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Abstract: (1) Background: Non-invasive prenatal testing (NIPT) is a screening test for fetal aneu-
ploidy using cell-free fetal DNA. The fetal fragments (FF) of cell-free DNA (cfDNA) are derived
from apoptotic trophoblast of the placenta. The level of fetal cfDNA is known to be influenced
by gestational age, multiple pregnancies, maternal weight, and height. (2) Methods: This study
is a single-center retrospective observational study which examines the relationship between the
fetal fraction (FF) of cell-free DNA in non-invasive prenatal testing (NIPT) and adverse pregnancy
outcomes in singleton pregnancies. A total of 1393 samples were collected between 10 weeks and
6 days, and 25 weeks and 3 days of gestation. (3) Results: Hypertensive disease of pregnancy (HDP)
occurred more frequently in the low FF group than the normal FF group (5.17% vs. 1.91%, p = 0.001).
Although the rates of small for gestational age (SGA) and placental abruption did not significantly
differ between groups, the composite outcome was significantly higher in the low FF group (7.76%
vs. 3.64%, p = 0.002). Furthermore, women who later experienced complications such as HDP or
gestational diabetes mellitus (GDM) had significantly lower plasma FF levels compared to those
without complications (p < 0.001). After adjustments, the low FF group exhibited a significantly
higher likelihood of placental compromise (adjusted odds ratio: 1.946). (4) Conclusions: Low FF in
NIPT during the first and early second trimesters is associated with adverse pregnancy outcomes,
particularly HDP, suggesting its potential as a predictive marker for such outcomes.

Keywords: non-invasive prenatal testing; fetal fraction; placental compromise; adverse pregnancy
outcomes; hypertensive disease of pregnancy

1. Introduction

Noninvasive prenatal testing (NIPT) is a screening test for fetal aneuploidy using cell-
free fetal DNA with high sensitivity and specificity [1,2]. In NIPT, cell-free DNA (cfDNA)
in maternal plasma is analyzed using high-throughput sequencing methods. During
pregnancy, cfDNA contains both maternal and fetal fragments [3]. Maternal fragments of
cfDNA are released primarily from the hematopoietic cells [4,5], whereas fetal fragments of
cfDNA are derived from apoptotic trophoblast of the placenta [6-8].

Fetal fraction (FF) is defined as the percentage of fetal cfDNA to total maternal cfDNA
in maternal circulation. The FF measurement is important for controlling the quality and
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statistical confidence of NIPT results [9,10]. The minimum FF threshold for a reliable test
result varies depending on assay technology but is commonly between 2—4%. Low FF
is the most common cause of no-call results of NIPT [11], and has also been associated
with fetal aneuploidy [1,12-15]. Some studies have shown an increased risk of fetal ane-
uploidy in women with low FF, ranging from 2.7% to 23.3% [14,15]. FF is influenced by
many biological factors [16-26], and increases with advanced gestational age [16,17] and
multiple pregnancies [18,19]. FF decreases with increasing maternal weight, possibly due
to increased maternal cfDNA resulting from apoptosis of adipose cells [20-22]. It is also
affected by other factors such as ethnicity [18], maternal autoimmune disease [23,24], and
low molecular heparin treatment [25,26].

Indeed, the origin of fetal cfDNA is not a fetus, but a placenta [27]. For this rea-
son, it has been hypothesized that the concentration of fetal cfDNA reflects placental
pathology [27]. FF may serve as an important marker, like traditional maternal serum
markers [28,29], for predicting adverse pregnancy outcomes associated with placental dys-
function. Previous studies have shown the association between the level of FF and adverse
pregnancy outcomes [30-37]. However, the results were inconsistent. Recent data have
demonstrated an association between low FF and adverse pregnancy outcomes [33-37].

The objective of this study was to evaluate the correlation between the FF level in
NIPT and adverse pregnancy outcomes. Additionally, we sought to investigate whether a
low FF is associated with adverse pregnancy outcomes related to placental compromise.

