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Introduction
Pregnancy loss is a common complication of early preg-
nancy. The incidence of clinically confirmed miscarriage 
in all pregnancies is 15%, and the average prevalence of 
women with one miscarriage is 11% [1]. If biochemical 
pregnancy is included, the estimated pregnancy loss rate 
will be as high as 57% [2].

Miscarriage not only inflicts serious physical dam-
age on the patient, but also profoundly impacts patient’s 
mental well-being, adding to the financial strain on 
their family, and even jeopardizes the harmony and sta-
bility of their family and society. Research shows that 
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Abstract
Background  Pregnancy loss significantly affects physical and mental health. A nomogram for predicting 
spontaneous abortion risk was developed to improve pregnancy outcomes.

Methods  A total of 1346 pregnant women were enrolled from The Third Affiliated Hospital of Wenzhou Medical 
University (May 2020 - May 2022). The training set included 941 participants, and the validation set had 405. Feature 
selection was optimized using a random forest model, and a predictive model was constructed via multivariable 
logistic regression. The nomogram’s performance was assessed with receiver operator characteristic (ROC), Hosmer-
Lemeshow test, calibration curve, and clinical impact curve (CIC). Discrimination and clinical utility were compared 
between the nomogram and its individual variables.

Results  Antithrombin III (AT-III), homocysteine (Hcy), complement component 3 (C3), protein C (PC), and anti-β2 
glycoprotein I antibody (anti-β2GP1) were identified as risk factors. The nomogram demonstrated satisfactory 
discrimination (Training AUC: 0.813, 95% CI: 0.790–0.842; Validation AUC: 0.792, 95% CI: 0.741–0.838). The Hosmer-
Lemeshow test (P = 0.331) indicated a good fit, and the CIC showed clinical net benefit. The nomogram outperformed 
individual variables in discrimination (AUC: 0.804, 95% CI: 0.779–0.829).

Conclusion  The developed nomogram, incorporating AT-III, Hcy, C3, PC, and anti-β2GP1, aids clinicians in identifying 
pregnant women at high risk for spontaneous abortion.
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early pregnancy loss can cause women to suffer from 
high levels of post-traumatic stress, anxiety, and depres-
sion. Although their distress decreases over time, it still 
remains at a clinically significant level after 9 months [3].

By accurately predicting the outcome of pregnancy, 
we can avoid unnecessary interventions, save time and 
medical resources, and also provide scientific guidance 
for the next steps of diagnosis and treatment. Therefore, 
in early pregnancy, clinicians usually predict the outcome 
of early pregnancy by measuring the expression level and 
dynamic changes of specific hematological parameters, 
combined with ultrasound examination results and clini-
cal manifestations of pregnant women [4, 5].

Although the exact mechanisms behind miscarriage 
are not fully understood, the main causes are chromo-
somal abnormalities, immunologic diseases, infections, 
endocrine diseases, thrombophilia, and inflammation 
[6]. At present, the hematological parameters used clini-
cally to predict the outcome of early pregnancy include 
thromboelastography, lymphocyte subsets, thyroid func-
tion, antiphospholipid antibodies, antinuclear antibodies, 
inflammatory markers, etc. Thrombophilia is positively 
correlated with adverse pregnancy outcomes. Pregnant 
women with coagulation, anticoagulation dysfunction 
or disorders can develop a maternal hypercoagulable 
state, which worsens with the progress of pregnancy and 
increases the incidence of various pregnancy complica-
tions [7]. The thrombophilia workup included blood cell 
counts, coagulation parameters, factor levels, d-dimer, 
fibrinogen levels, proteins C and S, etc [8]. Autoimmune 
diseases can significantly increase the risk of adverse 
pregnancy outcomes such as spontaneous abortion [9, 
10]. It has been confirmed that the incidence of adverse 
pregnancy outcomes such as miscarriage, stillbirth, and 
fetal death in patients with systemic lupus erythematosus 
(SLE) is significantly higher than that in the normal pop-
ulation. The risk of severe complications for SLE preg-
nant women and newborns is also significantly higher 
than that in the normal population [11]. Experts suggest 
that patients with recurrent miscarriages should undergo 
a comprehensive and systematic screening of immune-
related indicators, such as antinuclear antibody, thyroid 
autoantibodies, antiphospholipid antibody, lupus anti-
coagulant, etc., to exclude the possibility of autoimmune 
factors contributing to the miscarriages [12]. Endocrine 
diseases such as thyroid dysfunction and abnormal glu-
cose metabolism can increase the risk of pregnancy 
loss [13]. Some literature has pointed out that systemic 
inflammation markers such as cytokines, white blood cell 
count, neutrophil count, C-reactive protein, etc. are also 
associated with pregnancy loss [14].

