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BACKGROUND: Noninvasive prenatal testing by cell-free DNA anal-
ysis is offered to pregnant women worldwide to screen for fetal aneu-
ploidies. In noninvasive prenatal testing, the fetal fraction of cell-free DNA
in the maternal circulation is measured as a quality control parameter.
Given that fetal cell-free DNA originates from the placenta, the fetal
fraction might also reflect placental health and maternal pregnancy
adaptation.

OBJECTIVE: This study aimed to assess the association between the
fetal fraction and adverse pregnancy outcomes.

STUDY DESIGN: We performed a retrospective cohort study of women
with singleton pregnancies opting for noninvasive prenatal testing be-
tween June 2018 and June 2019 within the Dutch nationwide imple-
mentation study (Trial by Dutch Laboratories for Evaluation of Non-Invasive
Prenatal Testing [TRIDENT]-2). Multivariable logistic regression analysis
was used to assess associations between fetal fraction and adverse
pregnancy outcomes. Fetal fraction was assessed as a continuous variable
and as <10th percentile, corresponding to a fetal fraction <2.5%.
RESULTS: The cohort comprised 56,110 pregnancies. In the analysis of
fetal fraction as a continuous variable, a decrease in fetal fraction was
associated with increased risk of hypertensive disorders of pregnancy
(adjusted odds ratio, 2.27 [95% confidence interval, 1.89—2.78]), small

for gestational age neonates <10th percentile (adjusted odds ratio, 1.37
[1.28—1.45])) and <2.3rd percentile (adjusted odds ratio, 2.63
[1.96—3.57]), and spontaneous preterm birth from 24 to 37 weeks of
gestation (adjusted odds ratio, 1.02 [1.01—1.03]). No association was
found for fetal congenital anomalies (adjusted odds ratio, 1.02
[1.00—1.04]), stillbirth (adjusted odds ratio, 1.02 [0.96—1.08]), or
neonatal death (adjusted odds ratio, 1.02 [0.96—1.08]). Similar associ-
ations were found for adverse pregnancy outcomes when fetal fraction
was <10th percentile.

CONCLUSION: In early pregnancy, a low fetal fraction is associated
with increased risk of adverse pregnancy outcomes. These findings can be
used to expand the potential of noninvasive prenatal testing in the future,
enabling the prediction of pregnancy complications and facilitating tailored
pregnancy management through intensified monitoring or preventive
measures.

Key words: adverse pregnancy outcomes, cell-free DNA, cell-free DNA
screening, cell-free fetal DNA, fetal fraction, gestational diabetes,
hypertensive disorders of pregnancy, noninvasive prenatal testing,
pregnancy complications, small for gestational age neonates,
spontaneous preterm birth

Introduction

The presence of fetal cell-free DNA
(cfDNA) in maternal blood allows for
noninvasive prenatal testing (NIPT)
for Down, Edwards, and Patau syn-
dromes." Since its introduction in
clinical practice in 2011, NIPT has
rapidly become available to pregnant
women worldwide.” The accuracy of
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NIPT depends on a sufficient amount
of fetal cfDNA in the maternal plasma.
The ratio of fetal c¢fDNA to total
cfDNA, known as the fetal fraction, is
estimated in most cfDNA tests as a
quality control parameter. It is known
to vary because of biological factors
such as maternal weight and gesta-
tional age (GA), but also depends
on the bioinformatic method and
molecular platform used for its
estimation.”"

Because the fetal cfDNA originates
from  apoptotic  cytotrophoblast
placental cells, the fetal fraction
potentially reflects placental health and
maternal  pregnancy  adaptation.’
We hypothesize that impaired placen-
tation with a relatively poor
placental—maternal interface in early
pregnancy leads to reduced release
of fetal cfDNA in the maternal
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circulation, resulting in lower fetal
fraction. To date, only a few studies
with relatively small sample sizes have
assessed the association between the
fetal fraction and adverse pregnancy
outcomes. Some of these studies re-
ported an association between low fetal
fraction and hypertensive disorders of
pregnancy (HDP), small for GA neo-
nates (SGA), spontaneous preterm
birth (sPTB), and gestational diabetes
mellitus (GDM).”

Herein, we assess the association
between the fetal fraction in NIPT and
adverse pregnancy outcomes in a large
nationwide cohort of pregnant women
who participated in the Dutch national
implementation study on NIPT for
fetal aneuploidies (the Trial by Dutch
Laboratories for Evaluation of Non-
Invasive Prenatal Testing [TRIDENT]-
2 study®).
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Why was this study conducted?

studies, with conflicting results.

Key findings

improve pregnancy outcomes.

Fetal fraction is universally measured as a quality parameter in noninvasive
prenatal testing (NIPT) for fetal aneuploidies. Given that fetal cell-free DNA
originates from the placenta, the fetal fraction could reflect placental health and
maternal pregnancy adaptation. To date, the association between the fetal frac-
tion and pregnancy outcomes has only been assessed in a few small-sized cohort

This nationwide cohort study shows that a low fetal fraction in early pregnancy is
associated with adverse pregnancy outcomes, including hypertensive disorders of
pregnancy, small for gestational age neonates, and spontaneous preterm birth.

What does this add to what is known?

These findings demonstrate the potential of NIPT in the risk stratification of
adverse pregnancy outcomes. This could broaden the scope of NIPT from
enabling reproductive choices to also becoming a prevention-aimed test to

Materials and Methods

Study design

In the Netherlands, NIPT was intro-
duced in April 2017 and offered as a first-
tier screening test for Down, Edwards,
and Patau syndromes to all pregnant
women in the Netherlands within a
nationwide implementation study, the
TRIDENT-2 prospective cohort study,
until April 2023.° In the current retro-
spective cohort study, we used data of
women who participated in the
TRIDENT-2 study between June 1, 2018
and June 1, 2019. During this period,
NIPT analysis including fetal fraction
measurement was uniformly performed
at all 3 assigned NIPT laboratories in the
Netherlands (ie, the laboratories of the
VU University Medical Center [VUmc]
[Amsterdam University Medical Cen-
ters], the Maastricht University Medical
Center+, and the Erasmus University
Medical Center). Within the TRIDENT-
2 study, NIPT results and fetal fraction
estimates were collected in the Dutch
national prenatal screening registry
(Peridos) that includes data regarding
maternal characteristics, prenatal ultra-
sound findings, and prenatal testing re-
sults.” For the current study, the Peridos
registry was linked to the Dutch national
perinatal registry (Perined) that includes
maternal characteristics and pregnancy

outcomes of pregnant women in the
Netherlands.”® Linking the Peridos and
Perined registries was performed by
matching all pregnancies on a pseu-
donym based on maternal date of birth,
postal code, and a 30-day GA range. This
link was facilitated by a trusted third
party  (ZorgTTP,  Houten, the
Netherlands) to comply with the Euro-
pean General Data Protection Regula-
tion. The structure and coherence of the
registries are graphically presented in the
Supplemental Figure, and the method
and process of linking the registries are
explained in Appendix 1.

Inclusion and exclusion criteria
Women with singleton pregnancies who
opted for NIPT within the TRIDENT-2
study between June 1, 2018 and June 1,
2019 were eligible for inclusion. Women
who had not given consent for use of
their data in follow-up research beyond
the TRIDENT-2 study were excluded.

Laboratory analysis

Peripheral blood samples were collected
in Streck tubes (Streck, Inc., La Vista,
NE) from 11 weeks of pregnancy and
sent within 4 days to 1 of the partici-
pating  laboratories. =~ Genome-wide
shallow sequencing was performed with
the VeriSeq v1 NIPT Solution (Illumina,

San Diego, CA), which involves 36-bp
paired-end sequencing on a NextSeq
500 System (Illumina) according to the
specifications of the supplier. Fetal frac-
tion was estimated with the VeriSeq v1
NIPT Analysis Software (Illumina).