2. Materials and Methods
2.1. Study Design

This was a retrospective observational study of 1393 women with single pregnancies
who underwent NIPT and gave birth at CHA Gangnam Medical Center from July 2019
to June 2021. This study received approval from the ethics committee of CHA Gangnam
Medical Center (IRB number: 2023-11-012-002). The inclusion criteria were as follows:
1. age at least 20 years old; 2. singleton gestation; 3. women who underwent NIPT
and delivered at CHA Gangnam Medical Center during the above period. Women were
excluded if they had multiple pregnancies, positive NIPT results, subsequent abortion,
subsequent intrauterine fetal death, or a fetus with major congenital malformations.

2.2. Data Collection

All NIPT was performed using next-generation sequencing at CHA BiotechInc. with
Ion GeneStudio S5 system (ThermoFisher Scientific, Seoul, Republic of Korea). Electronic
medical records of patients were reviewed for data collection including basic maternal
characteristics such as maternal age, BMI, gestational age at the time of NIPT, presence of
IVF conception, gestational age at delivery, and mode of delivery. The medical information
along with indicators suggestive of potential placental compromise, such as hypertensive
disease of pregnancy (HDP), placental abruption, and small for gestational age (SGA), were
also collected. FF values defined as the percentage of fetal cfDNA to total maternal cfDNA
in maternal circulation were recorded from the hospital’s prenatal screening database when
they underwent NIPT.

2.3. Outcome Measurements

The primary outcome was defined as both a composite outcome and each adverse
pregnancy outcome representing placental compromise, including HDP, placental abrup-
tion, and SGA. The definition of HDP was those from the international society for the study
of hypertension in pregnancy. Hypertension in pregnancy continues to be defined as a
clinic systolic blood pressure > 140 mmHg and/or a diastolic blood pressure > 90 mmHg.
We included all types of hypertensive disorders, chronic hypertension, essential hyperten-
sion, secondary hypertension, masked hypertension, transient gestational hypertension,
pre-eclampsia, and superimposed chronic hypertension. Placental abruption was defined
as the separation of the placenta before or during labor. We categorized neonates who were
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in the <10th percentile of birth weight for their gestational age as SGA, based on a national
reference [38]. The secondary outcomes included gestational diabetes mellitus (GDM) and
preterm delivery (PTD). According to the United States Preventive Services Task Force
(USPSTF) recommendations, diagnosis of GDM depended on a 50 g oral glucose tolerance
test at 24-28 weeks followed by 100 g oral glucose tolerance test. We conducted the 100 g
oral glucose tolerance test if the result of the 50 g oral glucose tolerance test was 140 mg/dL
or higher. For the 100 g oral glucose tolerance test, diagnosis was based on meeting two
or more of the following criteria: fasting blood sugar levels exceeding 95 mg/dL, blood
sugar levels exceeding 180 mg/dL after one hour, blood sugar levels exceeding 155 mg/dL
after two hours, or blood sugar levels exceeding 140 mg/dL after three hours. Based on the
ACOG definition, PTD is classified using gestational age at delivery as follows: total PTD
is defined as birth before 37 weeks of gestation, early PTD refers to birth before 34 weeks of
gestation, and late PTD refers to birth between 34 and 36 weeks of gestation. Additionally,
we classified women who did not develop any pregnancy-related complication, including
HDP, placental abruption, SGA, GDM, and PTD, as non-pregnancy complication (NPC).
The covariates considered in this study were maternal age, BMI, delivery mode (classified
as vaginal delivery and cesarean section), gestational age on NIPT, gestational age at deliv-
ery, and method of conception (divided into in vitro fertilization (IVF) and others). BMI
was classified as obesity according to the standards of the Korean Society for the Study of
Obesity (KSSO), with 25 or higher being defined as obesity. Advanced maternal age was
defined as women who are 35 years or older according to the definition by the American
College of Obstetricians and Gynecologists (ACOG).