This study aimed to develop a nomogram based 
on hematological parameters to accurately predict 

spontaneous abortion risk, enabling personalized care 
and treatment for high-risk pregnancies.

Materials and methods
Patients
The retrospective study was conducted at the Depart-
ment of Gynecology and Obstetrics, The Third Affili-
ated Hospital of Wenzhou Medical University, Wenzhou, 
China, from May 2020 to May 2022. The protocol was 
approved by the Research Ethics Committee of The Third 
Affiliated Hospital of Wenzhou Medical University. All 
patients provided informed consent. The flow chart of 
the study population’s inclusion and exclusion criteria 
and the research process diagram are shown (Fig. 1).

We enrolled 1,584 women with at least one previous 
pregnancy loss, confirmed pregnant by elevated serum 
hCG levels and menstrual history. After applying exclu-
sion criteria—missing hematological data (n = 141), loss 
to follow-up (n = 50), elective abortion (n = 15), genital 
tract infections (n = 12), genital malformations (n = 11), 
and systemic comorbidities (n = 9)—1,346 women were 
included. Participants were split into a training set 
(n = 941) and a validation set (n = 405) at a 7:3 ratio.

Definitions
In China, spontaneous abortion refers to pregnancy loss 
that occurs before 28 weeks of gestation or with a fetal 
weight of less than 1000 g [17]. The European Society of 
Human Reproduction and Embryology (ESHRE) and the 
American Society for Reproductive Medicine (ASRM) 
define miscarriage as the termination of an intrauterine 
pregnancy confirmed by ultrasound or histology before 
24 weeks, and use the term pregnancy loss to include 
miscarriage, biochemical pregnancy, and ectopic preg-
nancy [2, 18].

We classified pregnancy outcomes into two groups: 
successful pregnancy and pregnancy loss. Successful 
pregnancy was defined as the presence of a viable intra-
uterine fetus beyond 24 weeks of gestation. Pregnancy 
loss was defined as any spontaneous termination of preg-
nancy before 24 weeks of gestation, including stillbirth, 
embryonic demise, biochemical pregnancy.

