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Abstract: Every year, 4-6 million pregnant women undergo noninvasive prenatal testing (NIPT), which is used world-
wide for fetal aneuploidy screening. Adequate fetal cell-free DNA (cfDNA) is the critically important factor to ensure
high sensitivity and specificity. In this study, we sought to increase the fetal fraction by adjusting experimental fac-
tors in the size selection for NIPT. CFDNA was extracted from 1495 pregnant women at 12-26 weeks of gestation
for sequencing of shorter cfDNA NIPT (< 140 bp). Multivariable linear regression models were used to evaluate the
association between experimental factors and fetal fraction. Nomograms for the likelihood of high fetal fraction (>
20%) were constructed according to significant factors in multivariable regression models. Our results suggested
that cfDNA and library concentrations were negatively correlated with fetal fraction, and uniquely mapped reads
were positively correlated with fetal fraction. Lower cfDNA and library concentrations, shorter cfDNA fragments,
and higher uniquely mapped reads may be more conducive to obtaining higher fetal fractions. Furthermore, we
constructed easy-to-use nomograms incorporating the maternal, fetal characteristics and experimental factors to
precisely predict the probability of high fetal fraction with an area under the curve (AUC) of 0.773 (95% confidence
interval: 0.749-0.797). Collectively, our maternal plasma cfDNA-based nomograms consider experimental factors
that can be adjusted and may improve a laboratory’s ability to obtain higher fetal cfDNA concentrations.
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Introduction placental cells (trophoblasts). This can be influ-

enced by high maternal body mass index (BMI),

Noninvasive prenatal testing (NIPT) is based on
sampling maternal blood, which contains fetal
cfDNA fragments from the placenta; it was ini-
tially validated as a clinical prenatal screen for
pregnancies at high risk for trisomies 21, 18,
and 13 [1]. Given the high detection rates of
these trisomies, it is widely used for fetal aneu-
ploidy screening, with 4-6 million pregnant wo-
men undergoing NIPT annually [2, 3]. Obtaining
adequate fetal cell-free DNA (cfDNA) is neces-
sary to ensure high sensitivity and specificity.
Low fetal fraction (< 4%) of cfDNA usually
results in screen failures and false-negative
results [4, B].

Low fetal fractions occur when a small portion
of cfDNA in maternal plasma is derived from

early gestational age (GA), anticoagulation ther-
apy, high shipping temperature, extraction me-
thod, laboratory NIPT work-up, and fetal aneu-
ploidy [6-12]. An inverse association was found
between maternal BMI and fetal fraction, which
could be attributed to a dilution effect [6].
Shipping conditions influence cfDNA detection
sensitivity as high temperatures can induce the
unintended release of maternal-derived cfDNA
due to white blood cell lysis between the time of
blood draw and processing of plasma [7]. A
recent study indicated that women treated with
low molecular weight heparin might have de-
creased fetal fractions due to treatment-in-
duced apoptosis [10]. The, fetal fraction is lower
in trisomies 13 and 18, and triploid pregnan-
cies [8, 9]. Repeating sample collection or using
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a different aneuploidy screening test may be a
reasonable strategy to reduce the probability of
screening failure due to low fetal fractions.
However, among 94 cases retested with a sec-
ond blood sampling, only 61% had either posi-
tive or negative results [6], which challenges
the utility of repeating sample collection for
NIPT due to low fetal fractions.