2.4. Statistical Analysis

In this study, categorical variables, continuous variables with normally and non-
normally distribution, were expressed as N (%), mean standard deviation (SD), and median,
respectively. Kruskal Wallis test, ANOVA test, Chi-square test, or Fisher’s exact test were
used to analyze continuous and categorical variables, respectively. Spearman correlation
analysis was applied to examine the relationships between plasma FF and maternal char-
acteristics. Multiple linear regression analysis was also used to evaluate the relationship
between the level of FF and gestational age, BMI, and maternal age. In addition, logistic
regression analysis was performed to assess the association between low FF and adverse
pregnancy outcomes. The correlations are expressed as an odds ratio with a 95% confidence
interval (CI), with a value greater than one indicating increased odds. Adjusted covariates
included maternal age, gestational age, and BMI on NIPT, IVF, or not. We divided the FF
value into quartiles based on the 10th, 25th, 50th, 75th, and 90th percentiles, defining values
less than the 25th percentile as low FF and those that exceed the 75th percentile as high FE.
The data analyses were performed using Statistical Package for Social Sciences version 26.0
(IBM Corp., Chicago, IL, USA). p < 0.05 denoted statistical significance.

3. Results
3.1. Characteristics of Study Population

Among the 2373 women that underwent NIPT during the study period, 1397 women
delivered at this hospital. Seventeen showed positive results in NIPT, six were excluded due
to loss of follow-up, and eight were excluded due to major congenital malformations. Three
women delivered and were included in this study. A total of 1393 women were analyzed.
The low FF group consisted of 348 women, representing 25.0% of all women, while the
normal FF group consisted of 1045 women, accounting for 75.0%. The demographic
characteristics of the study population, including maternal age, BMI, gestational age on
NIPT, gestational age at delivery, IVF conception, and delivery mode, are shown in Table 1.
There were significant differences in maternal age, BMI, IVF conception, and delivery mode
between the low FF group and the normal FF group. The proportion of women with a
BMI on NIPT > 25, those who conceived through IVF, and those who underwent Cesarean
section were statistically significantly higher in the low FF group compared to the normal
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FF group (27.0% vs. 8.6%, p = 0.001, 32.5% vs. 24.8%, p = 0.008, and 76.6% vs. 69.4%,
p = 0.014, respectively). The maternal median age was 37 years (minimum: 23 years old;
maximum: 45 years old). The maternal median gestational age on NIPT was 12.1 weeks
(minimum: 10.9 weeks; maximum: 25.4 weeks). The proportion of women with maternal
age on NIPT >35 was statistically significantly higher in the low FF group compared to
the normal FF group (76.6% vs. 74.2%, p = 0.014). There was no statistically significant
difference in gestational age on NIPT between the two groups, with median 12.25 weeks
for the low FF group and median 12.27 weeks for the normal FF group. None of the women
who had heparin therapy or hemoglobin-related hemoglobinopathies were Korean.

Table 1. Demographic characteristics of study population stratified by fetal fraction.

Low FF Normal FF

(n = 348) (n = 1045) P
Maternal age on NIPT (years) * 36.86 £ 3.09 36.30 £ 3.41 0.007
<35 78 (22.4%) 269 (25.7%)
>35 270 (77.6%) 776 (74.2%)
BMI on NIPT (kg/m?) ** 23.33 +3.83 21.22 +2.58 <0.001
<25 254 (73.0%) 955 (91.4%)
>25 94 (27.0%) 38 (8.6%)
Gestational age on NIPT 12.25 +1.08 (11-18) 12.27 +1.26 (11-26) 0.822
Gestational age at delivery 38.5 £1.80 38.7 £1.46 0.090
IVF conception * 113 (32.5%) 260 (24.8%) 0.008
Delivery mode
Vaginal delivery * 83 (23.9%) 319 (30.5%) 0.014
Cesarean section 265 (76.6%) 726 (69.4%)

*p <0.05, ** p < 0.005. FF, fetal fraction; BMI, body mass index; NIPT, non-invasive prenatal testing; IVF, in vitro
fertilization.

