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Purpose: To evaluate the predictive efficacy of serum D-Dimer (D-D), Glycated Serum Protein (GSP), and HbA1c levels for 
macrosomia in Gestational Diabetes Mellitus (GDM).
Methods: A retrospective analysis was conducted on 224 pregnant women diagnosed with GDM from January 2021 to July 2024. Based 
on neonatal birth weight, 112 women were assigned to the macrosomia group, and 112 women with normal birth weight infants were 
assigned to the normal group. Serum levels of D-D, GSP, and HbA1c were measured and compared between the two groups. Binary 
regression analysis and ROC curve analysis were performed to assess the relationship between these biomarkers and the risk of macrosomia.
Results: The macrosomia group had significantly higher levels of D-D (4.90 vs 2.98 mg/L), GSP (3.49 vs 3.07 μmol/L), HbA1c 
(7.49% vs 5.85%), and HOMA-IR (4.35 vs 3.84) compared to the normal group (all p<0.001). Multivariate regression analysis 
revealed that D-Dimer (OR = 2.374), Glycated Serum Protein (GSP, OR = 31.890), and HbA1c (OR = 2.482) were significantly 
associated with the occurrence of macrosomia, even after adjusting for confounders including BMI. ROC curve analysis demonstrated 
that the combined detection of D-D, GSP, and HbA1c had an AUC of 0.9241, with a sensitivity of 83.93% and specificity of 86.61%, 
providing higher diagnostic accuracy than single biomarkers.
Conclusion: Serum D-D, GSP, and HbA1c levels are significant factors in predicting macrosomia in GDM pregnancies. The 
combined use of these markers can improve diagnostic accuracy and serve as a valuable tool for early identification of high-risk 
pregnancies in clinical practice.
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Introduction
Gestational Diabetes Mellitus (GDM) is the most common metabolic disorder during pregnancy, with its global 
prevalence steadily increasing each year. According to the International Diabetes Federation (IDF) statistics in 2021, 
approximately 14.0% of pregnant women worldwide are affected by GDM.1 GDM is not only a major contributor to 
maternal complications such as pregnancy-induced hypertension and cesarean section but also closely associated with 
adverse fetal outcomes.2,3 Macrosomia (birth weight ≥4000g), one of the typical complications of GDM, has an 
incidence rate of 15–45% among GDM pregnant women, significantly higher than that of non-GDM pregnant women 
(approximately 12%).4 Macrosomia not only increases the risk of birth canal trauma and shoulder dystocia but is also 
strongly linked to neonatal hypoglycemia, long-term childhood obesity, and metabolic syndrome.5 Therefore, accurately 
identifying high-risk populations and developing individualized intervention strategies in early pregnancy has become 
a significant challenge in perinatal medicine.6,7

Currently, in clinical practice, the prediction of macrosomia mainly relies on ultrasound assessment of fetal growth 
parameters (eg, abdominal circumference, femur length) and maternal blood glucose monitoring.6,8 However, the 
sensitivity of ultrasound markers in mid-pregnancy is only 60%-70%, and they are highly influenced by the operator’s 
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experience.9,10 Traditional blood glucose markers (such as fasting blood glucose and postprandial blood glucose) only 
reflect short-term glucose fluctuations,11 making it difficult to fully assess the cumulative effect of chronic hyperglycemia 
exposure on the fetus. More critically, the pathological mechanism of macrosomia in GDM involves multiple dimen
sions: in addition to fetal hyperinsulinemia caused by insulin resistance, chronic inflammatory states, oxidative stress, 
and coagulation dysfunction may further promote excessive fetal growth through placental vascular lesions.12,13 

Therefore, single-dimensional biomarkers are insufficient to meet the needs of precise prediction, necessitating the 
exploration of integrated models that combine metabolic, coagulation, and inflammatory pathways.