To overcome low fetal fraction, Lo et al. per-
formed plasma DNA size analysis that can be
used to detect multiple types of fetal chromo-
somal aneuploidies with high accuracy for tri-
somy 13 [5]. However, they did not specifically
include plasma samples with low fetal DNA [5].
Recent studies have shown that the most sig-
nificant difference between fetal and maternal
DNA, is a reduction in the 166-bp peak relative
to the 143-bp peak [13, 14]. Based on this, our
group developed a new NIPT method to prefer-
entially sequence shorter ¢cfDNA fragments (<
140 bp) to significantly improve the fetal frac-
tion [15, 16]. Interestingly, a study of circulating
tumor DNA also found that selecting fragments
between 90 and 150 bp improved detection,
with more than twofold median enrichment in >
95% of cases and more than fourfold enrich-
ment in > 10% of cases [17]. Collectively, these
results suggest that short cf-DNA offers new
opportunities for early stage prenatal screening
and cancer diagnosis. However, few investiga-
tions have studied the effect of maternal and
fetal characteristics and experimental factors
on fetal fraction or adjusting the experimental
variables to obtain higher fetal cfDNA concen-
trations for size selection of NIPT.

In this study, we assessed the impact of experi-
mental quality control, including cfDNA concen-
tration and library concentration, on fetal frac-
tion in normal and size selection NIPT. On the
basis of size selection NIPT results and the
effects of different factors on fetal fraction, we
also constructed a simple and clinically rele-
vant nomogram to predict a higher fetal frac-
tion (> 20%). Personalized knowledge of mater-
nal plasma cf-DNA may improve a laboratory’s
ability to obtain higher concentrations of fetal
cf-DNA.

Materials and methods
The study population included women pregnant

with male fetuses drawn between October
2015 and July 2018 and a stated GA of at least
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12 on the test requisition form. Size selection
NIPT for fetal aneuploidy was applied in 1495
plasma samples, and 1382 plasma samples
from pregnant women were tested with normal
NIPT. All samples had fetal karyotypes (preg-
nancies in which NIPT results were positive) or
clinical follow-up results. The study was app-
roved by the reproductive medicine ethics com-
mittee of Suzhou municipal hospital. Blood
samples (10 ml) were collected onsite from par-
ticipants who gave their consent following pre-
test counseling provided by genetic counselors.
cfDNA was extracted from 600 ul plasma, a
library was constructed by polymerase chain
reaction (PCR), and recycled shorter fragments
from PCR were produced by E-Gel® Agarose Gel
Electrophoresis System using an E-Gel®
SizeSelect™ 2% Agarose (Invitrogen, Carlsbad,
CA, USA). cfDNA and library concentrations we-
re measured by the Qubit™ dsDNA HS Kit (In-
vitrogen, Carlsbad, CA, USA). Then, the recycled
cfDNA was sequenced by the lon Proton sys-
tem. Fetal DNA concentration was evaluated by
calculating the proportion of chromosome Y
reads.

Statistical analysis

Fetal fraction disribution was assessed as
approximately normal based on a normal Q-Q
plot. Linear regression models were used to
examine the associations of fetal fraction wi-
th cfDNA concentration, library concentration,
and uniquely mapped reads. We generated cat-
egorical variables for cfDNA concentration (<
0.121,0.121-0.151,0.152-0.181, 0.182-0.221,
and > 0.221 ng/ul), library concentration
(< 5.406, 5.406-7.241, 7.242-8.731, 8.731-
10.701, and > 10.701 ng/ul) and uniquely
mapped reads (< 1.88, 1.88-2.20, 2.21-2.56,
and > 2.56 Mb). Relative to the reference cate-
gory, we computed the estimates and 95% con-
fidence intervals (Cl) for mean differences in
fetal fraction for each category of cfDNA con-
centration, library concentration, and uniquely
mapped reads. We used five different models.
Model 1 was a univariate linear regression of
the relationship between cfDNA concentration,
library concentration, or uniquely mapped rea-
ds and fetal fraction. Model 2 was adjusted for
GA (continuous numerical variables) and BMI
(continuous numerical variables). Model 3 add-
ed the mean cf-DNA size to model (continuous
numerical variables) on the basis of model 2.
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Model 4 was additionally adjusted for factors
reported in the previous article. When analyz-
ing the effect of cfDNA concentration on fetal
fraction, Model 4 added maternal age (continu-
ous numerical variables), multiple gestations
(categorical variables), library concentration
(continuous numerical variables), and uniquely
mapped reads (continuous numerical vari-
ables) to Model 2. When analyzing the effect of
library concentration on fetal fraction, Model 4
added maternal age (continuous numerical
variables), multiple gestations (categorical vari-
ables), cfDNA concentration (continuous nu-
merical variables), and uniquely mapped reads
(continuous numerical variables) to Model 2.
When analyzing the effect of uniquely mapped
reads on fetal fraction, Model 4 added mater-
nal age (continuous numerical variables), mul-
tiple gestations (categorical variables) and
cfDNA concentration (continuous numerical
variables) and library concentration (continu-
ous numerical variables) to Model 2. Model 5
added mean size of continuous numerical vari-
ables) to Model 4. We selected these confound-
ers based on their associations with the out-
comes of interest or a 10% change in effect
estimate.