3.2. Plasma FF and Pregnancy Outcomes

The median of FF was 8.83% with a range from 1.77% to 24.16%. The average FF was
9.45%. The cut-off for FF at the 25th and 75th percentile was 7.12% and 11.22%, respectively.
Using multiple linear regression analysis, we analyzed the relationship between fetal
fraction and gestational age, maternal age, and BMI. The R-squared was 0.092, the adjusted
R-squared was 0.090, and the F-value was 46.78, with a p-value of <0.001. Although the
explanatory power is low, there was evidence of a linear relationship.

The women having HDP, placental abruption, SGA, GDM, and PTD in the study
population were 38 (2.73%), 5 (0.36%), 25 (1.79%), 77 (5.53%), and 81 (5.81%), respectively.
A total of 65 women (4.67%) experienced composite outcomes, including HDP, SGA, and
placental abruption. Among the 81 women with PTD, 19 (23.5%) had preterm deliveries
early PTD (<34 weeks), while 62 (76.5%) had deliveries late PTD (34-36 weeks). Plasma
FF was negatively correlated with maternal age, weight, and BMI. Table 2 presented the
distribution of pregnancy outcomes between the low FF group and the normal FF group.
The incidence of HDP is significantly increased in the low FF than the normal group (5.17%
vs. 1.91%, p = 0.001). The incidence of SGA and placental abruption were not significantly
different between the two groups. The composite outcome was significantly higher in the
low FF group than the normal group (7.76% vs. 3.64%, p = 0.002).

Table 2. Pregnancy outcomes stratified by fetal fraction.

Low FF Normal FF
(n = 348) (n = 1045) P

Primary outcomes
Composite outcomes ** 27 (7.76%) 38 (3.64%) 0.002
HDP ** 18 (5.17%) 20 (1.91%) 0.001
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Table 2. Cont.

Low FF Normal FF
(n = 348) (n = 1045) P
Placental abruption 3 (0.86%) 2 (0.19%) 0.103
SGA 6 (1.72%) 19 (1.81%) 0.909
Secondary outcomes
GDM ** 30 (8.62%) 47 (4.49%) 0.004
PTD * 28 (8.05%) 53 (5.07%) 0.040
<34 weeks 7 (2.01%) 12 (1.15%) 0.211
34-36 weeks 21 (6.03%) 41 (3.92%) 0.091

*p <0.05,** p < 0.005. FF, fetal fraction; HDP, hypertensive disease of pregnancy; SGA, small for gestational age;
GDM, gestational diabetes mellitus; PTD, preterm delivery.

We compared the high FF group, defined as FF exceeding the 75th percentile, with
the low FF and normal FF groups, but found no statistically significant differences in the
incidences of HDP, composite outcomes, SGA, and placental abruption.

The distribution of plasma FF on NIPT based on subsequent pregnancy-related com-
plications is demonstrated in Table 3. Among 1393 women, non-pregnancy complication
(NPC) women accounted for 86.5% (1205 women). According to the plasma FF levels on
NIPT, throughout the entire range from the 10th percentile to the 90th percentile, the FF val-
ues of the non-pregnancy complication (NPC) women were consistently higher than those
any experienced complications such as GDM, HDP, PTD, and composite outcomes. Plasma
FF levels on NIPT were found to be especially lower in women who later experienced
complications of HDP, GDM, or composite outcomes compared to women who did not
develop any pregnancy-related complications (NPC) (p < 0.001). There was no significant
difference in FF between women who developed PTD and women with NPC. In addition,
the result of the correlation analysis between plasma FF and maternal characteristics is
presented in Table 4. Of covariates, age, height, and BMI exhibited statistically significant
negative correlations with FF on NIPT (r = —0.074, —0.284 and —0.282, respectively), with
weight demonstrating the strongest correlation coefficient. Height and gestational age on
NIPT did not show a statistically significant correlation with FF on NIPT.