In recent years, multi-omics analysis of serum biomarkers has provided new insights for risk stratification of GDM 
complications.14,15 D-Dimer (D-D), a fibrin degradation product, not only reflects a hypercoagulable state but is also 
closely related to endothelial damage and chronic low-grade inflammation. Studies have shown that D-D levels in GDM 
pregnant women in mid-pregnancy are 40–60% higher than in healthy pregnant women and are positively correlated with 
the risk of fetal growth restriction.16 Glycated Serum Protein (GSP) and Glycated Hemoglobin (HbA1c), which reflect 
average blood glucose levels over different time spans of 2–3 weeks and 8–12 weeks, respectively, are important markers 
of blood glucose control. Due to its short half-life (approximately 14 days), GSP can more sensitively capture blood 
glucose fluctuations in mid-to-late pregnancy, while HbA1c, as the gold standard for diagnosing diabetes, has been 
confirmed in several cohort studies to be associated with excessive fetal growth.17,18 Glycated Serum Protein (GSP), 
measured in this study using the fructosamine nitroblue tetrazolium (NBT) method, is commonly referred to as 
“fructosamine”, particularly in the United States. It reflects the overall level of glycated serum proteins. It is important 
to note that alternative enzymatic assays, such as the GlycoGap method available in the US, provide a more specific 
measurement of glycated serum proteins compared to the traditional fructosamine NBT assay. Notably, these biomarkers 
reflect different aspects of pathophysiology: coagulation function, short-term, and long-term glucose metabolism. In 
theory, they can form a complementary predictive network. However, current research has mainly focused on single- 
marker analysis, lacking a systematic evaluation of the synergistic effect of multiple markers.

This study innovatively integrates D-D, GSP, and HbA1c into a combined analysis framework, aiming to address the 
following scientific questions: (1) Is there a synergistic pattern in the expression levels of coagulation and glucose 
metabolism markers in GDM pregnant women with macrosomia? (2) Can the combination of multiple markers break 
through the predictive limitations of traditional models? By retrospectively analyzing clinical data from 224 GDM 
pregnant women, this study constructs the first predictive model integrating coagulation and metabolic pathways, 
providing a theoretical basis and practical tool for early identification of GDM-related macrosomia.

Materials and Methods
Study Design
This study conducted a retrospective analysis of 224 pregnant women diagnosed with gestational diabetes mellitus 
(GDM) who delivered at our hospital between January 2021 and August 2024. Based on neonatal birth weight, 112 
patients meeting the criteria for macrosomia were included in the macrosomia group, while 112 patients with normal 
birth weight infants were included in the normal group. Macrosomia is defined as a newborn with a birth weight of ≥ 
4000g. Normal birth weight is defined as a newborn’s birth weight being between 2500g and 4000g. The assessment of 
clinical conditions and data collection were fully reviewed by our research team to ensure the accuracy of the information 
and completeness of the data. This study was approved by the ethics committee of Shijiazhuang Maternal and Child 
Health Hospital, and all participants signed informed consent before enrollment. The study adhered to the principles 
outlined in the Declaration of Helsinki.

Inclusion criteria: (1) Diagnosis of GDM based on the standards of the International Diabetes and Pregnancy Study 
Group after performing a 2-hour 75g oral glucose tolerance test after 28 weeks of pregnancy, with at least one of the 
following: fasting glucose (FBG) ≥ 5.1 mmol/L, 1-hour postprandial blood glucose (PBG) ≥ 10.0 mmol/L, or 2-hour 
PBG ≥ 8.5 mmol/L; (2) Diagnosis of macrosomia, defined as birth weight ≥ 4000g, and the normal birth weight group 
(2500–4000g).; (3) Spontaneous conception and singleton pregnancy; (4) No history of COVID-19 infection; (5) 
Complete clinical data; (6) No history of diabetes prior to pregnancy; (7) Good compliance with testing.
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Exclusion criteria: (1)Co-existing cardiovascular diseases, significant organ dysfunction, or pre-pregnancy hyperten
sion; (2) Previous history of diabetes or abnormal glucose tolerance with poor compliance; (3) Presence of other 
pregnancy complications; (4) Pregnancy achieved through assisted reproductive technology.

Data Collection
Demographic Data of Patients
The hospital’s electronic medical record system was used to gather general and clinical information on both patient 
groups, such as age, body mass index, education level, smoking history, alcohol history, annual family income, 
gestational age of previous pregnancy or delivery, FBG, fasting insulin(FINS) and Homeostasis Model Assessment of 
Insulin Resistance (HOMA-IR). HOMA-IR=fasting insulin concentration (μU/L) × fasting glucose (mmol/L)/22.5 
Baseline demographic and clinical characteristics, including the mother’s age at delivery, number of births, and level 
of education (elementary, high school, college, and beyond), were identified as potential confounding factors. In addition, 
weight-related variables, including pre-pregnancy body mass index (BMI, kg/m2), were major confounders.