The nomograms for predicting higher fetal frac-
tion (> 20%) probability were established with
the above-mentioned significant variables. The
discriminatory and predictive abilities of the
nomograms were assessed by the Akaike infor-
mation criterion (AIC) value and the receiver
operating characteristic (ROC) curve, respec-
tively [18]. For a given set of candidate models
for data points, the preferred model had the
lowest AIC value [19, 20]. All p values were
2-sided, and P < 0.05 was considered statisti-
cally significant. Statistical analyses was per-
formed with GraphPad Prism 8.0 (Graph Pad
Inc., San Diego, CA, USA), MedCalc (Ostend,
Belgium), SPSS version 24.0 (IBM Corp, Ar-
monk, NY, USA) and R (http://www.R-project.
org) software packages.

Results

Fetal fraction decreases with greater cfDNA
concentration in size selection-based NIPT and
traditional NIPT

cfDNA was extracted from 1495 plasma sam-

ples of pregnant women carrying male fetuses
at 12-26 weeks of gestation undergoing size
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selection-based NIPT (< 145 bp). The median
cfDNA concentration was 0.174 ng/ul (range
0.04 ng/ul to 0.71 ng/ul). Within this range,
there was a modest trend toward a lower fetal
fraction with increasing cfDNA concentration
(R? = 0.0527, P < 0.0001, Figure 1A). Shorter
fragments were the key factors affecting fetal
fraction in size selection NIPT [21]. As shown in
Figure 1B, when adjusted for fragment size,
fetal fraction decreased with greater cfDNA
fragment size in pregnant women with the
same cfDNA concentration. In the same cfDNA
fragment size range, fetal fraction decreased
with higher cfDNA concentration. We then clas-
sified cfDNA concentration into the following
five categories: < 0.121, 0.121-0.151, 0.152-
0.181, 0.182-0.221, and > 0.221 ng/ul. The
numbers of pregnant women with cfDNA con-
centration in these five categories were 363,
282, 306, 257, and 287, respectively. The
mean fetal fractions across cfDNA concentra-
tion categories were 34.2% (range 7.2% to
75.9%), 32.7% (range 6.4% to 79.3%), 30.4%
(range 10.5% to 55.8%), 27.9% (range 10% to
48.5%), and 27.1% (range 5.8% to 93.6%)
(Figure 1C; Table 1). The mean fetal fraction
differences across cfDNA concentration cate-
gories were -1.51% (95% ClI: -3.10% to 0.09%)
for 0.121-0.151 ng/ul, -3.82% (95% Cl: -5.38%
to -2.26%) for 0.152-0.181 ng/ul, -6.25% (95%
Cl: -7.89% to -4.62%) for 0.182-0.221, and
-7.08% (95% Cl: -8.67% to -5.50%) for > 0.221
ng/ul compared with < 0.121 ng/pl (., <
0.0001). We also collected 1382 plasma sam-
ples from pregnant women undergoing tradi-
tional NIPT to assess the cfDNA concentration
and fetal fraction, and we classified cfDNA con-
centration in to the above-mentioned catego-
ries. The mean fetal fractions of maternal plas-
ma cfDNA concentration < 0.121, 0.121-0.151,
0.152-0.181, 0.182-0.221 and > 0.221 ng/ul
were 12.7% (range 2.1% to 30.4%), 11.1%
(range 3.2% to 29.4%), 10.8% (range 2.2% to
25.4%), 10.0% (range 4.5% to 29.9%), and 8.7%
(range 3.2% to 22.2%), respectively (Figure 1D;
Table 1). There was also a modest trend toward
lower fetal fraction with increasing cfDNA con-
centration in traditional NIPT.