Table 3. Median and percentiles of FF on NIPT based on subsequent pregnancy-related complications.

N 10th Percentile = 25th Percentile Median 75th Percentile  90th Percentile
NPC 1205 5.80 7.30 8.97 11.37 14.09
GDM * 77 423 6.35 8.14 9.80 13.18
HDP ** 38 476 5.78 7.28 8.33 9.88
PTD 81 477 6.13 7.97 11.17 15.15
gl‘l’:?frﬁzli 65 477 6.08 7.46 8.45 10.67

*p <0.05, ** p < 0.005. NPC, non-pregnancy complications; GDM, gestational diabetes mellitus; HDP, hypertensive
disease of pregnancy; PTD, preterm delivery.

Table 4. Spearman’s correlation between FF on NIPT and maternal characteristics.

r p
Age (year) * —0.074 0.005
Height (meter) —0.015 0.572
Weight (kg) ** —0.284 <0.001
BMI (kg/m?) ** —0.282 <0.001
Gestational age on NIPT (day) 0.008 0.759
In vitro fertilization —0.050 0.064

¥p <0.05, % p < 0.005.

The association between FF on NIPT and pregnancy outcomes in crude and adjusted
models was presented in Table 5. Adverse pregnancy outcomes, including composite
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outcomes, HDP, PTD, and GDM, showed statistically significant associations with low
FF of NIPT in crude model (OR 2.229, 95% CI 1.340-3.708, p = 0.002, OR 2.795, 95%
CI 1.461-5.348, p = 0.002, OR 1.638 95% CI 1.019-2.633, p = 0.042, and OR 2.003, 95%
CI 1.246-3.221, p = 0.004, respectively). However, after adjusting for maternal age, BMI,
and IVF status, only the composite outcome and HDP remained statistically significantly
associated. Among individual components, HDP showed the highest adjusted odds ratio,
followed by the composite outcome. Low FF was significantly associated with an increased
risk of HDP (adjusted OR 2.058, 95% CI 1.018-4.161, p = 0.044). The low FF group was found
to be significantly more likely to develop placental compromise with an adjusted odds
ratio of 1.946 (95% CI 1.130-3.351, p = 0.016). However, there was no significant association
between low FF and SGA, and placental abruption. Although secondary outcomes such as
GDM and PTD appeared to show an increased risk in the low FF group, the adjusted risk
was not statistically significant.

Table 5. Association between FF on NIPT and birth outcomes in crude and adjusted models.

c Crude Adjusted *
Out rou
utcome P OR 95% CI p OR 95% CI p
Composite outcome Low FF 2.229 1.340-3.708 0.002 1.946 1.130-3.351 0.016
P Normal 1.000 1.000
HDP Low FF 2.795 1.461-5.348 0.002 2.058 1.018-4.161 0.044
Normal 1.000 1.000
SGA Low FF 0.947 0.375-2.391 0.909 1.128 0.431-2.950 0.807
Normal 1.000 1.000
Placental abruption Low FF 4.535 0.755-27.251 0.098 4414 0.657-29.671 0.127
P Normal 1.000 1.000
PTD Low FF 1.638 1.019-2.633 0.042 1.539 0.931-2.543 0.093
Normal 1.000 1.000
GDM Low FF 2.003 1.246-3.221 0.004 1.163 0.685-1.975 0.576
Normal 1.000 1.000

* Adjusted for maternal age, BMI, IVE. HDP, hypertensive disease of pregnancy; SGA, small for gestational age;
PTD, preterm delivery; GDM, gestational diabetes mellitus.