Date collection
We collected the clinical parameters during the 4th to 
8th week of pregnancy from electronic medical records, 
including maternal age, medical histories, obstetric his-
tories (number of gravidity, parity, previous miscar-
riage, living child), body mass index (BMI), and blood 
pressure, and the following laboratory tests were also 
recorded: (1) Endocrine function examination, includ-
ing thyroid function, fasting blood glucose (FBG); (2) 
immune system examination, including antiphospholipid 
antibodies (anti-cardiolipin antibodies (ACA), anti-β2 
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Fig. 1  The flow chart of the study population’s inclusion and exclusion criteria and the research process diagram. The research process diagram de-
scribes the steps and procedures of the study, such as the data collection, analysis, and reporting methods. AT-III: antithrombin III; Hcy: homocysteine; C3: 
Complement protein 3; PC: protein C; anti-β2GP1: anti-beta 2 glycoprotein 1 antibody
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glycoprotein 1 antibodies (anti-β2GP1) and lupus antico-
agulant (LAC)), anti-nuclear antibody spectrum (ANAs), 
complement, immunoglobulin, lymphocyte subpopu-
lation, thyroid peroxidase antibodies and thyroglobu-
lin antibodies (TPOAb/TGAb); (3) prethrombotic state 
(PTS), including routine coagulation tests, protein C 
(PC), protein S (PS), antithrombin III (AT-III), D-dimer, 
thromboela-stogram (TEG), homocysteine (Hcy), plate-
let count (PLT); (4) systemic inflammation markers, 
including white blood cell (WBC) count, neutrophil 
count (Neu), monocyte count, lymphocyte count, cyto-
kine serum (interleukin-2, -4, -6, -10 (IL-2, -4, -6, -10), 
tumor necrosis factor-alpha (TNF-α) and interferon-
gamma (IFN-γ)); (5) other blood biochemical param-
eters, including methylenetetrahydrofolate (MTHFR), 
25-hydroxyvitamin D (25(OH)D), uric acid, creatinine, 
bilirubin, and blood lipid profiles (triglyceride (TG), 
total cholesterol (TC), high density lipoprotein choles-
terol (HDL-C) and low density lipoprotein cholesterol 
(LDL-C)), hemoglobin (Hb), red blood cell count (RBC) 
and alanine aminotransferase (ALT). All measurements 
were conducted in strict adherence to the manufacturer’s 
guidelines by skilled technicians. Various laboratory tests 
were performed on blood samples taken from pregnant 
women in the 4th to 8th week of pregnancy.

Construction of the nomogram
We used a random forest classifier to train the data. A 
random forest model is a type of ensemble learning that 
combines multiple decision trees. It trains multiple deci-
sion trees simultaneously and determines the outcome by 
the majority vote of all trees. The random forest models 
were optimized by tuning hyperparameters that influence 
model structure and accuracy. These hyperparameters 
included the number of randomly selected explanatory 
variables (mtry), the number of trees grown (trees), and 
the minimum number of observations required per node 
(min_n). For model tuning, the hyperparameter ranges 
were set as follows: trees from 10 to 1000, mtry from 3 
to 8, and min_n from 2 to 10. To avoid overfitting, we 
performed cross-validation on the training cohort to 
construct and evaluate the ML models. We then used 
the validation database to test the predictive power of 
the models. Next, the factors with a p value of 0.05 or 
less in univariate analysis will be further analyzed using 
multivariable logistic regression. Then, we applied mul-
tivariable logistic regression analysis with the features 
selected by the random forest model to identify statis-
tically significant predictors. We established a clinical 
nomogram that contains independent clinical predictors, 
reported the features as odds ratio (OR), 95% confidence 
interval (95% CI), and p-value. Then the performance 
of the nomogram in discriminating ability, calibration 
ability and clinical usefulness was evaluated. Finally, we 

developed a nomogram that predicts the risk of sponta-
neous abortion in pregnancies based on the result of the 
multivariable logistic regression.

Validation of the nomogram
To assess the calibration of the nomogram, we plotted the 
calibration curve and performed the Hosmer-Lemeshow 
test [15]. A significant result of the test indicates that the 
nomogram is not well calibrated. We used the area under 
the curve (AUC) of the receiver operator characteristic 
(ROC) curve to evaluate the discrimination of the nomo-
gram. To measure the net benefits of different threshold 
probabilities in the spontaneous abortion cohort, we 
plotted the CIC [16] to evaluate the clinical benefits of 
the nomogram.

Models comparison
We plotted ROC and decision curve analysis (DCA) 
curves to compare the discrimination and clinical utility 
of the nomogram and its individual variables. We used 
the DeLong test [17] to compare the AUC values.

Statistical analysis
Normally distributed continuous variables were 
described as means with standard deviations (SD), and 
parametric t-tests were used to test for statistical signifi-
cance between the two groups; otherwise, medians with 
interquartile range (IQR) and non-parametric Mann–
Whitney U tests were applied for variable description 
and group comparisons.