Fetal fraction also decreased with higher cfDNA
concentration when adjusted for BMI, GA,
maternal age, multiple gestations, library con-
centration, uniquely mapped reads, and mean
cfDNA size (Figure 2, Model 5). The multivari-
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Figure 1. Relationship between fetal fraction and cfDNA concentration. A. cfDNA concentration was negatively cor-
related with fetal fraction in the sequencing of shorter cfDNA for NIPT. B. Among pregnant women in the same cfDNA
concentration range, fetal fraction decreased with longer cfDNA fragment size and higher cfDNA concentration. C.
The mean fetal fractions of maternal cfDNA concentrations < 0.121, 0.121-0.151, 0.152-0.181, 0.182-0.221, and
> 0.221 ng/ul were 34.2%, 32.7%, 30.4%, 27.9%, and 27.1%, respectively. D. The mean fetal fractions of maternal
plasma cfDNA concentrations < 0.121, 0.121-0.151, 0.152-0.181, 0.182-0.221, and > 0.221 ng/ul were 12.7%,
11.1%, 10.8%, 10.0%, and 8.7%, respectively. There was also a modest trend toward a lower fetal fraction with
increasing cfDNA concentration in traditional NIPT (**P < 0.01).

Table 1. Mean fetal fraction differences across cfDNA concentration categories in size selection and
traditional NIPT

. Size selection NIPT Traditional NIPT
cfDNA concentration (ng/ul) - -

Fetal fraction n Fetal fraction
<0.121 363 34.2% (1.2%-75.9%) 772 12.7% (2.1%-30.4%)
0.121-0.151 282 32.7% (6.4%-79.3%) 213 11.1% (3.2%-29.4%)
0.152-0.181 306 30.4% (10.5%-55.8%) 164 10.8% (2.2%-25.4%)
0.182-0.221 257 27.9% (10%-48.5%) 94 10.0% (4.5%-29.9%)
>0.221 287 27.1% (5.8%-93.6%) 139 8.7% (3.2%-22.2%)

able-adjusted (Figure 2, Model 4) mean fetal adjustment for confounding factors plus aver-
fraction differences across the maternal plas- age cfDNA size (Figure 2, Model 5) were -1.05%
ma cfDNA concentration categories were (95% Cl: -2.45% to 0.34%) for 0.121-0.151 ng/
-1.53% (95% Cl: -3.04% to -0.03%) for 0.121- ul, -1.91% (95% Cl: -3.29% to -0.52%) for 0.152-
0.151 ng/ul, -2.77% (95% ClI: -4.25% to -1.28%) 0.181 ng/ul, -3.85% (95% Cl: -5.31% to -2.39%)
for 0.152-0.181 ng/ul, -4.63% (95% ClI: -6.20% for 0.182-0.221 ng/ul, and -4.75% (95% ClI:
to -3.06%) for 0.182-0.221 ng/ul, and -6.19% -6.18% to -3.31%) for > 0.221 ng/ul compared
(95% Cl: -7.72% to -4.65%) for > 0.221 ng/ul with < 0.121 ng/pl (p,,, < 0.0001), suggest
compared with < 0.121 ng/ul (Pyena < 0.0001). that sequencing shorter cfDNA significantly
However, mean fetal fraction differences after decreased mean fetal fraction differences
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Figure 2. Mean differences in fetal fraction according to cfDNA concentra-
tion (ng/ul). Model 1: Crude model. Model 2 was adjusted for GA and BMI.
Model 3 added the average cfDNA size to Model 2. Model 4 added maternal
age, multiple gestations, library concentration, and uniquely mapped reads
to Model 2. Model 5 added the average cfDNA size to Model 4. Compared
to Models 2 and 4, Models 3 and 5 included additional adjustments for
confounding factors of average cfDNA size, and they showed significantly
reduced fetal fractions across cfDNA concentration categories.