4. Discussion

This study demonstrates that low FF of NIPT in the first and early second trimesters
is associated with adverse pregnancy outcomes for placental compromise. Placental com-
promise may be explained by abnormal placentation in early pregnancy [39]. Shallow
placentation could lead to poor access to maternal blood supply and decrease fetal cfDNA.
This hypothesis was supported by [37,40]. The study by Rolnik et al. demonstrated that
FF is positively associated with pregnancy-associated plasma protein-A (PAPP-A) and
placental growth factor, and suggested that lower FF may be a consequence of smaller
placental mass and an early sign of placental dysfunction [40]. In contrast to recent results,
previous studies have demonstrated an association between high FF and adverse preg-
nancy outcomes [30-32]. Bauer et al. reported that a significant increase of fetal cfDNA
concentrations in the maternal plasma during the second trimester would be a beneficial
screening marker for the development of complications in pregnancy [32,41]. Such studies
were performed in the second and third trimesters, and the timing of sampling was dif-
ferent from recent data. However, these results have been inconsistent, with some studies
indicating no association between elevated FF levels and pregnancy complications [42,43].
There is currently no validated clinical test using absolute placental cfDNA levels or FF to
predict pregnancy outcomes. In our study, when comparing the group with a fetal fraction
above the 75th percentile to the group with a fetal fraction between 25-75th percentile,
there was no statistically significant difference in pregnancy outcomes. The discrepant
results with previous studies might be explained by the following two mechanisms. First,
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the initial failed trophoblast invasion might decrease FF in the first trimester and the
subsequent oxidative stress might lead to increased trophoblast apoptosis and FF later in
pregnancy with adverse outcomes [27]. Second, the clearance of cfDNA from the maternal
circulation might be reduced due to organ dysfunction late in the pregnancy with adverse
outcomes [44]. We collected samples in the first and early second trimester and identified
the strongest relationship between low FF and HDP as a composite outcome indicating
placental compromise. Low FF in early pregnancy has been associated with an increased
risk of developing HDP in many papers [33,35-37]. In a recent systematic review on the
association between low FF and adverse pregnancy outcomes, four out of five studies
confirmed a significant correlation between low FF and HDP [45]. In research, like our
study with a low FF cutoff as less than the 25th percentile, Gerson et al. reported a higher
frequency of HDP in the low FF group (20% vs. 10%; p < 0.001) [35] and Yuan et al. observed
an increased frequency of pre-eclampsia in the low FF group (OR 2.16, p = 0.009) [37]. In
studies analyzing the frequency based on the timing of pre-eclampsia onset, inconsistent
results were not reported. Rolnik et al. found that in early-onset pre-eclampsia, the fetal
fraction is reduced, but such differences were not observed after adjustment for maternal
characteristics [43]. However, another retrospective cohort study reported that the lower
the FF, the risks for pre-eclampsia <34 weeks and 37 weeks were increased (p < 0.001 for
all) [40]. Becking et al. demonstrated significantly higher rates of pregnancy-induced
hypertension (11.2% vs. 5.3%; p < 0.001) and pre-eclampsia >34 weeks of gestation (3.7%
vs. 1.9%; p < 0.005) in the low FF group, but not for pre-eclampsia <34 weeks [46].

According to one systematic review, a negative correlation between maternal age and
BMI with fetal fraction was found [47]. Furthermore, LDL, cholesterol, triglyceride level,
metformin, heparin and enoxaparin therapy, hemoglobin-related hemoglobinopathies, and
physical activity showed negative associations. In our study, maternal age, weight, and BMI
were negatively correlated with the fetal fraction (Table 4). The inverse relationship between
FF and maternal BMI is well recognized [36,37] and our study also showed consistent
results. Among our patient, there is no one who had heparin therapy or hemoglobin-
related hemoglobinopathies. Therefore, we could not evaluate the effect of these factors.
Our patients were all Korean, meaning that we could not evaluate the effect of ethnicity. As
with previous studies, positive correlation was observed between gestational age and the
level of fetal fraction of cfDNA in our study.