All statistical analyses were executed utilizing R statis-
tical software, version 4.3.1 (R Foundation for Statistical 
Computing). Logistic regression analyses, nomogram 
development, and calibration plot generation were 
facilitated through the ‘rms’ package. ROC curves were 
delineated employing the ‘pROC’ package. The Hos-
mer-Lemeshow goodness-of-fit test was applied via the 
‘resourceselection’ package. Both CIC and DCA were 
conducted using the ‘rmda’ function. All statistical tests 
were 2-tailed, and P < 0.05 was considered statistically 
significant.

Results
Patients’ characteristics
The final study cohort comprised 1346 pregnancies. 
Of these, 941 were assigned to the training set, which 
included 262 cases of pregnancy loss and 679 instances 
of successful pregnancy. The remaining 405 pregnancies 
constituted the validation set, encompassing 292 cases 
of pregnancy loss and 113 successful pregnancies. All 
patients’ baseline clinical parameters are given in Table 1. 
The AUC of the 70 laboratory tests in the training set 
is 0.799 (95% CI: 0.768 to 0.821) (Fig. 2b). Similarly, the 
AUC of the tests in the validation set is 0.790, with a 95% 
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CI of 0.741 to 0.840 (Fig.  2c). This means that the test 
performs well on new data, demonstrating good external 
validity and generalizability. Of the 70 laboratory tests 
collected from pregnancies, 30 features were selected 
using a random forest classifier (Fig. 2a). These features 
were subsequently included in univariate and multivari-
able logistic regression analysis. The characteristics of 
laboratory tests between successful pregnancy and preg-
nancy loss groups in the training sets are summarized 
in Table 2. The risk of abortion is significantly positively 
correlated with Hcy, C3, C4, WBC, Neu, Th cell (CD4+), 
CD4+/CD8+, LAC and anti-β2GP1 (P < 0.05). On the 
other hand, the risk of abortion is significantly nega-
tively correlated with AT-III, suppressor/cytotoxic T cells 
(CD8+) and PC (P < 0.05).

Table 1  Baseline characteristics of the investigated patients in 
the training and validation sets (n = 1346)
Characteristic Training set 

(n = 941)
Validation set 
(n = 405)

P

Age (years) 29.14 ± 4.50 28.88 ± 4.61 0.336
BMI (kg/m2) 21.66 ± 3.30 21.56 ± 3.12 0.611
Previous abortions 0.886
  1 612/941 (65.0%) 268/405 (66.2%)
  2 185/941 (19.7%) 79/405 (19.5%)
  ≥ 3 144/941 (15.3%) 58/405 (14.3%)
Previous birth 0.524
  Nulliparous 635/941 (67.5%) 281/405 (69.4%)
  Multiparous 306/941 (32.5%) 124/405 (30.6%)
Systolic blood pressure 
(mmHg)

116.27 ± 12.30 115.83 ± 12.23 0.553

Diastolic blood pressure 
(mmHg)

70.68 ± 9.46 70.62 ± 9.60 0.918

BMI: body mass index

Fig. 2  Top 30 important variables in the random forest model and the AUC of the 70 laboratory tests in the training and validation sets. Feature impor-
tance derived from the random forest model. The plot shows the relative importance of the variables in the random forest model (a). The AUC, or area 
under the curve, of the 70 laboratory tests in the training set (b) and the validation set (c) shows that the test performs well on new data and has good 
generalizability
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Nomogram construction and performance assessment
Univariate logistic regression analysis identified 12 vari-
ables significantly associated with spontaneous abor-
tion in pregnancy (all P < 0.05): AT-III, Hcy, C3, C4, PC, 
WBC, Neu, Th cells (CD4+), suppressor/cytotoxic T cells 
(CD8+), CD4+/CD8+, LAC, and anti-β2GP1. These vari-
ables were further analyzed using multivariable logistic 
regression, which identified AT-III (OR: 0.956, 95% CI: 
0.938–0.975), Hcy (OR: 1.923, 95% CI: 1.673–2.212), C3 
(OR: 13.935, 95% CI: 5.258–36.926), PC (OR: 0.979, 95% 
CI: 0.972–0.987), and anti-β2GP1 (OR: 1.013, 95% CI: 
1.003–1.022) as independent risk factors for spontaneous 
abortion (Table  3). Thereafter, a nomogram was devel-
oped by incorporating these five predictors (Fig. 3).