Detection of Serum D-D, GSP and HbA1c
Fasting venous blood samples (3 mL) were collected from the antecubital vein of all participants between 28 and 
30 weeks of pregnancy. For three days prior to testing, both groups of pregnant women were instructed to maintain their 
normal dietary habits. On the day before testing, they were asked to fast after dinner and maintain a fasting state until the 
time of blood collection. On the day of testing, fasting venous blood samples were collected in the morning. HbA1c 
levels were measured using an immunoturbidimetric method with an automatic biochemical analyzer (Beckman Coulter, 
Model AU680). GSP (fructosamine) levels were measured using the fructosamine nitroblue tetrazolium (NBT) method, 
using commercially available kits provided by Beckman Coulter, Inc. (Indianapolis, IN, USA). D-Dimer levels were 
measured using the immunoturbidimetric method with the automated coagulation analyzer (STAGO c0MPAcT) from 
France, with test kits sourced from ADL Company, USA.

Statistical Analysis
SPSS 26.0 (IBM Corp., Armonk, NY, USA) was used to conduct the statistical analysis. Normality of continuous data 
was evaluated using the Shapiro–Wilk test. The t-test was used to compare two samples, and normally distributed 
continuous data were reported as mean ± standard deviation. Group comparisons were carried out using the Mann– 
Whitney U-test, and non-normally distributed continuous data were displayed as median (minimum, maximum). The χ²- 
test was used to compare two samples, and categorical data were represented as [n (%)]. The risk factors of macrosomia 
were analyzed by multiple factors. Before multivariate analysis, variance inflation factor (VIF) was used to assess 
multicollinearity among key glucose- and insulin-related variables, including HOMA-IR, fasting blood glucose (FBG), 
glycated serum protein (GSP), and HbA1c. Variables with VIF > 5 were considered to exhibit significant collinearity and 
were excluded from the final model. Additionally, body mass index (BMI) was included as a covariate to adjust for 
potential confounding effects. The diagnostic value of each index was judged by ROC curve. The threshold for statistical 
significance was set at P <0.05.

Results
Demographic Data Comparison
A total of 224 participants were included, with 112 in each group. No significant differences were observed in age, BMI, 
educational level, smoking history, alcohol consumption, family income, previous pregnancies, or gestational age at 
delivery (all p>0.05). However, significant differences were found in metabolic markers. Fasting blood glucose (5.60 
[5.41, 6.89] vs 5.31 [5.07, 5.81] mmol/L, p<0.001), fasting insulin (17.45±4.45 vs 16.31±3.54 μU/L, p=0.037), and 
HOMA-IR (4.35±1.08 vs 3.84±0.88, p<0.001) were significantly higher in the macrosomia group compared to the 
normal group. As shown in Table 1.

Diabetes, Metabolic Syndrome and Obesity 2025:18                                                                          https://doi.org/10.2147/DMSO.S530401                                                                                                                                                                                                                                                                                                                                                                                                   2915

Quan and Wang

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



Comparison of Serum D-D, GSP, HbA1c
Significant differences were observed between the macrosomia and normal groups in several metabolic markers. The 
macrosomia group had significantly higher levels of D-Dimer (4.90 [3.51, 5.74] vs 2.98 [2.14, 3.78] mg/L, p<0.001), 
GSP (3.49±0.33 vs 3.07±0.36 μmol/L, p<0.001), HbA1c (7.49±1.68 vs 5.85±0.91%, p<0.001), and HOMA-IR (4.35 
±10.8 vs 3.84±0.88, p<0.001). These findings suggest that higher levels of D-Dimer, GSP, HbA1c, and insulin resistance 
(as measured by HOMA-IR) are significantly associated with macrosomia. These results indicate a possible link between 
metabolic dysfunction and the occurrence of macrosomia in this population. As shown in Table 2.