Definition of outcomes

Adverse pregnancy outcomes of interest
included HDP, SGA neonates with GA-
corrected birthweights <10th percentile
(<p10) and <2.3rd percentile (<p2.3),
sPTB, diabetes, congenital anomalies,
stillbirth, and neonatal death. HDP
comprised pregnancy-induced hyper-
tension (PIH), preeclampsia (PE), and/
or HELLP syndrome. PIH, PE, and
HELLP syndrome were defined accord-
ing to the International Society for the
Study of Hypertension in Pregnancy
classification.” SGA <pl0 and <p2.3
was determined by the Hoftiezer birth-
weight charts.'’ sPTB was defined as a
spontaneous birth between 24 and 37
weeks of GA and subdivided into mod-
erate to late (32—37 weeks), very pre-
term (28—32 weeks), and extremely
preterm birth (24—28 weeks).'' Because
of the nature of the Perined registry,
diabetes included both GDM (deter-
mined by a 75-g 2-hour oral glucose
tolerance test between 24 and 28 weeks
of GA') and preexisting diabetes mel-
litus. Congenital anomalies were classi-
fied as major anomalies according to the
guidelines of EUROCAT (European
network of population-based registries
for the epidemiological surveillance of
congenital anomalies)."” Stillbirth was
defined as an intrauterine fetal demise
occurring after 24 weeks of GA. Neonatal
death was defined as death occurring
from the 1st until the 28th day
postnatally.

Statistical analysis

To assess if missing data in the database
were missing completely at random, we
compared characteristics between preg-
nant women without missing data and
pregnant women with missing data in at
least 1 variable (Supplemental Table 1).
Because statistically significant differences
were found across multiple characteris-
tics, we concluded that data were not
missing completely at random and were

AUGUST 2024 American Journal of Obstetrics & Gynecology 244.e2


http://www.AJOG.org

OBSTETRICS

therefore assumed to be missing at
random. Given that a complete case
analysis can result in imprecision and bias
in association estimates in the presence of
missing data that are missing at random,
missing data in the data set were imputed
using multiple imputation by chained
equations.'* All outcomes and explana-
tory variables were used in the imputation
model and 20 imputations were per-
formed. The amount of missing data for
each variable, including the baseline
characteristics of the study cohort before
and after multiple imputation, is provided
in Supplemental Table 2. Descriptive an-
alyses were performed to describe the
study cohort. The association between the
fetal fraction and the outcomes was
assessed by univariable logistic regression
analysis, resulting in an unadjusted odds
ratio (OR). Multivariable logistic regres-
sion analysis was performed to correct for
possible confounding (adjusted OR).
Relevant confounders were selected from
previous literature and clinical practice
and were included in the multivariable
model. Associations between all contin-
uous covariables and all outcomes were
assessed graphically by spline plots for
potential nonlinearity, and if needed,
continuous covariables were transformed.
An overview of the confounders, trans-
formations, and exclusions used in the
multivariable analysis by outcome is pro-
vided in Supplemental Table 3. Fetal
fraction was primarily analyzed as a
continuous variable to assess whether an
association between fetal fraction and
adverse pregnancy outcomes was present.
In addition, a low fetal fraction cutoff
<pl0 was used, corresponding to a fetal
fraction of <2.5%. Analyses were per-
formed in each imputed data set sepa-
rately and results were pooled using
Rubin’s rules.”” Statistical analyses were
performed in R, version 4.2.1 (R Core
Team, Vienna, Austria).

Ethical approval

The TRIDENT-2 study was approved by
the Dutch Ministry of Health, Welfare
and Sport (license 1017420-153371-PG)
and the Medical Ethical Committee of
VUmc (No.2017.165). The Medical
Ethical Committee VUmc declared that
the Medical Research Involving Human

Subjects Act (WMO) did not apply to the
present study (No.2020.10).

Results

The flowchart of the study population is
displayed in Figure 1. The Peridos reg-
istry contained 77,478 records of all
women with singleton pregnancies who
opted for NIPT from June 1, 2018 to
June 1, 2019. After exclusion of preg-
nancies of women who had not given
consent for the use of their data in
follow-up  research  beyond  the
TRIDENT-2 study (n=5965), 71,513
pregnancies were eligible to be linked to
the Perined registry. For 15,403 preg-
nancies, no match with the Perined
registry could be accomplished. This
resulted in a final linked database of
56,110 women with singleton pregnan-
cies. This was 72.4% (56,110/77,478) of
the total cohort of pregnant women with
singleton pregnancies who opted for
NIPT within the study period.

The baseline characteristics of the
study cohort (after imputation) are
presented in Table 1. The distribution of
the fetal fraction estimates is displayed in
Figure 2. On first blood sampling, 1028
of 56,110 participants (1.8%) did not
receive a result because of test failure.
Test failure was caused by a too low fetal
fraction in 782 of 56,110 participants
(1.4%). On second blood sampling, no
test result was issued for the remaining
287 participants. Of these 287 test fail-
ures, 225 were caused by a too low fetal
fraction. Supplemental Table 4 shows the
comparison of baseline characteristics
between the study cohort and the total
population of women opting for NIPT.
Baseline characteristics of the study
cohort were comparable to those of the
total NIPT population during the study
period.” Compared with the general
Dutch obstetrical population, women in
the study population were more often
nulliparous and of White ethnicity.®

Association between fetal fraction

and adverse pregnancy outcomes

Table 2 shows the unadjusted and
confounder-adjusted ORs of the analysis
of fetal fraction as a continuous variable.
The values of the ORs are not compa-
rable between outcomes in this analysis
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because for some outcomes (HDP and
SGA), a transformation was used for
fetal fraction. An overview of the
possible transformation used for fetal
fraction by outcome is provided in
Supplemental Table 3. The unadjusted
and confounder-adjusted ORs for fetal
fraction <p10 are shown in Table 3. The
adjusted OR is displayed graphically in
Figure 3. Results of the adjusted analyses
for each individual adverse pregnancy
outcome are reported below.

Hypertensive disorders of
pregnancy

A decrease in fetal fraction was associ-
ated with a higher risk of HDP (OR, 2.27
[95% confidence interval, 1.89—2.78]).
A higher risk of HDP was also found
when fetal fraction was <p10 (OR, 1.30
[1.14—1.49]).

Small for gestational age neonates
<p10 and <p2.3

A decrease in fetal fraction was associ-
ated with a higher risk of SGA <pl0
(OR, 1.37 [1.28—1.45]) and <p2.3 (OR,
2.63 [1.96—3.57]). The risks of both
SGA <pl10 (OR, 1.49 [1.33—1.68]) and
SGA <p2.3 (OR, 1.75 [1.42—2.16]) were
higher when fetal fraction was <p10.

Spontaneous preterm birth

A decrease in fetal fraction was associated
with a higher risk of all sPTB (OR, 1.02
[1.01—1.03]) and moderate to late SPTB
(OR, 1.02 [1.01—1.04]) specifically, but
no association was found for spontaneous
very preterm birth (OR, 1.02
[0.97—1.06]) or spontaneous extremely
preterm birth (OR, 0.98 [0.93—1.05]).
Higher risks of all sPTB (OR, 1.25
[1.04—1.50]) and moderate to late SPTB
(OR, 1.25 [1.02—1.51]) and spontaneous
very preterm birth (OR, 1.89
[1.08—3.32]) specifically, were found for
a fetal fraction <p10. No association was
found for spontaneous extremely pre-
term birth when fetal fraction was <p10
(OR, 0.45 [0.10—2.07]).