The nomogram demonstrated favorable discrimina-
tory performance in the training set, with an AUC of 
0.813 (95% CI: 0.790–0.842) (Fig.  4a). The calibration 
curve indicated strong agreement between predicted 
probabilities and observed outcomes in the training set 
(Fig.  4c). Additionally, the Hosmer-Lemeshow test pro-
duced a nonsignificant P value of 0.331, confirming good 
calibration.

The clinical impact curve for the training set illus-
trated the stratification of spontaneous abortion proba-
bilities for 1000 samples based on predicted probabilities 
(Fig. 4e). The predicted number of abortion cases closely 
matched the actual number of positive cases when the 
threshold probability exceeded 0.8, with a cost-to-benefit 
ratio of 0.6.

Validation of the nomogram
The validation set confirmed the satisfactory discrimi-
natory performance of the nomogram, with an AUC of 
0.792 (95% CI: 0.741–0.838) (Fig.  4b). Calibration was 

Table 2  Differences between laboratory tests of successful 
pregnancy and pregnancy loss groups in the training sets 
(n = 941)
Characteristic successful 

pregnancy 
(n = 679)

pregnancy 
loss (n = 262)

P

PT (s) 11.61 ± 0.69 11.56 ± 0.74 0.406
TT (s) 16.57 ± 1.45 16.73 ± 1.82 0.149
AT-III (%) 93.66 ± 8.98 89.31 ± 10.65 < 0.001
Angle (deg) 71.05 ± 5.65 70.99 ± 5.68 0.868
CI 1.50 (0.90, 2.80) 1.49 (0.70, 3.00) 0.929
Hcy (µmol/L) 5.56 ± 1.16 6.89 ± 2.07 < 0.001
25(OH)D (ng/mL) 20.22 ± 7.15 19.32 ± 7.45 0.08
IgG (g/L) 12.38 ± 2.81 12.52 ± 3.01 0.527
C3 (g/L) 0.91 ± 0.21 1.02 ± 0.23 < 0.001
C4 (g/L) 0.21 ± 0.07 0.23 ± 0.08 0.001
TG (mmol/L) 1.09 ± 0.63 1.18 ± 0.62 0.055
WBC (*10^9/L) 9.71 ± 5.43 11.13 ± 7.01 0.001
Neu (*10^9/L) 6.98 ± 5.03 8.33 ± 6.45 0.001
Th cell (CD4+) (%) 39.17 ± 7.21 40.89 ± 7.57 0.001
suppressor/cytotoxic T 
cells (CD8+) (%)

27.55 ± 5.87 26.07 ± 5.94 0.001

CD4+/CD8+ 1.53 ± 0.54 1.70 ± 0.67 < 0.001
PC (%) 112.87 ± 26.85 99.90 ± 24.98 < 0.001
PS (%) 66.41 ± 16.16 66.37 ± 15.98 0.971
anti-β2GP1 (AU/mL) 2.00 (2.00, 3.60) 2.40 (2.00, 5.93) 0.002
LAC 1.03 ± 0.09 1.05 ± 0.15 0.025
PT: prothrombin time; TT: thrombin time; AT-III: antithrombin III; Angle: kinetics 
of clot development; Hcy: homocysteine; 25(OH)D: 25-hydroxyvitamin D; IgG: 
Immunoglobulin G; C3: Complement protein 3; C4: Complement protein 4; TG: 
triglyceride; WBC: white blood cell; Neu: neutrophil; Th cell (CD4+): CD4(+) T 
lymphocytes; PC: protein C; PS: protein S; anti-β2GP1: anti-β2 glycoprotein 1 
antibody; LAC: lupus anticoagulant