between different cfDNA concentration groups,
especially in the high c¢fDNA concentration
group (> 0.221 ng/ul) by ~ 23%.

Inverse relationship between library concen-
tration and fetal fraction in the maternal circu-
lation

Plasma cfDNA obtained from 1495 pregnant
women was used to construct the library.
Quantitative library data were used to analyze
factors affecting fetal fraction. The median
library concentration was 10.90 ng/ul (range
0.64 to 42 ng/ul). Within this range, there was
a modest trend toward lower fetal fraction with
increasing library concentration (R? = 0.044, P
< 0.0001, Figure 3A). As shown in Figure 3B,
the results were similar after adjustment for
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1.19%) for 5.406-7.241 ng/ul,
-2.24% (95% CI: -3.90% to
-0.58%) for 7.242-8.731 ng/
l, -4.24% (95% Cl: -5.90% to
-2.58%) for 8.731-10.701 ng/
pl, and -5.56% (95% Cl: -7.23%
to -3.89%) for > 10.701 ng/ul
compared with < 5.406 ng/ul
(Pyeng < 0-0001). We also col-
lected plasma samples from 1382 pregnant
women undergoing traditional NIPT to assess
the library concentration and fetal fraction and
classified library concentrations into the above-
mentioned categories. The mean fetal fractions
in the categories of maternal plasma library
concentration < 5.406, 5.406-7.241, 7.242-
8.731, 8.731-10.701, and > 10.701 ng/ul were
13.2% (range 3.3% to 29.3%), 12.7% (range
3.3% to 30.4%), 11.8% (range 4.4% to 29.4%),
12.4% (range 3.2% to 28.0%), and 10.7% (range
2.1% to 29.9%), respectively (Figure 3D; Table
2). There was also a modest trend toward lower
fetal fraction with increasing library concentra-
tion in traditional NIPT.

Fetal fraction also decreased with an increase
in the library concentration when adjusted for
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Figure 3. Relationship between fetal fraction and library concentration. A. Library concentration was negatively cor-
related with fetal fraction when sequencing shorter cfDNA for NIPT. B. In pregnant women with the same library con-
centration range, fetal fraction decreased with longer cfDNA fragment size. In the same cfDNA fragment size range,
fetal fraction decreased with library concentration. C. The mean fetal fractions of maternal library concentrations
< 5.406, 5.406-7.241, 7.242-8.731, 8.731-10.701, and > 10.701 ng/ul were 33.2%, 32.7%, 30.9%, 28.9%, and
27.6%, respectively. D. The mean fetal fractions of maternal plasma cfDNA concentrations < 5.406, 5.406-7.241,
7.242-8.731, 8.731-10.701, and > 10.701 ng/ul were 13.2%, 11.8%, 12.4%, and 10.7%, respectively. There was
also a slight trend toward a lower fetal fraction with increasing library concentration in traditional NIPT (**P < 0.01,
*P < 0.05).