Comparison of Infant Indicators
Significant differences were observed in birth weight between the macrosomia and normal birth weight groups, with the 
macrosomia group having a significantly higher average birth weight (4445.83±196.19 g vs 3386.09±328.83 g, p<0.001). 
However, no significant differences were found in body length (51.21±1.50 cm vs 51.08±1.17 cm, p=0.460), chest 
circumference (34.46±1.52 cm vs 34.31±1.48 cm, p=0.436), or head circumference (34.15±1.20 cm vs 34.03±1.13 cm, 
p=0.433) between the two groups. These results suggest that while macrosomia is associated with significantly higher 

Table 1 Demographic Data Comparison [�x� s, M(P25, P75), n (%)]

Macrosomia (n=112) Normal (n=112) t/z/χ² P

Age (year) 28.64±2.68 27.54±2.54 −0.306 0.760
BMI (kg/m2) 24.16±2.79 23.96±1.71 −0.653 0.514

Education Level Primary school or below 8 (18.75%) 21 (10.71%) 3.328 0.189

Secondary school 11 (29.46%) 10 (36.61%)

University or above 13 (51.79%) 7 (52.68%)
Smoking History Yes 24 (21.43%) 16 (14.29%) 1.948 0.163

No 88 (78.57%) 96 (85.71%)

Alcohol History Yes 33 (29.64%) 31 (27.68%) 0.087 0.767
No 79 (70.54%) 81 (72.32%)

Annual Family Income <¥50,000 6 (15.18%) 17 (21.43%) 1.678 0.432
¥50,000-100,000 10 (36.61%) 12 (31.25%)

>¥100,000 16 (48.21%) 9 (47.32%)

Previous Pregnancies (time) 1 (1, 2) 1 (1, 2) −0.106 0.916

Gestational Age at Delivery (week) 38 (37, 39) 38 (36, 39) −0.605 0.545

FBG (mmol/L) 5.60 (5.41, 2.89) 5.31 (5.07, 5.81) −4.987 <0.001
FINS (μU/L) 17.45±4.45 16.31±3.54 −2.103 0.037

HOMA-IR 4.35±1.08 3.84±0.88 −3.831 <0.001

Notes: Data are presented as mean ± standard deviation (SD), median (interquartile range), or n (%), as appropriate. P values were calculated 
using the independent-samples t-test, Mann–Whitney U-test, or chi-squared (χ²) test, as indicated. t/z/χ² values represent the test statistic for 
the respective comparison. 
Abbreviations: FBG, Fasting Glucose; FINS, Fasting Insulin; HOMA-IR, Homeostasis Model Assessment of Insulin Resistance.

Table 2 Comparison of Serum D-D, GSP, HbA1c [�x� s, M(P25, P75)]

n D-D (mg/L) GSP (μmol/L) HbA1c (%) HOMA-IR

Macrosomia (n=112) 112 4.90 (3.51,5.74) 3.49±0.33 7.49±1.68 4.35±10.8
Normal (n=112) 112 2.98 (2.14,3.78) 3.07±0.36 5.85±0.91 3.84±0.88

t/z −7.389 −9.052 −9.066 −3.831

P <0.001 <0.001 <0.001 <0.001

Notes: Data are presented as mean ± standard deviation (SD), median (interquartile range) as appropriate. 
P values were calculated using the independent-samples t-test or Mann–Whitney U-test, as indicated. t/z values 
represent the test statistic for the respective comparison. 
Abbreviations: D-D, D-Dimer; GSP, Glycated Serum Protein; HbA1c, Hemoglobin A1c.
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birth weight, other anthropometric measures such as body length, chest circumference, and head circumference are not 
significantly different between the two groups. As shown in Table 3.

Multivariate Analysis of Risk Factors for Macrosomia
A logistic regression analysis was conducted to assess the factors associated with macrosomia. Collinearity analysis was 
performed on HOMA-IR, fasting blood glucose, insulin, as well as D-D, GSP and HbA1c. Factors with VIF>5 were 
excluded. Therefore, only D-D, GSP and HbA1c were included in the multivariate analysis. Univariate logistic regression 
showed that D-dimer (DD), GSP, and HbA1c were significantly associated with the outcome. Specifically, DD 
(OR=2.378), GSP (OR=31.254), and HbA1c (OR=2.512) were independent risk factors. After adjusting for confounders 
including BMI in multivariate analysis, DD (OR=2.374), GSP (OR=31.890), and HbA1c (OR=2.482) remained sig
nificant predictors. BMI was not significantly associated with the outcome. Overall, DD, GSP, and HbA1c are robust 
independent predictors even after controlling for BMI. As shown in Table 4.

