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Abstract: Objective: To investigate the association between maternal serum expression levels of Msh homeobox 1
(MSX1) and interferon regulatory factor 6 (IRF6) and fetal cleft lip and palate (CLP), as well as their potential role
in clinical prediction. Methods: A prospective case-control study was conducted. A total of 100 pregnant women
carrying fetuses diagnosed with CLP via prenatal screening and diagnosis at The Affiliated Women and Children’s
Hospital of Ningbo University from July 2021 to June 2024 (CLP group) and 105 pregnant women with healthy fetus-
es (normal group) were selected as the research subjects. Clinical data and relative expression levels of MSX1 and
IRF6 were collected. Binary logistic regression was used to analyze the influencing factors of fetal CLP. A Gradient
Boosting Machine (GBM) model was developed using R language 4.4.1 software to predict fetal CLP and evaluate
its predictive performance. Results: The serum levels of MSX1 and IRF6 in the CLP group were higher than those
in the normal group (t = 6.536, 9.907; both P < 0.001). Independent influencing factors for fetal CLP included ma-
ternal age, family history of CLP, malnutrition during pregnancy, and expression of MSX1 and IRF6. A GBM model
was constructed based on these factors, with their relative importance ranked as follows: IRF6 > MSX1 > family
history of CLP > maternal malnutrition > age. In the training set, the GBM model achieved an area under the curve
(AUC) of 0.898 (95% Cl: 0.849, 0.948), with a sensitivity of 79.2% and specificity of 88.7%. In the validation set,
the AUC was 0.895 (95% CI: 0.818, 0.973), with sensitivity of 85.7% and the specificity of 82.4%. The calibration
curve demonstrated good agreement between predicted and actual probabilities. Decision curve analysis showed a
threshold probability range of 0.30-0.72 in the training set and 0.30-0.73 in the validation set. Conclusion: Elevated
maternal serum MSX1 and IRF6 expression levels are closely associated with fetal CLP and may serve as potential
biomarkers for its clinical prediction.
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Introduction role, with mutations or abnormal expression of
multiple genes implicated in its pathogenesis

Fetal cleft lip and palate (CLP) is a common [3]. In addition, environmental factors such as

congenital birth defect, imposing a heavy bur-
den on families and society. Beyond its impact
on facial appearance, CLP can lead to various
consequences such as feeding difficulties,
speech disorders, hearing impairment, and
psychological problems [1]. Globally, the inci-
dence of fetal CLP is about 1 in every 500 new-
borns [2].

Despite extensive research, the etiology of
fetal CLP remains incompletely understood.
Genetic factors are believed to play a crucial

maternal infections, drug exposure, malnutri-
tion, and contact with harmful substances dur-
ing pregnancy may also increase the risk of
fetal CLP [4]. However, the specific pathogenic
mechanisms are not yet fully understood.
Currently, prenatal ultrasound examination is a
commonly used diagnostic tool for fetal CLP.
However, it has limitations, including potential
missed diagnoses in cases of mild CLP and
variability in accuracy due to factors such as
operator’'s experience and fetal position [5].
Furthermore, there is a lack of reliable biomark-
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ers for early risk assessment and prediction of
fetal CLP.

Msh homeobox 1 (MSX1) and interferon regula-
tory factor 6 (IRF6) are key regulatory genes
involved in craniofacial development, influenc-
ing multiple downstream targets essential for
facial tissue formation [6]. MSX1 plays a criti-
cal role in palatogenesis, and its mutation or
abnormal expression has been linked to CLP
[7]. Similarly, IRF6 mutation have been associ-
ated with an increased risk of fetal CLP [8].
Given their roles in craniofacial development,
the detection of MSX1 and IRF6 expression lev-
els in maternal serum may provide a novel
approach for early diagnosis and risk assess-
ment of fetal CLP.

This study aims to investigate the association
between maternal serum MSX1 and IRF6 ex-
pression levels and fetal CLP, as well as their
potential for clinical prediction. By improving
early risk assessment, this research seeks to
aid clinicians in timely intervention and optimiz-
ing fetal outcomes.

