerythritol tetranitrate; RR, relative
risk.

a Participants with preexisting hypertension, diabetes mellitus, or other vascular diseases, and/or who have had FGR, stillbirth, premature placental abruption, HELLP syndrome, or preeclampsia in a previous pregnancy were classified as “high-risk,” and otherwise as
“low-risk”; b Outcome data were available for 307 patients included in the intention-to-treat analysis; c Unadjusted analysis: estimate of the RR with 95% CI; d ManteleHaenszel estimate of the stratified RR with 95% CI was reported to assess the treatment effect;
e 297 life born infants born to 307 patients included in the intention-to-treat analysis; f Need for ventilation and/or NEC and/or IVH grade III to IV.
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FIGURE 3
Changes in Doppler parameters and development of estimated fetal weight during pregnancy

Changes in A, arteriae uterinae mean PI, B, arteriae umbilicalis PI, C, CPR (ratio of arteriae umbilicalis PI to arteriae cerebri media PI), D, and estimated
fetal weight (Hadlock IV) during the course of pregnancy following randomization in the study groups. PETN represented with gray lines and placebo with
black lines. Dotted lines represent the 95th percentile (for arteriae uterinae mean PI, arteriae umbilicalis PI, and estimated fetal weight) and the 10th
percentile for estimated fetal weight and CPR. Mean values per group and study visit time point are shown.
CPR, cerebroplacental ratio; PI, pulsatility index.
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requires fetal weight <10th centile com-
bined with uterine artery PI >95th cen-
tile. This can be considered a further
strength of the study. A key limitation of
this study was the unexpected even inci-
dence of the primary outcome in the
high- and low-risk groups, suggesting that
criteria for stratification were not appro-
priate or not adequately applied.
Furthermore, in 20% of the cases FGR
was already diagnosed at enrollment.
84.e9 American Journal of Obstetrics & Gynecolo
Although these cases were equally
distributed between groups (20.6% vs
19.3%), it is still possible that this condi-
tion influences the effect of PETN treat-
ment. Finally, dosage of PETNwas 80mg
in the pilot study, but we used a dosage of
50 mg because PETN is now only avail-
able in Pentalong 50-mg tablets (PUREN
Pharma GmbH & Co KG, München,
Germany), which might have decreased
the effect.
gy JANUARY 2023
Conclusion
We failed to demonstrate the designated
impact of PETN on the development of
FGR and perinatal mortality and
morbidity. However, we observed that
PETN was able to reduce prematurity
andmight improvematernal outcome in
a pregnant population identified to be
at risk of developing FGR because
of impaired uterine perfusion at
midgestation. n

http://www.AJOG.org


FIGURE 4
Trends in the incidence of pregnancy induced hypertension, preeclampsia, hospitalization, and delivery in the two
treatment groups

KaplaneMeier plot of cumulative percentage of participants who developed A, blood pressure >140 mm Hg systolic and >90 mm Hg diastolic (HR,
0.623; CI, 0.413e0.940; P¼.019) or B, preeclampsia (HR, 0.648; CI, 0.411e1.020; P¼.054), C, who were admitted to the hospital (HR, 0.511; CI,
0.308e0.846; P¼.008), and D, who had delivered (HR, 0.767; CI, 0.612e0.961; P¼.007).
CI, confidence interval; HR, hazard ratio.

Groten. Effect of pentaerythritol tetranitrate on the development of fetal growth restriction in high-risk pregnancies. Am J Obstet Gynecol 2023.