Diabetes (both preexisting and
gestational)

A decrease in fetal fraction was associ-
ated with a higher risk of diabetes (OR,
1.03 [1.02—1.04]). No higher risk of
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FIGURE 1
Flowchart of the study population

Peridos Perined
Records of singleton pregnancies provided by the Dutch national Records of singleton pregnancies provided by the Dutch national
prenatal registry containing maternal characteristics and outcomes of perinatal registry containing maternal characteristics and pregnancy
women participating in prenatal screening from June 2018 to June 2019. outcomes of pregnant women.
(n=77478) (n=61699)
No consent for use of
data in future research  je—
{n=5965)
Y
Records of singleton
pregnancies
{n=71513)

No match with the

Perined registry* ———
(n=15,403)
Y
Linked database of
Peridos and Perined
(n=56,110)

* Records were matched based on postal code, maternal

date of birth, and gestational age

Becking. Fetal fraction in noninvasive prenatal testing and adverse pregnancy outcomes. Am J Obstet Gynecol 2023.

diabetes was found when fetal fraction
was <pl0 (OR, 1.05 [0.89—1.25]).

Congenital anomalies

Fetal fraction was not associated with
congenital anomalies in the analysis of
the fetal fraction as a continuous variable
(OR, 1.02 [1.00—1.04]) or when fetal
fraction was <pl0 (OR, 1.27
[0.96—1.68]).

Stillbirth and neonatal death

Fetal fraction was not associated with
stillbirth or neonatal death in the anal-
ysis of fetal fraction as a continuous
variable (OR, 1.02 [0.96—1.08] and OR,
1.02 [0.96—1.08], respectively). A higher

risk of neonatal death was found when
fetal fraction was <pl0 (OR, 2.07
[1.01—4.21]). No association was found
between fetal fraction <pl0 and still-
birth (OR, 1.37 [0.64—2.93]).

Comment

Principal findings

This nationwide retrospective cohort
study of 56,110 women opting for NIPT
in the Netherlands shows that pregnant
women with a lower fetal fraction in
early pregnancy are at increased risk of
adverse pregnancy outcomes. The
introduction of NIPT to screen for fetal
aneuploidies in clinical practice in 2011
has rapidly revolutionized the field of

prenatal screening. NIPT is now avail-
able to pregnant women worldwide,
with a global market value that soared to
$4.11 billion in 2021 and is expected to
grow to $13.2 billion in 2028.”'° Our
findings show not only that NIPT reveals
the fetal chromosomal constitution, but
also that the fetal fraction in NIPT is
related to placental health and conse-
quently to both maternal pregnancy
adaptation and fetal development and
maturation. This implies that NIPT has
the potential to be used in obstetrical
care in the prediction and monitoring of
placenta-related adverse pregnancy out-
comes in addition to screening for fetal
aneuploidies.

AUGUST 2024 American Journal of Obstetrics & Gynecology 244.e4
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Results in the context of what is
known

In uncomplicated pregnancies, the
placenta remodels the maternal uterine
vasculature by the invasion of placental
trophoblast cells into the uterine wall
and maternal spiral arteries, trans-
forming them into low-resistance, high-
flow vessels that facilitate efficient
nutrient and oxygen exchange at the
maternal—fetal interface.'” Abnormal
placental development, which is char-
acterized by impaired trophoblast inva-
sion and failed spiral artery
transformation in the first trimester and
subsequent maternal vascular malper-
fusion and placental dysfunction,
generally leads to adverse pregnancy
outcomes.'” Given that fetal cfDNA
originates from cytotrophoblast cells of
placental chorionic villi undergoing
apoptosis, the release of fetal cfDNA
could be closely related to placental
function.” Our findings suggest that in
the case of early abnormal placental
development with a disturbed maternal-
fetal interface, less fetal cfDNA is
released in the maternal circulation,
resulting in a lower fetal fraction.
Conversely, in third-trimester samples of
pregnant women diagnosed with PE,
considerably higher levels of fetal cfDNA
have been reported.'” Intriguingly, fetal
cells have also been found to be increased
in cases of PE.'”” This might be
explained by placental lesions in early
pregnancy, which facilitate increased
passage of fetal cells into the maternal
circulation. Whether these cells, or even
fetal cfDNA, cause a maternal inflam-
matory response and play a causal role in
the manifestation of PE remains to be
elucidated.

Some previous small retrospective
cohort studies have already suggested an
association between lower fetal fraction
in early pregnancy and adverse preg-
nancy outcomes.’ % In these studies,
the association with HDP has been
described most consistently.”’ ">’ The
findings of our study confirm this asso-
ciation. Lower fetal fraction was associ-
ated with SGA <pl0 and <p2.3 in all
analyses performed in this study. This is
in line with the results of a previous

TABLE 1
Characteristics of the study cohort

Characteristics

Study cohort (n=56,110)
Median (IQR) or n (%)

Baseline characteristics
Maternal age (y)
Maternal BMI (kg/m?)
Gestational age at NIPT blood draw (wk*¢)
Fetal fraction (%)
Ethnicity
White
Other
Method of conception
Spontaneous
Assisted (IVF/ICSI)
Smoking
Yes
No
Parity
Nulliparous
Para 1
Para >2
Obstetrical history
Previous preeclampsia®
Previous preterm birth®
Previous small for gestational age®
Previous miscarriage/abortion
Pregnancy outcomes
Gestational age at delivery (wk)
Mode of delivery
Vaginal delivery
Assisted vaginal delivery (vacuum/forceps)
Elective cesarean delivery
Emergency cesarean delivery
Birthweight (g)
Hypertensive disorders of pregnancy
SGA, birthweight <p10
SGA, birthweight <p2.3
All sPTB (24—37 wk of GA)
Moderate to late SPTB (32—37 wk)
Spontaneous very PTB (28—32 wk)
Spontaneous extremely PTB (24—28 wk)

31 (29—34)

232 (21.2—26.1)

1270 (11H4—12"9)
8 (6—11)

52,175 (93.0%)
3935 (7.0%)

54,733 (97.5%)
1377 (2.5%)

2523 (4.5%)
53,587 (95.5%)

29,044 (51.8%)
20,223 (36.0%)
6843 (12.2%)

160/27,066 (0.6%)
785/27,066 (2.9%)
410/27,066 (1.5%)

349 (0.6%)

3975 (3875—4019)

42,505 (75.7%)
4707 (8.4%)
4148 (7.4%)

4750 (8.5%)

3460 (3120—3785)

3207 (5.7%)

5726 (10.2%)

1796 (3.2%)

1891 (3

1675 (3
140 (0.3%

76 (0.1%

.4%)
.0%)
)
)

Becking. Fetal fraction in noninvasive prenatal testing and adverse pregnancy outcomes. Am J Obstet

Gynecol 2023.

(continued)
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TABLE 1

Characteristics of the study cohort (continueq)

Study cohort (n=56,110)

@ Data of multiparous women only (n=27,066);
mellitus; °

Characteristics Median (IQR) or n (%)
Diabetes” 1902 (3.4%)
Congenital anomalies® 741 (1.3%)
Stillbirth 88 (0.2%)
Neonatal death 82 (0.2%)

BMI, body mass index; GA, gestational age; /CS/, intracytoplasmic sperm injection; /QR, interquartile range; /VF, in vitro
fertilization; NIPT, noninvasive prenatal testing; <p2.3, <2.3rd percentile; <p70, <10th percentile; PTB, preterm birth; SGA,
small for gestational age neonates; sPTB, spontaneous preterm birth.

® Composed of both preexisting diabetes mellitus and gestational diabetes
Excluding pregnancies with confirmed Down, Edwards, or Patau syndrome.

Becking. Fetal fraction in noninvasive prenatal testing and adverse pregnancy outcomes. Am J Obstet Gynecol 2023.

cohort study that reported higher rates
of SGA below the fifth birthweight
percentile when fetal fraction was below
the fifth percentile (6.9% vs 3.2%;
P=04).”® Other cohort studies that
assessed this association did not report
an association with SGA.”'***’ This is
opposed to what would be expected ac-
cording to our hypothesis of disturbed
early placentation, and may be caused by
the small sample size of these studies.
The definition of SGA in our study was

inevitably based on GA-corrected birth-
weights because fetal biometry ultra-
sound measurements were unavailable,
and likely comprises both physiologi-
cally small fetuses and growth-
restricted fetuses. Assessing fetal
growth restriction specifically would
be of high interest in future studies
given its association with abnormal
placentation and placental dysfunction.