Materials and methods
Patient recruitment

A prospective case-control study was conduct-
ed. A total of 100 pregnant women carrying
fetuses diagnosed with CLP through prenatal
screening and diagnosis at The Affiliated
Women and Children’s Hospital of Ningbo
University between July 2021 and June 2024
(CLP group) and 105 pregnant women with
healthy fetuses (normal group) were recruited
as the research subjects.

(1) Inclusion criteria: 1) Regular attendance at
all scheduled prenatal check-ups; Timely sub-
mission of required biological samples (includ-
ing blood samples for MSX1 and IRF6 ex-
pression analysis); Accurate completion of all
study-related questionnaires and surveys. 2)
Confirmed intrauterine singleton pregnancy
verified by ultrasound examination. 3) Avail-
ability of complete serum MSX1 and IRF6
expression data; Samples processed using
standardized laboratory protocols with strict
quality control measures.

(2) Exclusion criteria: 1) A history of teratogenic
medication use during current pregnancy.
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Teratogenic drugs are known to increase the
risk of birth defects, which could potentially
confound the relationship between MSX1 and
IRF6 expression levels and fetal CLP. Common
teratogenic drugs include thalidomide, isotreti-
noin, and some antiepileptic medications. 2)
Pregnant women with pre-existing liver diseas-
es (such as hepatitis B, cirrhosis), kidney dis-
eases (such as chronic kidney failure, nephro-
tic syndrome), or heart diseases (such as con-
genital heart disease, coronary artery disease).
These medical conditions can affect the physi-
ological state of the pregnant woman and
potentially interfere with the expression levels
of MSX1 and IRF6, as well as the development
of the fetus. 3) Pregnant women with cognitive
impairment, such as dementia or severe intel-
lectual disability, or a history of mental iliness
(such as schizophrenia, bipolar disorder). These
conditions may affect the pregnant woman’s
ability to provide accurate information, comply
with the study procedures, or understand the
implications of the informed consent. 4) Pre-
gnant women carrying fetuses with other con-
genital birth defects in addition to CLP. The
presence of other birth defects could compli-
cate the analysis and make it difficult to isolate
the specific association between MSX1 and
IRF6 expression levels and fetal CLP.

This study was approved by the Ethics Com-
mittee of The Affiliated Women and Children’s
Hospital of Ningbo University.

Establishment of gradient boosting machine
(GBM) model

The 205 cases were randomly divided into a
training set of 143 cases and a validation set of
62 cases in a ratio of 7:3. A GBM prediction
model for fetal CLP was developed using R
4.4.1 software, and its predictive efficacy was
evaluated.

The sequential backward search method was
used for feature selection. Variables with the
least impact were iteratively removed from the
full-feature model until the remaining features
met a predefined threshold for model perfor-
mance. Feature selection and model opti-
mization were completed based on the training
set. To enhance model robustness, 10-fold
cross-validation was performed within the
training set, and internal validation was con-
ducted. Grid search was used to determine the
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optimal hyperparameters. The established mo-
del was verified in an independent test set.
Feature selection, model construction, and ver-
ification were completed using the R packages
“mlir” and “gbm”.

Detection of relative expression levels of MSX1
and IRF6 genes

A 2 mL venous blood sample was collected
from each pregnant women, and serum was
separated. The relative expression levels of
MSX1 and IRF6 were determined using fluor-
escence quantitative polymerase chain reac-
tion (PCR). Total serum ribose nucleic acid
(RNA) was extracted following manufacturer’s
instructions, ensuring strict precautions ag-
ainst RNase contamination. The purity and
concentration of RNA were assessed using an
ultraviolet spectrophotometer. RNA was then
reverse-transcribed into complementary DNA
(cDNA) using a reverse transcription kit, with
B-actin serving as the internal reference
gene. The primer sequence of forward primer
(5'—3") is MSX1: 5-AGCAGCTGCTGCTGCTGC-
TG-3’, IRF6: ATGTGCCCCATCACTTGTTG, B-ac-
tion: TGGCACCCAGCACAATGAA. The primer se-
quence of reverse primer (5—3’) is MSX1:
CTGCTGCTGCTGCTGCTGCTG, IRF6: GGTGGCT-
GCTTCTCTATCTG, B-action: CTAAGTCATAGTCC-
GCCTAGAAGCA. The relative expression levels
of MSX1 and IRF6 genes was calculated using
2-AACt method.