Although not statistically significant, we observed a trend of negative correlation
between the level of FF and assisted reproductive technology conception. Previous studies
have reported a negative correlation between them, similar to our study [17,48], and
explained that the effect of hormone treatment or impaired placentation in IVF conception
may decrease the production of fetal cfDNA [48]. Another possible mechanism is the
increase of maternal cfDNA due to increased inflammation and endothelial damage in
women with IVF conception [49]. However, an association of low FF with infertility itself
cannot be yet explained.

Our result did not show an association between low FF and SGA (birthweight
<10th birthweight). This was the same result in other studies [33,36,37,46]. However,
Clapp et al. found an increased rate of birthweight <5th percentile and <10th percentile in
women with low FF [34]. In a case-control study, the FF of low-risk pregnancies was lower
in developed early-onset, but not late-onset fetal growth restriction [50].

Previous studies have reported increased levels of cfDNA in pregnant women with
PTD, suggesting that elevated fetal cfDNA (cffDNA) may be pro-inflammatory and stimu-
late parturition [32,51]. However, these studies were sampled during the second trimester,
differing from our research in the timing of sample collection. Many recent studies have
reported no association between PTD and FF [33,35]. Quezada et al. concluded that
the measurement of FF at 11-13 weeks’ gestation is not predictive of spontaneous PTD
(<34 weeks, 34-37 weeks, <37 weeks of gestation) [52].

Although there was a higher frequency of PTD (<37 weeks of gestation) in the low
FF group, it did not show statistical significance. We also investigated whether there was
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an association between low FF and early PTD (<34 weeks) and late PTD (34-37 weeks),
respectively, but found no significant correlation. In a recent large-scale cohort study, FF
on NIPT at the first and second trimesters was not associated with spontaneous PTD [53].
However, several previous studies demonstrated this association [36,37]. Yuan et al. found
an increased risk of PTD <34 weeks of gestation in women with FF <10th percentile [37]. It
seems that the cause of different results lies in the diversity of factors contributing to PTD.
Spontaneous PTD is a syndrome with multiple etiological factors, and various pathological
causes may result in different patterns at the cffDNA level.

Previous studies have reported inconsistent results regarding between low FF and
GDM [33,36,37]. Chan et al. reported an increased rate of GDM in low FF, but this study
was not adjusted for BMI [33]. Since increased BMI acts as a confounding factor for the
development of GDM [20-22], it could have influenced the analysis results. Other studies
did not find an association between low FF and GDM after adjusting for BMI [36,37].
Initially, in the unadjusted risk estimates, we observed an increased risk of GDM in the
low FF group. However, after adjusting maternal age, BMI, and IVF, the risk did not
increase significantly.

Previous studies were conducted during the second and third trimesters, demonstrat-
ing an association between high FF and adverse pregnancy outcomes. However, our study
was conducted during the first and early second trimesters, and we found that low FF in
NIPT is associated with adverse pregnancy outcomes due to placental compromise. Our
study had several strengths. First, all NIPT was performed by a single genetic laboratory
using the same platform and settings at the first and second trimesters. Second, this study
was conducted in a single institution and the same criteria were applied to diagnose adverse
pregnancy outcomes. Third, potential confounders such as maternal age, BMI, and IVF
were adjusted for analysis. A limitation of this study was the fact that we do not have
sufficient power to detect uncommon outcomes. We were also unable to analyze the onset
timing and severity of the disease separately.

5. Conclusions

Low FF of NIPT at the first and second trimesters is associated with adverse pregnancy
outcomes for placental compromise, specifically with HDP. Since NIPT is mostly performed
in the first trimester, it is expected that FF can be used as an important marker for placental
compromise such as PAPP-A. Furthermore, we anticipate that by adding FF to previously
known multivariate variables, the adverse pregnancy outcomes could be better predicted
at an early gestation age. Future research is needed to accurately provide the cutoff values
of FF as a prediction marker for adverse pregnancy outcomes.
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