In our analyses, we found an associa-
tion with all sSPTB (24—37 weeks) and

FIGURE 2

Distribution of fetal fraction estimates in the study cohort

6000~

4000

count

2000~

) 10
10th percentile (2.5%)

20 30

Fetal fraction (in %) 6

Becking. Fetal fraction in noninvasive prenatal testing and adverse pregnancy outcomes. Am J Obstet Gynecol 2023.

specifically with moderate to late sPTB
(32—37 weeks). This might be explained
by the small sample size in these sub-
groups. Another possible explanation
for the absence of a consistent associa-
tion is that sPTB is also known to be
caused by non—placenta-related biolog-
ical mechanisms, such as cervical insuf-
ficiency, infection, or inflammation.”
Although an association between low
fetal fraction and preterm birth has been
reported in 2 previous retrospective
cohort studies, no distinction was made
between spontaneous and medically
indicated birth in these studies.”””*
Studies that did specifically assess sPTB
did not report an association.”"**?’
Given the conflicting evidence, this as-
sociation requires further research.

Our study showed that lower fetal
fraction is associated with increased risk
of diabetes in the analysis of fetal fraction
as a continuous variable. Whether the
same mechanism of impaired placenta-
tion, either by hyperglycemic status or
other factors, can explain this association
remains to be elucidated.”” Unfortu-
nately, because of the nature of the
perinatal registration, we were not able
to distinguish preexisting diabetes from
GDM. Three previous studies reported
significantly higher rates of GDM in
women with low fetal fraction,?! % but
results were not corrected for body mass
index (BMI), which is one of the most
important confounders in the etiology of
diabetes. Other studies that did correct
for confounders (including BMI) did not
find an association for low fetal
fraction.”* *® Our results indicate that a
decrease in fetal fraction does yield an
additional risk for diabetes independent
of BMI, but further research is
needed on the association with GDM
specifically.

Lower fetal fraction was not related to
a significantly higher risk of congenital
anomalies after confounder correction.
Although the association between low
fetal fraction and fetal aneuploidy has
been described previously,’' only 2 pre-
vious studies reported on fetal fraction
and congenital anomalies unrelated to
fetal aneuploidy, and with conflicting
results.””** In a cohort of women with a
failed cfDNA test due to low fetal

AUGUST 2024 American Journal of Obstetrics & Gynecology 244.e6
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preterm birth.

X:Eol_t:?aztion between fetal fraction and adverse pregnancy outcomes
Adverse pregnancy outcome (n=>54,711) Outcome/total (%) Unadjusted OR (95% CI) Pvalue  Adjusted OR (95% Cl) A value
Hypertensive disorders of pregnancy 3186/54,711 (5.8)  4.55 (3.85—5.26) <.0001 2.27 (1.89—-2.78) <.0001
SGA, birthweight <p10 4784/54,711 8.7)  1.25(1.18—1.33) <.0001  1.37 (1.28—1.45) <.0001
SGA, birthweight <p2.3 1104/54,711 (2.0)  2.56 (1.92—3.45) <.0001 2.63 (1.96—3.57) <.0001
All SPTB (24—37 wk of GA) 1891/54,711 (3.5)  1.02 (1.01—1.04) .00013  1.02 (1.01—1.03) .0014
Moderate to late SPTB (32—37 wk)® 1675/54,345 (3.1)  1.03 (1.01—1.04) <.0001 1.02 (1.01—1.04) .00087
Spontaneous very PTB (28—32 wk)? 140/52,275 (0.3)  1.02 (0.97—1.06) 39 1.02 (0.97—1.06) A7
Spontaneous extremely PTB (24—28 wk)®  76/52,139 (0.1)  0.99 (0.93—1.05) 78 0.98 (0.93—1.05) 63
Diabetes” 1890/54,711 (3.5)  1.09 (1.08—1.10) <.0001 1.03 (1.02—1.04) <.0001
Congenital anomalies® 741/55,956 (1.3)  1.03 (1.01—1.05) .0059  1.02 (1.00—1.04) 13
Stillbirth 88/54,711 (0.2)  1.05(0.98—1.11) .090 1.02 (0.96—1.08) A4
Neonatal death 82/54,711 (0.2)  1.01 (0.98—1.11) a7 1.02 (0.96—1.08) .51

Shown are the unadjusted OR and the confounder-adjusted OR. An OR of >1 indicates that lower fetal fraction is associated with higher odds of developing the outcome and vice versa. The values of
the OR are not comparable between outcomes because for some outcomes, a transformation was used for fetal fraction. An overview of the variables used in the multivariable analysis and the
transformation used for fetal fraction per outcome is provided in Supplemental Table 2. Only pregnancies with a GA at delivery >24 weeks were analyzed.

Cl, confidence interval; GA, gestational age; OR, odds ratio; <p2.3, <2.3rd percentile; <p70, <10th percentile; PTB, preterm birth; SGA, small for gestational age neonates; sPTB, spontaneous

2 Pregnancies with a sPTB within this GA range were compared with term pregnancies (GA >37 weeks); pregnancies outside of this range were excluded for this analysis;
preexisting diabetes mellitus and gestational diabetes mellitus; °Excluding all pregnancies with confirmed Down, Edwards, or Patau syndrome.

Becking. Fetal fraction in noninvasive prenatal testing and adverse pregnancy outcomes. Am ] Obstet Gynecol 2023.

Composed of both

fraction, the prevalence of fetal congen-
ital anomalies was reported to be higher
compared with that of the general
obstetrical population.”” In contrast,
Bardi et al’’ found that structural
anomalies were not more prevalent in
women who had an inconclusive NIPT
result due to low fetal fraction twice
compared with a general obstetrical
population. However, both of these
studies did not correct for
confounders.

Fetal fraction <pl0 was associated
with increased risk of neonatal death,
but no association was found in the
analysis of fetal fraction as a continuous
variable. For stillbirth, no association
with fetal fraction was found. Given the
low incidence of both outcomes, our
study may have been underpowered to
detect a consistent association. Whether
the same mechanism of low fetal frac-
tion and placental dysfunction would
explain this association remains to be
elucidated.

Clinical implications
Our study shows that the fetal fraction in
NIPT is a potential biomarker of

placental health. This implies that NIPT
could be used in the risk stratification of
adverse pregnancy outcomes. Early
identification of pregnant women at risk
for these outcomes is essential, allowing
for timely preventive measures or
intensified monitoring. For instance, the
administration of aspirin starting at <16
weeks of pregnancy reduces the inci-
dence of PE and fetal growth restriction
in high-risk women and is available at
low cost and low complication rate.”
Women at risk for preterm birth could
receive progesterone as a prevention
strategy or be monitored more
frequently by cervical length measure-
ments through ultrasound.'' In some
health care settings, at-home tele-
monitoring could be used to effectively
monitor blood pressure or other pa-
rameters of pregnant women at risk for
adverse pregnancy outcomes.”*

Research implications

This study aimed to assess the associa-
tion between fetal fraction and adverse
pregnancy outcomes. Having identified
this association, further study into the
clinical utility of fetal fraction as a
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screening parameter would be inter-
esting. Whether fetal fraction provides
additional prognostic value beyond the
currently used prediction models needs
to be established in further research. It
should be noted that fetal fraction is
currently only being measured for the
purpose of prenatal screening for chro-
mosomal aberrations and not as an
obstetrical parameter. Ethical implica-
tions of broadening the scope of NIPT
from enabling reproductive choices to
also becoming a prevention-aimed
screening test should also be explored.
A “double-purpose” screening may lead
to difficulties in counseling pregnant
women. Conditions for responsibly of-
fering such screening, including the
perspectives of obstetrical professionals
and pregnant should be
examined.