Data collection

Clinical data of pregnant women were collected
from electronic medical records, including age,
parity, gestational age, family history of CLP,
smoking history, drinking history, abortion his-
tory, educational level, malnutrition during
pregnancy, anemia during pregnancy, trauma
during pregnancy, early pregnancy infection,
medication use during early pregnancy, hyper-
emesis gravidarum, and concurrent gestational
complications.

Smoking history is defined as cigarette smok-
ing before (at least one pack of cigarettes daily
for over one year) and during pregnancy (contin-
ued cigarette use after pregnancy confirmation
until delivery).

Drinking history is defined as alcohol consump-
tion before (consuming liquor or other spirits >
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10 times per month) and during (continued
intake of any alcoholic beverage) pregnancy.

Trauma during pregnancy is defined as physical
injuries sustained during pregnancy, such as
abrasions, contusions, fractures and other
external injuries resulting from accidental falls,
collisions, or traffic accidents. It also encom-
passed internal organ trauma, such as injuries
to abdominal organs [9].

Early pregnancy infection is defined as an in-
fection occurring between 1 and 12 weeks of
pregnancy, caused by viruses, bacteria, chla-
mydia, mycoplasma, or other pathogens [10].

Diagnostic criteria for hyperemesis gravidarum
[11]: positive urine pregnancy test; frequent
nausea and vomiting, leading to an inability to
eat or drink, lethargy, and excessive sleepi-
ness; electrolyte imbalance and metabolic dis-
turbances; positive urine ketone body test;
exclusion of nausea and vomiting caused by
gastrointestinal infections, cholecystitis, pan-
creatitis, or neurological diseases. Concurrent
gestational complications included gestational
hypertension, diabetes, and kidney disease.

Data analysis methods

Statistical analyses were conducted using
SPSS 23.0. Quantitative data were expressed
as mean * standard deviation (X + sd), and
group comparisons were performed using the
t-test. Categorical data were presented as n
(%), and comparisons between groups were
analyzed using the chi-square test. The good-
ness of fit of the GBM model was assessed
using a calibration curve, generated through
1000 bootstrap resampling iterations. The
predictive performance of the GBM model for
fetal cleft lip and palate was evaluated using
the receiver operating characteristic (ROC)
curve. A P-value < 0.05 was considered statisti-
cally significant.

Results

Differences in basic characteristics between
the CLP and normal groups

The proportions of pregnant women aged > 34
years, with a family history of CLP, malnutrition
during pregnancy, and anemia during pregnan-
cy were significantly higher in the CLP group
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Table 1. Comparison of basic characteristics between pregnant women with and without CLP