Table 3  Univariate and multivariate logistic regression analysis 
of the candidate predictors in the training set
Variables Univariate analysis Multivariate 

analysis
OR (95% CI) P OR (95% CI) P

PT (s) 0.917 (0.748–1.125) 0.405
TT (s) 1.066 (0.977–1.163) 0.152
AT-III (%) 0.953 (0.939–0.968) < 0.001 0.956 

(0.938–0.975)
< 0.001

Angle (deg) 0.998 (0.973–1.023) 0.868
CI 0.999 (0.940–1.061) 0.965
Hcy (µmol/L) 1.917 (1.694–2.171) < 0.001 1.923 

(1.673–2.212)
< 0.001

25(OH)D (ng/
mL)

0.982 (0.962–1.003) 0.089

IgG (g/L) 1.016 (0.967–1.067) 0.527
C3 (g/L) 9.252 (4.770-17.945) < 0.001 13.935 

(5.258–
36.926)

< 0.001

C4 (g/L) 24.136 
(3.547-164.234)

0.001

TG (mmol/L) 1.231 (0.992–1.527) 0.059
WBC 
(*10^9/L)

1.038 (1.015–1.062) 0.001

Neu (*10^9/L) 1.042 (1.017–1.068) 0.001
Th cell (CD4+) 
(%)

1.032 (1.012–1.053) 0.001

suppressor/
cytotoxic T 
cells (CD8+) 
(%)

0.957 (0.934–0.981) 0.001

CD4+/CD8+ 1.621 (1.278–2.055) < 0.001
PC (%) 0.98 (0.974–0.986) < 0.001 0.979 

(0.972–0.987)
< 0.001

PS (%) 1.000 (0.991–1.009) 0.971
anti-β2GP1 
(AU/mL)

1.014 (1.003–1.025) 0.013 1.013 
(1.003–1.022)

0.007

LAC 4.268 
(1.106–16.473)

0.035

PT: prothrombin time; TT: thrombin time; AT-III: antithrombin III; Angle: kinetics 
of clot development; Hcy: homocysteine; 25(OH)D: 25-hydroxyvitamin D; IgG: 
Immunoglobulin G; C3: Complement protein 3; C4: Complement protein 4; TG: 
triglyceride; WBC: white blood cell; Neu: neutrophil; Th cell (CD4+): CD4(+) T 
lymphocytes; PC: protein C; PS: protein S; anti-β2GP1: anti-β2 glycoprotein 1 
antibody; LAC: lupus anticoagulant; 95% CI: 95% confidence interval; OR: odds 
ratio;
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also deemed acceptable in the validation set, as evi-
denced by a nonsignificant Hosmer-Lemeshow test result 
(P = 0.675) (Fig.  4d). Furthermore, the CIC indicated 
that the nomogram provided a higher net benefit in the 
validation set when threshold probabilities exceeded 0.4 
(Fig. 4f ).

Models comparison
The nomogram demonstrated superior discriminatory 
accuracy for predicting spontaneous abortion in preg-
nancies, with an AUC of 0.804 (95% CI: 0.779–0.829), 
significantly outperforming any single variable included 
in the nomogram (P < 0.001) (Fig. 5a). The DCAs further 
revealed that the nomogram provided a higher overall 
net benefit compared to models containing individual 
risk factors across a wide range of threshold probabilities 
(Fig. 5b).

Discussion
Although numerous studies have reported the associa-
tion between miscarriage and various immunological, 
endocrinological, systemic inflammation, thrombophilic 
and other blood biochemical parameters [7, 9, 10, 13], 
few have integrated these markers to predict the risk of 
miscarriage. To address this gap, we constructed a pre-
diction nomogram based on hematological risk factors. 
This nomogram demonstrated favorable diagnostic accu-
racy, enabling clinicians to make accurate risk assess-
ments and provide precise, evidence-based treatments.