women,

Strengths and limitations

The Netherlands is one of the few
countries worldwide that introduced
NIPT in prenatal care within a
government-supported national imple-
mentation study (TRIDENT-2).° A ma-
jor strength of our study is that we were
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TABLE 3
Association between a fetal fraction <10th percentile and adverse pregnancy outcomes

Fetal fraction <p10 Fetal fraction >p10

Adverse pregnancy outcome (n=>54,711) outcome/total (%) outcome/total (%) Unadjusted OR (95% Cl) P value Adjusted OR (95% CI) P value
Hypertensive disorders of pregnancy 325/3298 (9.9) 2861/51,413 (5.6) 1.85 (1.64—2.10) <.0001 1.30 (1.14—1.49) <.0001
SGA, birthweight <p10 379/3298 (11.5) 4405/51,413 (8.5) 1.39 (1.24—1.55) <.0001 1.49 (1.33—1.68) <.0001
SGA, birthweight <p2.3 112/3298 (3.4) 992/51,413 (1.9) 1.78 (1.45—-2.18) <.0001 1.75 (1.42—2.16) <.0001
All sPTB (24—37 wk of GA) 144/3298 (4.4) 1747/51,413 (3.4) 1.30 (1.09—1.55) .0037 1.25 (1.04—1.50) .016

Moderate to late SPTB (32—37 wk)® 127/3260 (3.9) 1548/51,085 (3.0) 1.29 (1.07—1.56) .0079 1.25 (1.02—1.51) 027

Spontaneous very PTB (28—32 wk)* 15/3100 (0.5) 125/49,175 (0.3) 1.93 (1.12—-3.32) .020 1.89 (1.08—3.32) .026

Spontaneous extremely PTB (24—28 wk)* 2/3077 (0.06) 74/49,062 (0.15) 0.48 (0.11—2.22) .35 45 (.10—2.07) 31
Diabetes” 186/3298 (5.6) 1704/51,413 (3.3) 1.74 (1.49—-2.04) <.0001 1.05 (.89—1.25) .56
Congenital anomalies® 62/3398 (1.8) 679/52,558 (1.3) 1.42 (1.08—1.86) .011 1.27 (.96—1.68) .089
Stillbirth 9/3298 (0.3) 79/51,413 (0.2) 1.80 (0.85—3.67) 12 1.37 (.64—2.93) M
Neonatal death 11/3298 (0.3) 71/51,413 (0.1) 2.24 (1.22—4.79) 011 2.07 (1.01—4.21) .046

Shown are the unadjusted OR and the confounder-adjusted OR. An OR of >1 indicates that a fetal fraction <p10 is associated with higher odds of developing the outcome. An overview of the variables used in the multivariable analysis per outcome is provided in
Supplemental Table 1. Only pregnancies with a GA at delivery >24 weeks were analyzed.

Cl, confidence interval; GA, gestational age; OR, odds ratio; <p2.3, <2.3rd percentile; <p70, <10th percentile; >p70, >10th percentile; PTB, preterm birth; SGA, small for gestational age neonates; sPTB, spontaneous preterm birth.

2 Pregnancies with a SPTB within this GA range were compared with term pregnancies (GA >37 weeks); pregnancies outside of this range were excluded for this analysis;  Composed of both preexisting diabetes mellitus and gestational diabetes mellitus; *Excluding
all pregnancies with confirmed Down, Edwards, or Patau syndrome.

Becking. Fetal fraction in noninvasive prenatal testing and adverse pregnancy outcomes. Am J Obstet Gynecol 2023.
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FIGURE 3

Fetal fraction <10th percentile and adverse pregnancy outcomes

Outcome

Adjudsted Odds Ratio [95%Cl]

Hypertensive disorders of pregnancy
Birthweight < p10
Birthweight < p2-3
All sPTB (24 - 37 weeks GA)
Moderate to late sSPTB (32 - 37 weeks)

Very sPTB (28 - 32 weeks)

Extremely sPTB (24 - 28 weeks)
Diabetes
Congenital anomalies
Stillbirth

Neonatal death

—.— 1.30[1.14, 1.49]
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1.37[0.64, 2.93]
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Odds Ratio

Cl, confidence interval; GA, gestational age; <p2.3, <2.3rd percentile; <p70, <10th percentile; SPTB, spontaneous preterm birth.
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Acknowledgments

This work (the AFFIRM study) was supported
by a grant from the Netherlands Organisation
for Health Research and Development
(N0.43002014). The authors would like to thank
the Dutch national prenatal screening registry
Peridos and the Dutch national perinatal registry
Perined for their collaboration and the provision
of data for this study.

References

1. Bianchi DW, Chiu RWK. Sequencing of
circulating cell-free DNA during pregnancy.
N Engl J Med 2018;379:464-73.

2. Chandrasekharan S, Minear MA, Hung A,
Allyse M. Noninvasive prenatal testing goes
global. Sci Transl Med 2014;6:231fs15.

3. Persson F, Prensky L. Variability of 'Reported
Fetal Fraction” in Noninvasive Prenatal
Screening (NIPS). Clin Chem 2021;67:863-6.
4. Taglauer ES, Wilkins-Haug L, Bianchi DW.
Review: cell-free fetal DNA in the maternal cir-
culation as an indication of placental health and
disease. Placenta 2014;35:564-8.

5. Scheffer PG, Wirjosoekarto SAM,
Becking EC, et al. Association between low fetal
fraction in cell-free DNA testing and adverse
pregnancy outcome: a systematic review. Pre-
nat Diagn 2021;41:1287-95.

6.van der Meij KRM, Sistermans EA,
Macville MVE, et al. TRIDENT-2: national imple-
mentation of genome-wide non-invasive prena-
tal testing as a first-tier screening test in the
Netherlands. Am J Hum Genet 2019;105:
1091-101.

7. Peridos. The national registration system for
prenatal screening in the Netherlands. Available
from: https://www.peridos.nl/. Accessed 1 July
2023.

8. Peridos. The national registration system for
prenatal screening in the Netherlands. Available
at: https://www.perined.nl/. Accessed 1 July
2023.

9. Brown MA, Magee LA, Kenny LG, et al. The
hypertensive disorders of pregnancy: ISSHP
classification, diagnosis & management recom-
mendations for international practice. Preg-
nancy Hypertens 2018;13:291-310.

10. Hoftiezer L, Hof MHP, Dis-Elsinga J,
Hogeveen M, Hukkelhoven CWPM, van
Lingen RA. From population reference to na-
tional standard: new and improved birthweight
charts. Am J Obstet Gynecol 2019;220:383.
el-17.

11. Howson CP, Kinney MV, McDougall L,
Lawn JE. Born Too Soon Preterm Birth Action
Group. Born too soon: preterm birth matters.
Reprod Health 2013;10(Suppl1):S1.

12. Argawal MM, Boulvain M, Coetzee E, et al.
Diagnostic criteria and classification of hyper-
glycaemia first detected in pregnancy. WHO
guideline 2013. World Health Organization.
Available at: https://www.who.int/publications/i/
item/WHO-NMH-MND-13.2. Accessed 1 July
2023.

13. Guideline of the European surveillance of
congenital anomalies (EUROCAT). European
Commission.  Available at:  https://eu-rd-
platform.jrc.ec.europa.eu/eurocat/data-collection/
guidelines-for-data-registration_en#inline-nav-2.
Accessed 1 July 2023.

14. Donders AR, van der Heijden GJ, Stijnen T,
Moons KG. Review: a gentle introduction to
imputation of missing values. J Clin Epidemiol
2006;59:1087-91.

15. Rubin DB. Multiple imputation for nonre-
sponse in surveys. New York, NY: John Wiley &
Sons Inc; 1987.

16. Analysis of global Non- invasive prenatal
testing (NIPT) market. Fortune Business

244.e9 American Journal of Obstetrics & Gynecology AUGUST 2024

Insights. Available at: www.fortunebusiness
insights.com/industry-reports/non-invasive-pren
atal-testing-market-100998. Accessed 1 July
2023.