Basic characteristics CLP group (n = 100) Normal group (n = 105) X2/t P
Age (years) 20.117 < 0.001
< 24 years old 15 (15.00%) 21 (20.00%)
24-34 years old 28 (28.00%) 56 (53.33%)
> 34 years old 57 (57.00%) 28 (26.67%)
Parity 0.195 0.659
Primipara 44 (44.00%) 43 (40.95%)
Multipara 56 (56.00%) 62 (59.05%)
Gestational weeks 3752 +1.03 3755+ 1.10 0.204 0.839
CLP family history 15.608 < 0.001
Yes 24 (24.00%) 5 (4.76%)
No 76 (76.00%) 100 (95.24%)
Smoking history 0.277 0.599
Yes 20 (20.00%) 18 (17.14%)
No 80 (80.00%) 87 (82.86%)
Drinking history 0.273 0.201
Yes 24 (24.00%) 22 (20.95%)
No 76 (76.00%) 83 (79.05%)
Abortion history 0.095 0.758
Yes 22 (22.00%) 25 (23.81%)
No 78 (78.00%) 80 (76.19%)
Educational level
Below junior high school 24 (24.00%) 21 (20.00%)
Junior high school/high school 61 (61.00%) 65 (61.90%)
Above high school 15 (15.00%) 19 (18.10%)
Prenatal malnutrition
Yes 31 (31.00%) 11 (10.48%) 13.244 <0.001
No 69 (69.00%) 94 (89.52%)
Anemia during pregnancy
Yes 21 (21.00%) 8 (7.62%) 7.551 0.006
No 79 (79.00%) 97 (92.38%)
Trauma during pregnancy 0.488 0.485
Yes 18 (18.00%) 23 (21.90%)
No 82 (82.00%) 82 (78.10%)
Early pregnancy infection 0.785 0.376
Yes 21 (21.00%) 17 (16.19%)
No 79 (79.00%) 88 (83.81%)
Taking medicine in early pregnancy 0.298 0.585
Yes 15 (15.00%) 13 (12.38%)
No 85 (85.00%) 92 (87.62%)
Hyperemesis gravidarum 0.420 0.517
Yes 45 (45.00%) 52 (49.52%)
No 55 (55.00%) 53 (50.48%)
Concurrent gestational complications 0.095 0.758

Yes
No

22 (22.00%)
78 (78.00%)

25 (23.81%)
80 (76.19%)

Note: CLP, cleft lip and palate.
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es between the two groups
(maternal age, family history
of CLP, malnutrition during
pregnancy, anemia, MSX1,
and IRF6). The results show-
ed that maternal age, family
history of CLP, malnutrition
during pregnancy, MSX1, and
IRF6 were independent influ-
encing factors for fetal CLP
(all P < 0.05). Moreover, re-
gardless of whether other
variables were included in the
analysis, MSX1 and IRF6 re-
mained independent influenc-
ing factors for fetal CLP (P <

A B
~ %k %k ©
X Lo
o 31 31
= =
S c
C
o 24 O 24
5 7
o
X 14 > 1-
2 2
® ©
2 e &
«00 \0\\' O
Q% q}% QQ
0\/ &@ O\/

Figure 1. Differences in the maternal serum levels of MSX1 (A) and IRF6 (B)
between the two groups. Note: CLP, cleft lip and palate; MSX1, Msh homeo-

box 1; **P < 0.001.

than those in the normal group (all P < 0.05).
However, there were no statistically significant
differences between the two groups in parity,
gestational weeks, smoking history, drinking
history, abortion history, educational level, trau-
ma during pregnancy, early pregnancy infec-
tion, medication use in early pregnancy, hyper-
emesis gravidarum, or concurrent gestational
complications (all P > 0.05) (Table 1).

Differences in serum MSX1 and IRF6 expres-
sion levels between the CLP and normal
groups

The relative expression levels of MSX1 and
IRF6 in the serum of pregnant women in the
CLP group were 1.69 + 0.46 and 1.74 + 0.28,
respectively, significantly higher than 1.32 +
0.33 and 1.26 £ 0.41 in the normal group (t =
6.536, 9.907, both P < 0.001) (Figure 1).

Association between MSX1 and IRF6 expres-
sion levels and fetal CLP

A binary logistic regression model was used to

analyze the relationship between fetal CLP and
the variables that showed significant differenc-
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0.05) (Table 2).

X
o) Predictive ability of MSX1 and
IRF®6 for fetal CLP
The AUC, sensitivity, and

specificity for MSX1 in pre-
dicting fetal CLP were 0.755
(95% confidence interval (Cl):
0.688-0.822), 69.0%, and
77.1%, respectively. For IRF6,
they were 0.833 (95% Cl:
0.777-0.889), 78.0%, and 78.1%, respectively.
ROC curve analysis demonstrated that MSX1
and IRF6 exhibited superior predictive perfor-
mance for fetal CLP compared to maternal
age (AUC: 0.640), family history of CLP (AUC:
0.596), and malnutrition during pregnancy
(AUC: 0.603) (Figure 2; Table 3).