Thrombophilia and miscarriage
Thrombophilia is a pathological condition character-
ized by an imbalance in the coagulation-anticoagulation 

system, involving platelets, the coagulation-fibrinolysis 
system, hemorheology. Mothers with thrombophilia may 
develop placental thrombosis, reducing placental perfu-
sion and impairing maternal-fetal nutrient exchange, ulti-
mately leading to spontaneous abortion [18]. This study 
identified AT-III and PC, two coagulation-related factors, 
are one of the key indicators for predicting miscarriage.

AT-III is a heparin-dependent serine protease inhibi-
tor that can bind to and inactivate various serine-con-
taining coagulation factors, thrombin, and plasmin, thus 
maintaining normal coagulation and preventing throm-
bosis [19]. PC is a protein that is activated in the pres-
ence of calcium ions and inactivates factor V and factor 
VIII, exerting anticoagulant effects [20]. In normal preg-
nancies, the synthesis of coagulation factors acceler-
ates, increasing thrombin production while maintaining 
strong anticoagulant activity of AT-III. This enhances the 
thrombin-antithrombin complex and preserves AT-III 
levels. However, in abnormal pregnancies, this cascade is 
interrupted [21]. Studies have shown that the decrease of 
AT-III and PC activities increases the risk of thrombosis 
and miscarriage [22]. Wang et al. [21] found that AT-III 
levels decreased with an increasing number of prior mis-
carriages, with significantly lower levels in patients with 
four or more prior losses compared to those with normal 
fertility (P = 0.0111). Similarly, Sugiura et al. [23] reported 
that PC deficiency during pregnancy increases the risk 
of thrombosis by 3–10% antepartum and 7–19% post-
partum, and was associated with recurrent miscarriages 
across all trimesters. Clinicians might consider heparin 
anticoagulation therapy, such as low molecular weight 
heparin (LMWH), to improve placental blood flow and 
prevent thrombosis.

Fig. 3  A nomogram for predicting the risk of spontaneous abortion in pregnancies. Covariates were assessed for the pregnancies and given a point in 
the nomogram. A higher total number of points indicated a higher likelihood of spontaneous abortion. AT-III: antithrombin III; Hcy: homocysteine; C3: 
Complement protein 3; PC: protein C; anti-β2GP1: anti-β2 glycoprotein 1 antibody
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Fig. 4 (See legend on next page.)
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Immune dysregulation and miscarriage
Immune system plays a vital role in maintaining a healthy 
pregnancy by regulating the maternal-fetal interface and 
protects the fetus from pathogens. Immune dysregula-
tion, including autoimmune disorders, alloimmune reac-
tions, and chronic inflammation, can lead to pregnancy 
loss or complications. Complement C3, the central pro-
tein of the complement cascade, is composed of α- and 
β-chains and plays a key role in early pregnancy and 
placental development [24]. Activation of C3 amplifies 
leukocyte inflammatory responses, enhances vascular 
endothelial activity, and exacerbates the procoagulant 
effects of APL antibodies. These processes can lead to 
thrombosis, placental ischemia, and hypoxia, culmi-
nating in miscarriage [25]. To confirm this hypothesis, 
Al Jameil et al. [26] injected Crry-IG, a C3 convertase 
inhibitor, into pregnant APL antibody-positive mice, 
blocking the classical and alternative pathways of com-
plement C3 activation, which prevented fetal loss and 
growth restriction. Additionally, in patients with sys-
temic lupus erythematosus (SLE), complement activation 
in the placenta generates anaphylatoxins (e.g., C3 and 
C1q), which mediate effector cell activation and acceler-
ate embryonic rejection [27]. Anti-β2GP1 is a diagnostic 
marker of antiphospholipid syndrome and contributes to 
miscarriage by impairing trophoblast implantation and 
promoting uterine thrombosis. Previous studies [28, 29] 
confirmed that β2GP1 expression in the uterus inhibits 
platelet prothrombin activity, contributing to thrombosis 
and adverse pregnancy outcomes. Immunomodulatory 
therapies, such as corticosteroids or intravenous immu-
noglobulin (IVIG), may help mitigate these effects.