17. Chappell LC, Cluver CA, Kingdom J,
Tong S. Pre-eclampsia. Lancet 2021;398:
341-54.

18. AbdelHalim RM, Ramadan DI, Zeyada R,
Nasr AS, Mandour IA. Circulating maternal total
cell-free DNA, cell-free fetal DNA and soluble
endoglin levels in preeclampsia: predictors of
adverse fetal outcome? A cohort study. Mol
Diagn Ther 2016;20:135-49.

19. Al-Mufti R, Hambley H, Albaiges G,
Lees C, Nicolaides KH. Increased fetal eryth-
roblasts in women who subsequently develop

pre-eclampsia. Hum Reprod 2000;15:
1624-8.
20. Holzgreve W, Ghezzi F, Di Naro E,

Ganshirt D, Maymon E, Hahn S. Disturbed feto-
maternal cell traffic in preeclampsia. Obstet
Gynecol 1998;91:669-72.

21.Chan N, Smet ME, Sandow R, da Silva
Costa F, McLennan A. Implications of failure to
achieve a result from prenatal maternal serum
cell-free DNA testing: a historical cohort study.
BJOG 2018;125:848-55.

22. Gerson KD, Truong S, Haviand MJ,
O’Brien BM, Hacker MR, Spiel MH. Low fetal
fraction of cell-free DNA predicts placental
dysfunction and hypertensive disease in
pregnancy. Pregnancy Hypertens 2019;16:
148-53.

23. Krishna |, Badell M, Loucks TL, Lindsay M,
Samuel A. Adverse perinatal outcomes are
more frequent in pregnancies with a low
fetal fraction result on noninvasive prenatal
testing. Prenat Diagn 2016;36:210-5.

24, Yuan X, Zhou L, Zhang B, Wang H, Yu B,
Xu J. Association between low fetal fraction of
cell free DNA at the early second-trimester and
adverse pregnancy outcomes. Pregnancy
Hypertens 2020;22:101-8.

25. Madala D, Maktabi MA, Sabbagh R,
Erfani H, Moon A, Van den Veyver IB. Lower fetal
fraction in clinical cell-free DNA screening
results is associated with increased risk of
hypertensive disorders of pregnancy. Prenat
Diagn 2022;42:1253-61.

26. Jiang Y, Zhang Y, Yang Q, et al. The asso-
ciation between fetal fraction and pregnancy-
related complications among Chinese popula-
tion. PloS One 2022;17:0271219.

27. Becking EC, Wirjosoekarto  SAM,
Scheffer PG, et al. Low fetal fraction in cell-free
DNA testing is associated with adverse preg-
nancy outcome: analysis of a subcohort of the
TRIDENT-2 study. Prenat Diagn 2021;41:
1296-304.

28. Clapp MA, Berry M, Shook LL, Roberts PS,
Goldfarb IT, Bernstein SN. Low fetal fraction and
birth weight in women with negative first-
trimester cell-free DNA screening. Am J Peri-
natol 2020;37:86-91.

29. Goldenberg RL, Culhane JF, lams JD,
Romero R. Epidemiology and causes of
preterm birth. Lancet 2008;371:75-84.


http://refhub.elsevier.com/S0002-9378(23)02128-2/sref1
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref1
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref1
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref2
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref2
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref2
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref3
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref3
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref3
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref4
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref4
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref4
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref4
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref5
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref5
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref5
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref5
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref5
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref6
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref6
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref6
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref6
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref6
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref6
https://www.peridos.nl/
https://www.perined.nl/
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref9
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref9
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref9
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref9
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref9
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref10
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref10
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref10
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref10
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref10
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref10
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref11
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref11
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref11
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref11
https://www.who.int/publications/i/item/WHO-NMH-MND-13.2
https://www.who.int/publications/i/item/WHO-NMH-MND-13.2
https://eu-rd-platform.jrc.ec.europa.eu/eurocat/data-collection/guidelines-for-data-registration_en#inline-nav-2
https://eu-rd-platform.jrc.ec.europa.eu/eurocat/data-collection/guidelines-for-data-registration_en#inline-nav-2
https://eu-rd-platform.jrc.ec.europa.eu/eurocat/data-collection/guidelines-for-data-registration_en#inline-nav-2
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref14
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref14
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref14
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref14
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref15
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref15
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref15
http://www.fortunebusinessinsights.com/industry-reports/non-invasive-prenatal-testing-market-100998
http://www.fortunebusinessinsights.com/industry-reports/non-invasive-prenatal-testing-market-100998
http://www.fortunebusinessinsights.com/industry-reports/non-invasive-prenatal-testing-market-100998
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref17
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref17
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref17
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref18
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref18
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref18
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref18
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref18
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref18
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref19
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref19
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref19
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref19
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref19
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref20
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref20
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref20
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref20
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref21
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref21
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref21
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref21
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref21
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref22
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref22
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref22
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref22
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref22
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref22
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref23
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref23
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref23
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref23
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref23
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref24
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref24
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref24
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref24
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref24
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref25
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref25
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref25
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref25
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref25
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref25
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref26
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref26
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref26
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref26
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref27
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref27
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref27
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref27
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref27
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref27
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref28
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref28
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref28
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref28
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref28
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref29
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref29
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref29
http://www.AJOG.org

ajog.org

oBsTETRICS Original Research

30. Mcintyre HD, Catalano P, Zhang C,
Desoye G, Mathiesen ER, Damm P. Gestational
diabetes mellitus. Nat Rev Dis Primers 2019;5:
47.

31.Becking EC, Schuit E, van Baar de
Knegt SME, et al. Association between low fetal
fraction in cell-free DNA screening and fetal
chromosomal aberrations: a systematic review
and meta-analysis. Prenat Diagn 2023;43:
838-53.

32. Bardi F, Bet BB, Pajkrt E, et al. Additional
value of advanced ultrasonography in pregnan-
cies with two inconclusive cell-free DNA draws.
Prenat Diagn 2022;42:1358-67.

33. Roberge S, Nicolaides K, Demers S,
Hyett J, Chaillet N, Bujold E. The role of aspirin
dose on the prevention of preeclampsia and
fetal growth restriction: systematic review and
meta-analysis. Am J Obstet Gynecol 2017;216:
110-20.€6.

34, Bekker MN, Koster MPH, Keusters WR,
et al. Home telemonitoring versus hospital care

in complicated pregnancies in the Netherlands:
a randomised, controlled non-inferiority trial
(HoTel). Lancet Digit Health 2023;5:e116-24.

Author and article information

From the Department of Obstetrics, Wilhelmina Chil-
dren’s Hospital, University Medical Center Utrecht,
Utrecht University, Utrecht, the Netherlands (Drs
Becking, Scheffer, Crombag, and Bekker); Department
of Midwifery Science, VU University Medical Center
Amsterdam, Amsterdam University Medical Centers,
Amsterdam, the Netherlands (Dr Henrichs); Department
of Obstetrics and Gynaecology, Amsterdam University
Medical Centers, University of Amsterdam, Amsterdam,
the Netherlands (Dr Bax); Amsterdam Reproduction and
Development research institute, Amsterdam University
Medical Centers, Amsterdam, the Netherlands (Drs
Bax, Boon, Sistermans, and Henneman); Department of
Human Genetics, Radboud University Medical Center,
Nijmegen, the Netherlands (Dr Weiss); Department of
Clinical Genetics, GROW School for Oncology and

Reproduction, Maastricht University Medical Center,
Maastricht, the Netherlands (Dr Macville); Department
of Clinical Genetics, Erasmus University Medical Cen-
ter, Rotterdam, the Netherlands (Dr Van Opstal);
Department of Human Genetics, VU University Medical
Center Amsterdam, Amsterdam University Medical
Centers, Amsterdam, the Netherlands (Drs Boon, Sis-
termans, and Henneman); and Julius Center for Health
Sciences and Primary Care, University Medical Center
Utrecht, Utrecht University, Utrecht, the Netherlands (Dr
Schuit).