Predictive mechanism of MSX1 and IRF6 for
fetal CLP in the GBM model

A GBM model was developed using indepen-
dent influencing factors for fetal CLP as predic-
tor variables. The relative importance of each
variable was ranked as follows: IRF6 > MSX1 >
family history of CLP > malnutrition during preg-
nancy > age (Figure 3).

Predictive performance of the GBM model

The ROC curve was drawn to evaluate the
model’s predictive performance. The results
showed that the AUC of this model in the
training set was 0.898 (95% Cl: 0.849, 0.948),
with sensitivity of 79.2% and specificity of
88.7%, indicating good discrimination (Figure
4A); while in the validation set, the model
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Table 2. Relationship between MSX1, IRF6 expression and fetal CLP

Variable B SE Wals P OR (95% Cl)
Step?
Age 6.736 0.034
< 24 years old -0.944 0.583 2.628 0.105 0.389 (0.124-1.218)
24-34 years old -1.162 0.460 6.384 0.012 0.313 (0.127-0.771)
CLP family history 2.118 0.723 8.587 0.003 8.316 (2.017-34.288)
Prenatal malnutrition 1.385 0.557 6.178 0.013 3.995 (1.340-11.907)
Anemia during pregnancy 0.649 0.726 0.797 0.372 1.913 (0.461-7.941)
MSX1 2.286 0.577 15.718 <0.001 9.833 (3.176-30.438)
IRF6 3.436 0.624 30.283 <0.001 31.058 (9.135-105.592)
Constant -8.691 1.425 37.218 <0.001 <0.001
Step®
Age 6.768 0.034
< 24 years old -0.898 0.574 2.443 0.118 0.408 (0.132-1.256)
24-34 years old -1.168 0.459 6.491 0.011 0.311(0.127-0.764)
CLP family history 2.179 0.711 9.406 0.002 8.839 (2.196-35.583)
Prenatal malnutrition 1.372 0.552 6.174 0.013 3.945 (1.336-11.647)
MSX1 2.361 0.576 16.812 <0.001 10.597 (3.429-32.749)
IRF6 3.480 0.626 30.903 <0.001 32.469 (9.518-110.756)
Constant -8.821 1.438 37.653 <0.001 <0.001
Step°
MSX1 2.345 0.516 20.617 <0.001 10.434 (3.792-28.712)
IRF6 3.712 0.605 37.601 <0.001 40.919 (12.494-134.012)
Constant -9.285 1.301 50.904 <0.001 0

alnput variables: age, family history of CLP, prenatal malnutrition, anemia during pregnancy, MSX1, IRF6; *Input variables: age,
CLP family history, malnutrition during pregnancy, MSX1, IRF6; cInput variables: MSX1, IRF6. Note: CLP, cleft lip and palate;

MSX1, msh homeobox 1; IRF6, interferon regulatory factor 6; SE, standard error; OR, odds ratio.
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Figure 2. ROC curves for each independent factor in
predicting CLP. Note: ROC, receiver operator charac-
teristic; CLP, cleft lip and palate; MSX1, msh homeo-
box 1; IRF6, interferon regulatory factor 6.

achieved an AUC of 0.895 (95% CIl: 0.818,
0.973), with sensitivity of 85.7% and specificity
of 82.4%, also indicating good predictive accu-
racy (Figure 4B).
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Calibration curve analysis

To evaluate the predictive accuracy of the
GBM model, a calibration curve was construct-
ed. The results demonstrated that the mo-
del's predicted probabilities closely aligned
with the ideal calibration curve, indicating
that the predicted probability was highly
consistent with the actual probability (Figure
5).