Hyperhomocysteinemia and miscarriage
Hcy is a sulfur-containing amino acid that is produced 
by the demethylation of methionine. Hyperhomo-
cysteinemia (HHcy) occurs due to metabolic enzyme 
defects, or deficiencies in folic acid, vitamin B6, and B12 
[30]. Elevated Hcy levels can damage endothelial cells, 
induce hypercoagulability, and harm placental vascula-
ture, increasing the risk of thrombosis and miscarriage 
[31]. Several studies [32, 33] have consistently shown a 
strong correlation between HHcy and RSA. For instance, 
women with HHcy exhibit a higher prevalence of three or 
more consecutive spontaneous abortions [32]. Clinicians 

may recommend vitamin B12 and folic acid supplements 
to reduce Hcy levels, thereby lowering thrombosis and 
miscarriage risk.

Therefore, while such predictions can guide clinical 
decision-making, it is essential to involve the patient in 
a shared decision-making process, providing full trans-
parency about the limitations and uncertainties of the 
model. Clinicians should ensure that patients understand 
the nature of the prediction and are supported emotion-
ally, so they can make informed decisions that align with 
their values and reproductive goals.

Our study identified five independent risk factors for 
spontaneous abortion and developed a predictive model 
with a relatively high AUC, good calibration, and sig-
nificant clinical utility. The nomogram and CIC further 
highlight its potential for guiding risk assessment in 
clinical practice. However, this study has several limita-
tions. First, its retrospective design and single-center 
setting may limit the generalizability of the findings. 
Second, although we adjusted for baseline variables and 
covariates, unmeasured confounders, including treat-
ments such as progesterone and heparin, may still have 
influenced the results. Finally, the analysis focused exclu-
sively on hematological parameters to assess miscarriage 
risk. Future studies should include clinical indicators like 
maternal age, BMI, medical history, and symptoms to 
improve the model’s predictive accuracy.

Conclusion
We have developed and validated a novel tool to assess 
the risk of spontaneous abortion in pregnancies. This tool 
is a nomogram that incorporates several biomarkers and 
antibodies, such as AT-III, Hcy, C3, PC, and anti-β2GP1. 
It shows reliable accuracy and the ability to differentiate 
pregnancy outcomes. This allows clinicians and patients 
to adopt more targeted and effective treatment strategies. 
However, large multicenter studies are needed to further 
validate its utility before widespread clinical adoption.

(See figure on previous page.)
Fig. 4  Discrimination and calibration of the nomogram for predicting spontaneous abortion risk in the pregnancies and clinical impact curve depicting 
the clinical net benefit of the nomogram. Receiver operator characteristic curve of the nomogram in the training set (a) and validation set (b). Calibration 
curve of the nomogram in the training set (c) and validation set (d). Clinical impact curve for the nomogram in the training set (e) and validation set (f). 
For the calibration curve, the y-axis represents the actual observed spontaneous abortion probabilities, and the x‐axis represents nomogram‐predicted 
probabilities. The calibration curve shows how well the predicted probabilities agree with the observed probabilities. The diagonal blue dashed line rep-
resents a perfect prediction by an ideal model, and the green solid line reflects the performance of the nomogram; a closer fit to the diagonal dashed line 
indicates a better prediction. Clinical impact curve to predict the improved number for a population size of 1000. The red solid curve shows the predicted 
number of spontaneous abortions at different threshold probabilities, and the blue dashed curve represents the actual number of spontaneous abortions 
in the pregnancies. AUC: area under the curve
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