Received Oct. 3, 2023; revised Dec. 5, 2023;
accepted Dec. 6, 2023.

The authors report no conflict of interest.

This work was supported by a grant from the
Netherlands Organisation for Health Research and
Development (No. 43002014). The funders of the study
had no role in the study design, data collection, data
analysis, data interpretation, writing of the manuscript, or
the decision to submit the report.

Corresponding author: Mireille N. Bekker, MD, PhD.
m.n.bekker-3@umcutrecht.nl

AUGUST 2024 American Journal of Obstetrics & Gynecology 244.e10


http://refhub.elsevier.com/S0002-9378(23)02128-2/sref30
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref30
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref30
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref30
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref31
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref31
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref31
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref31
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref31
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref31
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref32
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref32
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref32
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref32
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref33
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref33
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref33
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref33
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref33
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref33
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref34
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref34
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref34
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref34
http://refhub.elsevier.com/S0002-9378(23)02128-2/sref34
mailto:m.n.bekker-3@umcutrecht.nl
http://www.AJOG.org

OBSTETRICS

Appendix

Appendix 1

Method and process of linking
national registries

Linking the Peridos and Perined regis-
tries was performed by matching preg-
nancies on a pseudonym based on
maternal date of birth, postal code, and a
30-day gestational age range. A gesta-
tional age range was chosen because the
exact registration of the gestational age
could have differed slightly between
registries while it concerned the same
pregnancy. The pseudonymization

process was carried out by a trusted third
party specialized in secure transfers of
personal data.

The Peridos registry contained
77,478 records of all women with
singleton pregnancies who opted for
noninvasive prenatal testing from June
1, 2018 to June 1, 2019. After exclu-
sion of pregnancies of women who
had not given consent for the use of
their data in follow-up research
beyond the TRIDENT-2  study
(n=5965) and the removal of duplicate
records within the Peridos registry (e,
records with identical pseudonyms;
n=920), 70,593 pregnancies were
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eligible to be linked to the Perined
registry. The Perined registry provided
information of 61,699 singleton preg-
nancies with a possible match to the
Peridos registry. After removal of
duplicate records within the Perined
registry (n=1241), records of 60,458
pregnancies could be linked to the
Peridos registry, resulting in a match
for 55,624 pregnancies. An additional
step was taken by linking the duplicate
records based on additional informa-
tion by use of the exact gestational age
(n=486). This resulted in a final
linked database of 56,110 women with
singleton pregnancies.
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SUPPLEMENTAL FIGURE
Structure and coherence of national registries and the linked database

Non-invasive prenatal screening laboratories in the Netherlands
Maastricht University Erasmus University Amsterdam University
Medical Center Medical Center Medical Center
v
Peridos Perined
National perinatal registry containing
maternal characteristics and pregnancy

National prenatal registry containing
maternal characteristics and outcomes of
women participating in prenatal screening

T

outcomes of all pregnant women

Linked database
of Peridos and Perined

T(— Registries were linked prior to this study
- -- — Registries were linked for the purpose of this study
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SUPPLEMENTAL TABLE 1

Characteristics of pregnant women without missing data and pregnant women with missing data in >1 variable

Characteristics

Pregnant women without missing data Pregnant women with missing data / value

n
Fetal fraction, mean (SD)
Gestational age, mean (SD)
Gravidity, mean (SD)
Parity, mean (SD)
Maternal length, mean (SD)
Maternal weight, mean (SD)
Maternal age, mean (SD)
Socioeconomic status score, mean (SD)
Previous abortion/miscarriage (%)
Previous hypertensive disorder of pregnancy (%)
Previous preterm birth (%)
Previous SGA (%)
Level of urbanization (%)
>2500 inhabitants/m?
1500—2500 inhabitants/m?
1000—1500 inhabitants/m?
500—1000 inhabitants/m?
<500 inhabitants/m?
Method of conception=IVF/ICSI (%)
Ethnicity=White (%)
Smoking=no (%)
Deprived area of living=yes (%)
Diabetes=yes (%)
Hypertensive disorders of pregnancy (%)
Preeclampsia/HELLP (%)
Hoftiezer percentile, mean (SD)
Start of birth (%)
Spontaneous
Induced: amniotomy
Induced: prostaglandins
Induced: oxytocin
Induced: prostaglandins-+oxytocin
Primary cesarean delivery
Foley catheter
Congenital anomaly=yes (%)
Neonatal mortality (%)
Alive
Death before birth
Not viable

Becking. Fetal fraction in noninvasive prenatal testing and adverse pregnancy outcomes. Am J Obstet Gynecol 2023.

34,873
8.35 (3.86)
277.11 (11.36)
2.03 (1.19)
0.64 (0.78)
169.48 (6.67)
69.30 (13.09)
31.53 (4.07)
0.08 (1.14)
143 (0.4)
97 (0.3)
407 (1.2)
253 (0.7)
16,578 (47.5)
3542 (10.2)
2561 (7.3)
4345 (12.5)
7847 (22.5)
1051 (3.0)
32,789 (94.0)
33,370 (95.7)
3266 (
1243 (
2035 (5.
133 (0.
50.96 (28.61)

9.4)
3.6)

8)
4)

34,828 (99.9)
0 (0.0)
0 (0.0)

21,237
8.43 (3.90)
272.68 (26.26)
2.04 (1.23)
0.62 (0.78)
169.49 (6.90)
69.85 (13.88)
31.79 (4.22)
0.05 (1.18)
206 (1.0)

65 (0.3)
50.55 (29.05)

.028
<.001
.334
.001
.881
<.001
<.001
<.001
<.001
751
<.001
.893
<.001

<.001
<.001
.005
<.001
.004
<.001
.166
103
<.001

<.001
<.001

(continued)
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SUPPLEMENTAL TABLE 1

Characteristics of pregnant women without missing data and pregnant women with missing data in >1 variable

(continuea)

Characteristics Pregnant women without missing data Pregnant women with missing data /~ value
Death through birth 0(0.0) 64 (0.3) —
Death at <24 h after birth 20 (0.1) 57 (0.3) —
Death at 2nd—7th d after birth 12 (0.0) 18 (0.1) —
Death at 8th—28th d after birth 7 (0.0) 8 (0.0 —
Death at >28 d after birth 6 (0.0) 4 (0.0 —

missing=TRUE (%) 0(0.0) 21,237 (100.0) <.001

ICSI, intracytoplasmic sperm injection; /VF, in vitro fertilization; MIPT, noninvasive prenatal testing; SGA, small for gestational age neonates.