Decision curve analysis (DCA)

DCA showed that the model’s curve remained
consistently higher than the “treat all” and
“treat none” strategies across the entire
threshold probability range. This suggests that
the GBM model provides a positive net benefit
in most cases. The optimal threshold proba-
bility range was 0.30-0.72 in the training set
(Figure 6A), and that in the validation was
0.30-0.73 (Figure 6B), indicating that patients

Am J Transl Res 2025;17(4):2541-2551
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Table 3. Predictive performance of each factor for CLP

Test result variable AUC (95% CI) SE P Se”(i/'ot)'v'ty Spe’(i/i)f)'c'ty Cl?t‘;tf'fr?/:me
Age 0.640 (0.563-0.716)  0.039  0.001 57.0 73.3 i

CLP family history 0.596 (0.5180.674)  0.040  0.017 24.0 95.2 :
Prenatal malnutrition 0.603 (0.525-0.680) 0.040 0.011 31.0 89.5 -
MSX1 0.755(0.688-0.822)  0.034 <0001  69.0 771 1.53
IRF6 0.833(0.777-0.889)  0.028 <0001  78.0 784 1.6

Note: CLP, cleft lip and palate; MSX1, msh homeobox 1; IRF6, interferon regulatory factor 6; AUC, area under the curve; SE,

standard error.

CLP family
history

Prenatal
malnutrition

0 10 20 30 40 50 60

Relative influence

Figure 3. Importance of each factor in the predictive
model. Note: CLP, cleft lip and palate; MSX1, msh ho-
meobox 1; IRF6, interferon regulatory factor 6.

can obtain the greatest net benefit within this
range.

Discussion

As a common congenital birth defect, CLP
presents both physical and psychological chal-
lenges for affected children while imposing a
heavy burden on families and healthcare sys-
tems. Early and accurate prediction of fetal
CLP is crucial for clinical intervention, informed
family decision-making, and efficient alloca-
tion of medical resources. This study investi-
gated the association between maternal serum
expression levels of MSX1 and IRF6 and fetal
CLP, and constructed a GBM prediction model
for providing a novel approach in clinical
prediction.

This study found that the relative expression
levels of MSX1 and IRF6 in maternal serum
were significantly higher in the CLP group than
those in the normal group, suggesting their
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potential role in fetal craniofacial development.
MSX1 plays an important role in craniofacial
development, particularly in facial bone and
palatal development. Multiple studies have
linked abnormal MSX1 expression to various
craniofacial malformations. For example, Yang
et al. [12] reported that MSX1 mutations
could lead to abnormal facial bone develop-
ment, increasing the risk of CLP. Its mechani-
sm may involve regulating processes such as
cell proliferation, differentiation, and apopto-
sis, influencing facial tissue formation. IRF6
also plays an indispensable role in craniofacial
development. A study by Parmar et al. [13]
demonstrated that IRF6 gene polymorphisms
are closely related to CLP susceptibility. IRF6 is
involved in epithelial cell differentiation and
adhesion, and its dysfunction can compromise
facial epithelial integrity, contributing to CLP
formation. The elevated expression levels of
MSX1 and IRF6 in maternal serum may reflect
abnormalities in fetal development. Under nor-
mal conditions, these genes maintain expres-
sion levels within a specific range to support
proper facial structure formation. However, in
cases of fetal malformations such as CLP,
their expression profiles may shift, potentially
serving as biomarkers for abnormal craniofa-
cial development. In summary, the elevated lev-
els of MSX1 and IRF6 in maternal serum are
likely associated with abnormal fetal develop-
ment in CLP cases.

This study identified maternal age as an inde-
pendent factor for fetal CLP. Advanced mater-
nal age is associated with declining oocyte
quality and an increased risk of chromosomal
abnormalities, which may contribute to abnor-
mal fetal development. Debbarh et al. [14]
reported a significantly higher risk of CLP in
older pregnant women compared to younger
mothers. This may be related to germ cell aging,

Am J Transl Res 2025;17(4):2541-2551
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Figure 4. ROC curves for GBM model in predicting CLP in both the training (A) and validation (B) sets. Note: ROC,
receiver operator characteristics; GBM, gradient boosting machine; CLP, cleft lip and palate.
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Figure 5. Predictive accuracy of GBM model analyzed by calibration curve diagram in both the training (A) and vali-

dation (B) sets. Note: GBM, gradient boosting machine.