Table 2. Mean fetal fraction differences across library concentration categories in size selection and
traditional NIPT

. . Size selection NIPT Traditional NIPT
Library concentration (ng/pl) - -
Fetal fraction n Fetal fraction
< 5.406 299 33.2% (5.8%-79.3%) 145 13.2% (3.3%-29.3%)
5.406-7.241 300 32.7% (8.6%-68.1%) 160 12.7% (3.3%-30.4%)
7.242-8.731 301 30.9% (6.4%-93.6%) 166 11.8% (4.4%-29.4%)
8.731-10.701 300 28.9% (10.5%-71.4%) 237 12.4% (3.2%-28.0%)
>10.701 295 27.6% (8.6%-55.3%) 674 10.7% (2.1%-29.9%)
BMI, GA, maternal age, multiple gestations, ng/ul compared with < 5.406 ng/ul (p,,., <
c¢fDNA concentration, uniquely mapped reads, 0.0001). However, the corresponding mean
and mean cfDNA size (Figure 4, Model 5). The fetal fraction differences for those library con-
multivariable-adjusted (Figure 4, Model 4) centrations were -1.03% (95% Cl: -2.46% to
mean fetal fraction differences across the cat- -0.41%), -2.48% (95% Cl: -3.92% to -1.04%),
egories of maternal plasma library concentra- -3.49% (95% Cl: -4.94% to -2.05%), and -4.86%
tion were -0.50% (95% Cl: -2.04% to -1.04%) for (95% CI: -6.48% to -3.23%) compared with <
5.406-7.241 ng/ul, -2.25% (95% Cl: -3.79% to 5.406 ng/pl (p,,,,., < 0.0001), after adjustment
-0.70%) for 7.242-8.731 ng/ul, -3.31% (95% CI: for confounding factors plus average cfDNA
-4.86% to -1.75%) for 8.731-10.701 ng/ul, and size (Figure 2, Model 5). These findings indicate
-3.88% (95% Cl: -5.63% to -2.14%) for > 10.701 that sequencing shorter cfDNA increased mean
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Figure 4. Mean differences in the fetal fraction according to library concen-
tration (ng/pl). Model 1: Crude model. Model 2 was adjusted for GA and BMI.
Model 3 added the average cfDNA size to Model 2. Model 4 added maternal

5), there was a slight trend
toward a higher fetal fraction
with more uniquely mapped
reads (Model 1, Figure 6).

age, multiple gestations, cfDNA concentration, and uniquely mapped reads

to Model 2. Model 5 added the average cfDNA size to Model 4. Compared
with Model 1, additional adjustment for confounding factors slightly reduced

fetal fraction differences among different groups.

fetal fraction differences between library con-
centration groups; however, sequencing short-
er cfDNA yieldeda higher fetal fraction in the
high library concentration group (> 0.221 ng/
ul, mean fetal fraction: 27.6%). Compared with
Model 1, additional adjustment for confound-
ing factors (Model 5) slightly reduced fetal frac-
tion differences among groups.

The impact of uniquely mapped reads per
sample on fetal fraction

There was a slight trend toward a higher fetal
fraction with increased uniquely mapped reads
(R? = 0.001), but this was not significant (P =
0.21) (Figure 5A). We then classified uniquely
mapped reads intofour categories: < 1.88,
1.88-2.20, 2.21-2.56, and > 2.56 Mb. The
numbers of pregnant women in the uniquely
mapped reads categories were 374, 380, 372,
and 369, respectively. The mean fetal fractions
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Construction and validation
of the clinically relevant no-
mogram