Becking. Fetal fraction in noninvasive prenatal testing and adverse pregnancy outcomes. Am J Obstet Gynecol 2023.
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SUPPLEMENTAL TABLE 2
Characteristics of the study cohort before and after imputation and amount of missing data
Study cohort before
Study cohort after imputation imputation Amount of missing data n
Characteristics Median (IQR) or n (%) Median (IQR) or n (%) (% of total cohort of 56,110)
Baseline characteristics (n=56,110)
Maternal age (y) 31 (29—-34) 31 (29—-34) 0 (0%)
Maternal BMI (kg/m?) 23.2 (21.2—26.1) 23.2 (21.2—26.1) 17 (0.03%)
Gestational age at NIPT blood draw (wk* 9) 1270 (114129 1270 (11H4—12%%) 101 (0.18%)
Fetal fraction (%) 8 (6—11) 8 (6—11) 2752 (4.9%)
Ethnicity 752 (1.3%)
White 52,175 (93.0%) 51,482 (93.0%) —
Other 3935 (7.0%) 3876 (7.0%) —
Method of conception 0 (0%)
Spontaneous 54,733 (97.5%) 54,733 (97.5%) —
Assisted (IVF/ICSI) 1377 (2.5%) 1377 (2.5%) —
Smoking 16,511 (29.4%)
Yes 2523 (4.5%) 1750 (4.4%) —
No 53,587 (95.5%) 37,849 (95.6%) —
Parity 117 (0.2%)
Nulliparous 29,044 (51.8%) 28,982 (51.8%) —
Para 1 20,223 (36.0%) 20,182 (36.0%) —
Para >2 6843 (12.2%) 6829 (12.2%) —
Obstetrical history 0 (0%)

Previous preeclampsia® 160/27,066 (0.6%) )
785/27,066 (2.9%) 785/27,066 (2.9%) —
410/27,066 (1.5%) 410/27,066 (1.5%)
\ (0

.6%) 349 (0.6%) —

160/27,066 (0.6%
Previous preterm birth?
Previous small for gestational age®
Previous miscarriage/abortion 349
Pregnancy outcomes
Gestational age at delivery (wk) 39+° (38+°—4019) 3976 (386—40%5 855 (1.5%)
2771 (4.9%)
40,157 (75.3%) —
4544 (8.5%) —
.6%) —
.6%) —

Mode of delivery
Vaginal delivery 42,505 (75.7%)
4707 (8.4%)

4%) 4036

.5%) 4602

( (
Assisted vaginal delivery (vacuum/forceps) ( (
Elective cesarean delivery 4148 (7 (7
Emergency cesarean delivery 4750 (8 8
Birthweight (g) 3460 (3120—3785) 3472 (3142—3792) 1046 (1.9%)
Hypertensive disorders of pregnancy 3207 (5.7%) 3207 (5.7%) 0 (0%)
Birthweight <p10 5726 (10.2%) 4782 (8.8%) 1713 (3.1%)
Birthweight <p2.3 1796 (3.2%) 1114 (2.0%) 1713 (3.1%)
All sPTB (24—37 wk) 1891 (3.4%) 1747 (3.2%) 1069 (1.9%)
Spontaneous extremely PTB (24—28 wk) 76 (0.1%) 61 (0.1%) —
Spontaneous very PTB (28—32 wk) 140 (0.3% ©
Moderate to late SPTB (32—37 wk) 1675 (3.0% (

104
1582

%) —

) 2
) 2.8%) —

Becking. Fetal fraction in noninvasive prenatal testing and adverse pregnancy outcomes. Am J Obstet Gynecol 2023. (continued)
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SUPPLEMENTAL TABLE 2
Characteristics of the study cohort before and after imputation and amount of missing data (continued)
Study cohort before

Study cohort after imputation imputation Amount of missing data n
Characteristics Median (IQR) or n (%) Median (IQR) or n (%) (% of total cohort of 56,110)
Diabetes” 1902 (3.4%) 1902 (3.4%) 0 (0%)
Congenital anomalies® 741 (1.3%) 741 (1.3%) 0 (0%)
Stillbirth 88 (0.2%) 88 (0.2%) 0 (0%)
Neonatal death 82 (0.2%) 82 (0.2%) 0 (0%)

BMI, body mass index; /CS, intracytoplasmic sperm injection; /QR, interquartile range; /VF, in vitro fertilization; NIPT, noninvasive prenatal testing; <p2.3, <2.3rd percentile; <p70, <10th percentile;
PTB, preterm birth; sPTB, spontaneous preterm birth.

2 Data of multiparous women only (1=27,066); ® Composed of both preexisting diabetes mellitus and gestational diabetes mellitus; © Excluding pregnancies with confirmed Down, Edwards, or Patau
syndrome.

Becking. Fetal fraction in noninvasive prenatal testing and adverse pregnancy outcomes. Am J Obstet Gynecol 2023.
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SUPPLEMENTAL TABLE 3

for in multivariable analyses

Adverse pregnancy
outcome Exclusions

N (remaining/total)

Transformation fetal
fraction

Overview of adverse pregnancy outcomes, exclusions, transformations used for fetal fraction, and variables adjusted

Covariables multivariable
analysis

Hypertensive disorders of ~ Gestational age <24 wk
pregnancy

SGA, birthweight<p10 Gestational age <24 wk

SGA, birthweight<p2-3 Gestational age <24 wk

Diabetes® Gestational age <24 wk

All sPTB (24—37 wk GA) Gestational age <24 wk

Moderate to late SPTB  Gestational age < 32 wk

(32—37 wk)

Very sPTB (28—32 wk)  Gestational age <28 wk
and between 32—37 wk

Extremely SPTB (24—28 Gestational age <24 wk

wk) and between 28—37
Congenital anomalies® Cases with confirmed
trisomy 21, 13, or 18
Stillbirth Gestational age <24 wk
Neonatal death Gestational age <24 wk

54,711/56,110

54,711/56,110

54,711/56,110

54,711/56,110

54,711/56,110

54,345/56,110

52,275/56,110

52,139/56,110

55,956/56,110

54,711/56,110

54,711/56,110

(fetal fraction+1/10).0.5

log(fetal fraction+1/10)

(fetal fraction+1/10).0.5

No transformation

No transformation

No transformation

No transformation

No transformation

No transformation
No transformation

No transformation

BMI, body mass index; GA, gestational age; SGA, small for gestational age neonates; sPTB, spontaneous preterm birth.

BMI, maternal age, ethnicity,
parity, smoking, method of
conception, previous small for
gestational age, previous
miscarriage, previous
preeclampsia, socio economic
status

BMI, maternal age, ethnicity,
parity, method of conception,
smoking, previous preeclampsia,
previous small for gestational
age, socio economic status

BMI, maternal age, ethnicity,
parity, method of conception,
smoking, previous preeclampsia,
previous small for gestational
age, socio economic status

Gravidity, parity, BMI, maternal
age, ethnicity, method of
conception, smoking, previous
preeclampsia, socio economic
status

BMI, maternal age, ethnicity,
parity, gravidity, Method of
conception, smoking, previous
preterm birth, socio economic
status

BMI, maternal age, ethnicity,
parity, gravidity, Method of
conception, smoking, previous
preterm birth, socio economic
status

BMI, maternal age, ethnicity,
parity, gravidity, Method of
conception, smoking, previous
preterm birth, socio economic
status

BMI, maternal age, ethnicity,
parity, gravidity, Method of
conception, smoking, previous
preterm birth, socio economic
status

BMI, maternal age, parity, socio
economic status, fetal fraction

BMI, maternal age, parity, socio
economic status, fetal fraction

BMI, maternal age, parity, socio
economic status, fetal fraction

2 Composed of both pre-existing diabetes mellitus and gestational diabetes mellitus; ® Excluding pregnancies with confirmed Down, Edwards, or Patau syndrome.
Becking. Fetal fraction in noninvasive prenatal testing and adverse pregnancy outcomes. Am ] Obstet Gynecol 2023.
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SUPPLEMENTAL TABLE 4
Maternal characteristics of the study cohort, the total population of women opting for noninvasive prenatal testing, and
the general Dutch obstetrical population

Study cohort Total NIPT population General Dutch obstetrical

Characteristic (n=56,110) (n=77,478)’ population®
Maternal age (mean, SD) 31.6 (4) 31.6 (4.2 31.3°
Fetal fraction (median, IQR) 8 (6—11) 8 (6—11) Not known
BMI (median, IQR) 23.2 (21.2—26.1) 23.1 (20.6—25.6) Not known
Gestational age at time of NIPT (mean, SD) 1274 wk (1" wk) 118 wk (113 wk) Not applicable
Ethnicity 93% White Not known 87% White

7% other 13% other
Parity 51.8% nulliparous Not known 43.6% nulliparous

BMI, body mass index; /QR, interquartile range; NIPT, noninvasive prenatal testing.
# Source: Statistics Netherlands.

Becking. Fetal fraction in noninvasive prenatal testing and adverse pregnancy outcomes. Am J Obstet Gynecol 2023.
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