accumulation of gene mutations, and changes
in endocrine function. Pregnant women with a
family history of CLP also face a significantly
higher risk of having a fetus with CLP, highlight-
ing the role of genetic predisposition. Familial
CLP aggregation may be driven by mutations in
key genes, which can disrupt facial structure
development and increase CLP risk [15, 16].
Maternal malnutrition during pregnancy is

2548

another critical influencing factor. The fetal
growth and development process is highly
dependent on maternal nutritional status.
Deficiencies in essential nutrients, such as
folic acid and vitamin B12, have been linked to
an increased risk of congenital anomalies,
including CLP. Jain et al. [17] and Barrientos et
al. [18] emphasized the importance of ade-
quate prenatal nutrition in reducing birth de-
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sets. Note: GBM, gradient boosting machine.

fect risks, suggesting that a balanced diet and
proper supplementation can help prevent CLP.
As mentioned earlier, abnormal MSX1 and
IRF6 expression is closely related to CLP. These
genes may contribute to fetal CLP suscepti-
bility by disrupting facial tissue development,
cellular signaling pathways, and gene regulato-
ry networks. Overall, multiple factors including
maternal age, family history, malnutrition, and
gene expression contribute to the occurrence
of fetal CLP.

The GBM prediction model developed in this
study showed high predictive efficacy in both
the training and the validation sets. The mod-
el's AUC, sensitivity, and specificity indicate
strong accuracy and reliability, effectively pre-
dicting fetal CLP occurrence. The AUC app-
roached to 0.9, indicating high discriminatory
ability, allowing the model to accurately distin-
guish between CLP and normal fetuses. The
high sensitivity and specificity indicate that
the model effectively detects positive cases
while minimizing false positives. The calibration
curve demonstrated that the model’s predict-
ed probabilities closely aligned with actual
probabilities, further verifying its accuracy. DCA
established the threshold probability ranges
for the training and validation sets, providing a
reference for clinical decision-making. In practi-
cal applications, doctors can make reasonable
clinical decisions by comprehensively consider-
ing various factors based on the model’s pre-
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diction results and threshold probability range.
The GBM model offers significant advantages
in handling high-dimensional data and complex
nonlinear relationships [19, 20]. In this study,
the model integrated multiple influencing fac-
tors, including maternal age, family history
of CLP, malnutrition during pregnancy, and
MSX1 and IRF6 expression levels. Given the
potential interactions among these factors,
the GBM model effectively captured complex
relationships, enhancing predictive accuracy.
In addition, the GBM model also demonstrat-
ed strong stability and generalizability. Its per-
formance in both the training and validation
sets confirmed its reliability and applicability,
supporting its potential for clinical implementa-
tion. To conclude, the GBM model shows great
potential in effectively predicting the occur-
rence of fetal CLP in clinical settings.

This study also has limitations. As a single-
center study, it may be subject to geographical
limitations. Differences in genetic background,
living environment, and dietary habits across
populations in different regions may affect the
generalizability of the findings. In addition, this
study focused solely on maternal serum ex-
pression levels of MSX1 and IRF6, without
investigating other potential biomarkers. How-
ever, fetal CLP is likely influenced by multiple
genes, biomarkers, and environmental factors.
Other maternal lifestyle factors, such as expo-
sure to harmful substances, and environmental
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influences, including pollution, were not ana-
lyzed, despite their potential role in CLP risk.
Therefore, in the future, multi-center studies
with a larger and more diverse sample size
should be conducted to improve generalizabili-
ty. Besides, future study can focus on explor-
ing additional biomarkers associated with fetal
CLP to develop a more comprehensive and pre-
cise prediction model. Additionally, incorporat-
ing broader maternal and environmental fac-
tors into risk evaluation models represents a
promising strategy to refine risk assessment
and increase predictive accuracy.

Conclusion

Elevated maternal serum MSX1 and IRF6
levels are closely related to fetal CLP, support-
ing their potential as biomarkers for clinical
prediction. However, multi-center studies, bio-
marker exploration, and mechanistic research
are needed to enhance prediction accuracy,
improve prevention strategies, and facilitate
early diagnosis and intervention. These ad-
vancements could ultimately reduce the bur-
den on affected families and healthcare
systems.
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