We randomly allocated 1495 size selection
NIPT samples into training (n = 1200) and vali-
dation (n = 295) sets. In the training set, based
on the above-mentioned significant indepen-
dent factors, we developed four nomograms to
predict the probability of higher fetal fraction (>
20%). We also adopted the AIC value and ROC
curve to compare predictive abilities for higher
fetal fraction (> 20%) among the nomograms.
Compared to Models 1 (AIC: 926; AUC: 0.777),
3 (AIC: 949; AUC: 0.757), and 4 (AIC: 949; AUC:
0.753), we observed that Model 2 had the low-
est AIC value (928, P = 0.051 compared to
Model 1) and largest AUC (0.773; P = 0.481
compared to Model 1) (Figure 7A). Therefore,
we considered that Model 2 was superior to
Models 1, 3, and 4. Figure 7C shows user-
friendly and quantitative nomograms of Model
2. Obviously, the average cfDNA size, BMI, and
plasma cfDNA concentration at the prognostic
ability of the nomograms had the largest contri-
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Figure 5. Relationship between fetal fraction and
uniquely mapped reads. A. There was a slight trend
toward higher fetal fraction with increasing uniquely
mapped reads (R? = 0.001, P = 0.21). B. The mean
fetal fractions on uniquely mapped reads < 1.88,
1.88-2.20, 2.21-2.56, and > 2.56 Mb were 28.6%,
30.4%, 32.0%, and 31.7%, respectively. C. In preg-
nant women with the same uniquely mapped reads
range, fetal fraction decreased with longer cfDNA
fragment size. In the same cfDNA fragment size
range, fetal fraction increased with uniquely mapped

reads.

Regression coefficient(95%Cl)
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Figure 6. Mean differences in fetal fraction according to uniquely mapped

2. Model 5 added the average
cfDNA size to Model 4. Compared
to Models 2 and 4, Models 3
and 5 included additional adjust-
ments for confounding factors of
the average cfDNA szie, and they
showed significantly reduced fe-
tal fraction differences across
uniquely mapped reads catego-
ries.

butions to predicting a higher
fetal fraction (> 20%), followed
by library concentration, GA,
and multiple gestations. Each
point for variables was deter-
mined by the intersection of
the vertical line drawn from
the variable to the point axis
[22]. Then, all identified points
were summed up on the scale
for the six variables. The prob-
ability of predicting a higher
fetal fraction (> 20%) was read
on the total point axis. In the
validation sets, the AUC for
Model 2 was 0.779 (95% CI:
0.728-0.825) (Figure 7B).

Discussion

reads. Model 1: Crude model. Model 2 was adjusted for GA and BMI. Model

3 added the average cfDNA to Model 2. Model 4 added maternal age, mul-
tiple gestations, cfDNA concentration, and library concentration to Model
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The reliability of NIPT depends
on the assumption that there
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Figure 7. ROC curves for predicting higher fetal fraction (> 20%) ability among the nomograms. A. ROC curve for
predicting higher fetal fraction ability of the training data. B. ROC curve for predicting higher fetal fraction ability of
the validation data. C. Nomogram for predicting higher fetal fraction. Based on the sum of the covariate points, a
vertical line was drawn from the total point line to calculate the probability of high fetal fraction.

is sufficient fetal cfDNA in maternal plasma. To
date, several technologies have been reported
to enrich fetal cfDNA in NIPT. Minarik et al.
described the use of Agencourt AMPure XP
Reagent beads, and size selection of DNA frag-
ments ~ 155-160 bp was performed after
cfDNA extraction. Following size selection, the
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effective fetal fractions increased to 14.08-
50.66% (median = 22.35%) [23]. Hu et al. car-
ried out DNA enrichment after end-repairing
and before adaptor ligation during NIPT library
construction [12]. After enrichment, the fetal
fraction increased to 22.6 + 6.6%. Our group
developed a new NIPT method that sequenced
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of shorter cfDNA fragments (< 140 bp) to sig-
nificantly improve the fetal fraction, which
increased to 30.7% [21]. For size selection
NIPT, to efficiently perform emulsion PCR and
subsequent sequencing, size selection for the
correct cfDNA library fragment peak < 140 bp
is performed with an E-Gel® Agarose Gel El-
ectrophoresis System using an E-Gel® Size
Select™ 2% Agarose. These gels have a top row
of wells for sample loading and a bottom row
of wells to retrieve cfDNA bands of interest. The
system also provides real-time monitoring
cfDNA bands migrations. Among the 1495
shorter cfDNA sequencing samples, cfDNA con-
centration and library concentration were nega-
tively correlated with fetal fraction, and unique-
ly mapped reads were positively correlated with
fetal fraction. We also found that cfDNA con-
centration and library concentration were nega-
tively correlated with fetal fraction in traditional
NIPT. Hence, laboratories should note that
excessive cfDNA and library concentrations will
reduce cfDNA from fetal sources, and affecting
NIPT accuracy for detecting aneuploidy.