ajog.org OBSTETRICS Original Research
References
1. Gardosi J. Intrauterine growth restriction: new
standards for assessing adverse outcome.
Best Pract Res Clin Obstet Gynaecol 2009;23:
741–9.
2. Gluckman PD, Hanson MA, Cooper C,
Thornburg KL. Effect of in utero and early-life
conditions on adult health and disease. N Engl
J Med 2008;359:61–73.
3. Parker SE, Werler MM. Epidemiology of
ischemic placental disease: a focus on pre-
term gestations. Semin Perinatol 2014;38:
133–8.
4. Gordijn SJ, Beune IM, Thilaganathan B, et al.
Consensus definition of fetal growth restriction: a
Delphi procedure. Ultrasound Obstet Gynecol
2016;48:333–9.
5. Daiber A, Wenzel P, Oelze M, Münzel T. New
insights into bioactivation of organic nitrates,
nitrate tolerance and cross-tolerance. Clin Res
Cardiol 2008;97:12–20.
6. Schleussner E, Lehmann T, Kähler C,
Schneider U, Schlembach D, Groten T.
Impact of the nitric oxide-donor pentaery-
thrityl-tetranitrate on perinatal outcome in risk
pregnancies: a prospective, randomized,
double-blinded trial. J Perinat Med 2014;42:
507–14.
7. Groten T, Schleußner E. Pentaerithrityl tetra-
nitrate (PETN) for secondary prevention of
JANUARY 2023 Ameri
intrauterine growth restriction (PETN). Placenta
2019;83:E80.
8. Gómez O, Figueras F, Fernández S, et al.
Reference ranges for uterine artery mean pul-
satility index at 11-41 weeks of gestation. Ul-
trasound Obstet Gynecol 2008;32:128–32.
9. Voigt M, Rochow N, Straube S, Briese V,
Olbertz D, Jorch G. Birth weight percentile
charts based on daily measurements for very
preterm male and female infants at the age of
154-223 days. J Perinat Med 2010;38:
289–95.
10. Magee LA, Brown MA, Hall DR, et al. The
2021 International Society for the Study of Hy-
pertension in Pregnancy classification, diagnosis
can Journal of Obstetrics & Gynecology 84.e10

http://refhub.elsevier.com/S0002-9378(22)00583-X/sref1
http://refhub.elsevier.com/S0002-9378(22)00583-X/sref1
http://refhub.elsevier.com/S0002-9378(22)00583-X/sref1
http://refhub.elsevier.com/S0002-9378(22)00583-X/sref1
http://refhub.elsevier.com/S0002-9378(22)00583-X/sref2
http://refhub.elsevier.com/S0002-9378(22)00583-X/sref2
http://refhub.elsevier.com/S0002-9378(22)00583-X/sref2
http://refhub.elsevier.com/S0002-9378(22)00583-X/sref2
http://refhub.elsevier.com/S0002-9378(22)00583-X/sref3
http://refhub.elsevier.com/S0002-9378(22)00583-X/sref3
http://refhub.elsevier.com/S0002-9378(22)00583-X/sref3
http://refhub.elsevier.com/S0002-9378(22)00583-X/sref3
http://refhub.elsevier.com/S0002-9378(22)00583-X/sref4
http://refhub.elsevier.com/S0002-9378(22)00583-X/sref4
http://refhub.elsevier.com/S0002-9378(22)00583-X/sref4
http://refhub.elsevier.com/S0002-9378(22)00583-X/sref4
http://refhub.elsevier.com/S0002-9378(22)00583-X/sref5
http://refhub.elsevier.com/S0002-9378(22)00583-X/sref5
http://refhub.elsevier.com/S0002-9378(22)00583-X/sref5
http://refhub.elsevier.com/S0002-9378(22)00583-X/sref5
http://refhub.elsevier.com/S0002-9378(22)00583-X/sref6
http://refhub.elsevier.com/S0002-9378(22)00583-X/sref6
http://refhub.elsevier.com/S0002-9378(22)00583-X/sref6
http://refhub.elsevier.com/S0002-9378(22)00583-X/sref6
http://refhub.elsevier.com/S0002-9378(22)00583-X/sref6
http://refhub.elsevier.com/S0002-9378(22)00583-X/sref6
http://refhub.elsevier.com/S0002-9378(22)00583-X/sref6
http://refhub.elsevier.com/S0002-9378(22)00583-X/sref7
http://refhub.elsevier.com/S0002-9378(22)00583-X/sref7
http://refhub.elsevier.com/S0002-9378(22)00583-X/sref7
http://refhub.elsevier.com/S0002-9378(22)00583-X/sref7
http://refhub.elsevier.com/S0002-9378(22)00583-X/sref8
http://refhub.elsevier.com/S0002-9378(22)00583-X/sref8
http://refhub.elsevier.com/S0002-9378(22)00583-X/sref8
http://refhub.elsevier.com/S0002-9378(22)00583-X/sref8
http://refhub.elsevier.com/S0002-9378(22)00583-X/sref9
http://refhub.elsevier.com/S0002-9378(22)00583-X/sref9
http://refhub.elsevier.com/S0002-9378(22)00583-X/sref9
http://refhub.elsevier.com/S0002-9378(22)00583-X/sref9
http://refhub.elsevier.com/S0002-9378(22)00583-X/sref9
http://refhub.elsevier.com/S0002-9378(22)00583-X/sref9
http://refhub.elsevier.com/S0002-9378(22)00583-X/sref10
http://refhub.elsevier.com/S0002-9378(22)00583-X/sref10
http://refhub.elsevier.com/S0002-9378(22)00583-X/sref10
http://www.AJOG.org