Several experimental factors may affect fetal
DNA concentration. Absorption of cfDNA by
magnetic beads occurs during cfDNA extrac-
tion and library construction. cfDNA is selec-
tively bound to magnetic beads, which are
immobilized when the sample plate is placed
on a magnet, leaving unwanted fragments in
the liquid phase, which is discarded [24]. Mo-
lecular weight exclusion (essentially size selec-
tion) of unwanted lower molecular weight DNA
fragments can be controlled by changing the
volume of PEG NaCl buffer added to the reac-
tion, modifying the final concentration of PEG in
the resulting mixture, or altering the size range
of fragments bound to the beads [24, 25].
Laboratory temperature and humidity and the
drying time of magnetic beads in the extracted
c¢fDNA and constructed library may also affect
cfDNA binding to the magnetic beads, which in
turn affects the fetal fraction in traditional and
size selection NIPT. High-resolution plasma
DNA size profiling revealed that the most strik-
ing differences between fetal and maternal
cfDNA fragments were the relative reduction of
the 166-bp peak and elevation of smaller
peaks < 143 bp for fetal cfDNA, thus suggest-
ing that maternal-derived DNA is longer [5, 26,
27]. Indeed, sequencing shorter cfDNA signifi-
cantly decreased mean fetal fraction differenc-
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es among cfDNA concentration groups, espe-
cially in the high cfDNA concentration group (>
0.221 ng/ul) by ~ 23%. Sequencing shorter
cfDNA could yield a higher fetal fraction in the
high library concentration group (> 0.221 ng/
ul, mean fetal fraction: 27.6%). However, prob-
ably due to PCR amplification in the process of
library construction, sequencing shorter cfDNA
increased mean fetal fraction differences
among library concentration groups. Fetal frac-
tion was evaluated by calculating the propor-
tion of Y chromosome reads in size selection
NIPT. We found that the proportion increased
with greater sequencing depth, which is more
common in NIPT for subchromosomal abnor-
malities [27, 28].

Fetal fraction in maternal plasma is affected by
multiple factors such as BMI, GA, and extrac-
tion method [6, 11], but few studies have evalu-
ated the comprehensive effect of these fac-
tors, including cutting out small molecular
weight cfDNA bands from an electrophoretic
sizing gel for fetal fraction enrichment or estab-
lished a practical predictive model. In this
study, we constructed easy-to-use, accurate
nomograms to predict higher fetal fraction (>
20%). Nomograms are used to visualize quanti-
fied confounding factors, and they are useful to
better understand how to obtain higher fetal
fractions. However, the following limitations
should be noted: First, the nomogram were
constructed according to data obtained at a
single center. Larger samples are needed to
verify. Second, although we adjusted for many
confounding factors, such as anticoagulation
therapy [6], and in vitro fertilization conception
[29], other relevant factors may have been
overlooked. Third, cutting out small molecular
weight cfDNA bands requires a well-experi-
enced laboratory technician.

In summary, our results show that cfDNA con-
centration and library concentration were
negatively correlated with fetal fraction, while
uniquely mapped reads were positively corre-
lated with fetal fraction. Lower cfDNA and
library concentrations, shorter cfDNA frag-
ments, and higher uniquely mapped reads may
be more conducive to obtaining higher fetal
fractions. Our easy-to-use nomograms can
assist laboratories in obtaining higher fetal
cfDNA concentration.
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