Original Research OBSTETRICS ajog.org
& management recommendations for interna-
tional practice. Pregnancy Hypertens 2022;27:
148–69.
11. Cnossen JS, Morris RK, ter Riet G, et al.
Use of uterine artery Doppler ultrasonography
to predict pre-eclampsia and intrauterine
growth restriction: a systematic review and
bivariable meta-analysis. CMAJ 2008;178:
701–11.
12. Lesmes C, Gallo DM, Panaiotova J,
Poon LC, Nicolaides KH. Prediction of small-for-
gestational-age neonates: screening by fetal
biometry at 19-24 weeks. Ultrasound Obstet
Gynecol 2015;46:198–207.
13. Bowkalow S, Schleussner E, Kähler C,
Schneider U, Lehmann T, Groten T. Pentaery-
thrityltetranitrate (PETN) improves utero- and
feto-placental Doppler parameters in pregnan-
cies with impaired utero-placental perfusion in
mid-gestation - a secondary analysis of the
PETN-pilot trial. J Perinat Med 2018;46:1004–9.
14. Juonala M, Cheung MM, Sabin MA, et al.
Effect of birth weight on life-course blood pres-
sure levels among children born premature: the
cardiovascular Risk in Young Finns Study.
J Hypertens 2015;33:1542–8.
15. Mericq V, Martinez-Aguayo A, Uauy R,
Iñiguez G, Van der Steen M, Hokken-Koelega A.
Long-term metabolic risk among children born
premature or small for gestational age. Nat Rev
Endocrinol 2017;13:50–62.
16. Als H, Duffy FH, McAnulty G, et al. NIDCAP
improves brain function and structure in preterm
infants with severe intrauterine growth restric-
tion. J Perinatol 2012;32:797–803.
17. Als H, Duffy FH, McAnulty GB, et al. Is the
Newborn Individualized Developmental Care
and Assessment Program (NIDCAP) effective for
preterm infants with intrauterine growth restric-
tion? J Perinatol 2011;31:130–6.
18. Paauw ND, Terstappen F, Ganzevoort W,
Joles JA, Gremmels H, Lely AT. Sildenafil during
pregnancy: a preclinical meta-analysis on fetal
growth and maternal blood pressure. Hyper-
tension 2017;70:998–1006.
84.e11 American Journal of Obstetrics & Gynecol
19. Trapani A Jr, Gonçalves LF, Trapani TF,
Vieira S, Pires M, Pires MMS. Perinatal and he-
modynamic evaluation of sildenafil citrate for
preeclampsia treatment: a randomized
controlled trial. Obstet Gynecol 2016;128:
253–9.
20. Pels A, Jakobsen JC, Ganzevoort W, et al.
Detailed statistical analysis plan for the Dutch
Strider (sildenafil TheRapy in dismal prognosis
early-onset fetal growth restriction) randomised
clinical trial on sildenafil versus placebo for
pregnant women with severe early onset fetal
growth restriction. Trials 2019;20:42.
21. GroomKM,McCowanLM,Mackay LK, et al.
Strider NZAus: a multicentre randomised
controlled trial of sildenafil therapy in early-onset
fetal growth restriction. BJOG 2019;126:
997–1006.
22. Sharp A, Cornforth C, Jackson R, et al.
Maternal sildenafil for severe fetal growth re-
striction (STRIDER): a multicentre, randomised,
placebo-controlled, double-blind trial. Lancet
Child Adolesc Health 2018;2:93–102.

Author and article information
From the Department of Obstetrics, Jena University

Hospital, Jena, Germany (Drs Groten and Schleußner);

Institute of Medical Statistics and Computer Science,

Jena University Hospital, Jena, Germany (Dr Lehmann);

Center for Clinical Studies, Jena University Hospital, Jena,

Germany (Dr Lehmann and Ms Städtler); Department of
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SUPPLEMENTAL FIGURE
PETN effect on secondary outcome parameters according to gestational age

PETN, pentaerythritol tetranitrate.
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