Analysis of Diagnostic Value of Each Index to Macrosomia
The diagnostic performance of various indicators for predicting macrosomia was assessed using receiver operating 
characteristic (ROC) analysis. The area under the curve (AUC) for D-Dimer (DD) was 0.7857 (95% CI: 0.7256–0.8457), 
with a sensitivity of 66.96% and specificity of 84.82%, yielding a Youden index of 0.5178. GSP demonstrated an AUC of 
0.7980 (95% CI: 0.7407–0.8553), with a sensitivity of 80.36% and specificity of 69.64%, resulting in a Youden index of 
0.5000. HbA1c had an AUC of 0.7917 (95% CI: 0.7314–0.8520), with a sensitivity of 62.50% and specificity of 90.18%, 

Table 3 Comparison of Infant Indicators (�x� s)

Weight (g) Body  
Length (cm)

Chest  
Circumference (cm)

Head  
Circumference (cm)

Macrosomia (n=112) 4445.83±196.19 51.21±1.50 34.46±1.52 34.15±1.20
Normal (n=112) 3386.09±328.83 51.08±1.17 34.31±1.48 34.03±1.13

t −29.289 −0.740 −0.781 −0.785

P <0.001 0.460 0.436 0.433

Notes: Data are presented as mean ± standard deviation (SD) as appropriate. P values were calculated using the independent-samples 
t-test. t values represent the test statistic for the respective comparison.

Table 4 Multivariate Analysis of Risk Factors for Macrosomia

Factor β SE Wald x2 Value P-value OR (95% CI)

Unadjusted

DD 0.866 0.161 28.916 <0.001 2.378 (1.734–3.261)
GSP 3.442 0.712 23.377 <0.001 31.254 (7.743–126.156)

HbA1c 0.921 0.177 27.068 <0.001 2.512 (1.775–3.553)

Adjusted

DD 0.865 0.161 28.663 <0.001 2.374 (1.730–3.258)
GSP 3.462 0.715 23.439 <0.001 31.890 (7.851–129.535)

HbA1c 0.909 0.177 26.273 <0.001 2.482 (1.753–3.513)

BMI 0.054 0.09 0.365 0.546 1.056 (0.885–1.259)

Notes: Statistical terms: Wald value (Wald χ²-test statistic for each coefficient); Unadjusted 
indicates univariate analysis; Adjusted indicates results from multivariate logistic regression including 
BMI as a covariate. 
Abbreviations: DD, D-dimer; GSP, glycated serum protein; HbA1c, hemoglobin A1c; BMI, body 
mass index; SE, standard error; OR, odds ratio; CI, confidence interval.
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giving a Youden index of 0.5268. When these markers were combined, the AUC increased to 0.9241 (95% CI: 
0.8912~0.9570), with a sensitivity of 83.93%, specificity of 86.61%, and a Youden index of 0.7054. These results 
indicate that the combined detection of these markers offers superior diagnostic accuracy for macrosomia compared to 
individual markers. As shown in Table 5, Figure 1.

Discussion
This study confirmed that the combined detection of serum D-Dimer (D-D), Glycated Serum Protein (GSP), and HbA1c 
has significant predictive value for macrosomia in gestational diabetes mellitus (GDM). Compared to the normal birth 
weight group, the macrosomia group had significantly higher levels of D-D (4.90 vs 2.98 mg/L), GSP (3.49 vs 
3.07 μmol/L), and HbA1c (7.49% vs 5.85%) (all p<0.001).

This result is consistent with trends observed in previous studies. Bender et al19 in their cohort study on non-GDM 
patients found that the proportion of macrosomia was higher in women with HbA1c levels between 5.7–6.4% (10.5%) 
compared to those with HbA1c <5.7% (6.8%). Barbry et al18 investigated 4383 GDM women and found that HbA1c ≥ 
5.6% (38 mmol/mol) indicated a higher risk of macrosomia, with an OR of 2.12 [1.29; 3.46] for HbA1c 5.6–5.9%, and 
OR of 2.06 [1.14; 3.70] for HbA1c > 5.9%, compared to HbA1c ≤ 4.5% (26 mmol/mol). Similar findings were reported 
by Muhuza et al.17 Notably, GSP in our study showed particularly strong predictive value (OR=31.89), possibly related 
to its sensitivity to short-term glucose fluctuations. Chen et al20 previously reported that GDM women had higher serum 
levels of GSP, homocysteine (Hcy), and cystatin C (Cys-C) compared to normal controls (P <0.05), with GSP’s AUC for 
predicting adverse pregnancy outcomes in GDM being 0.817, showing good predictive value.

Interestingly, our data showed that GSP exhibited higher sensitivity (80.36%) while HbA1c showed higher specificity 
(90.18%) in predicting macrosomia. This difference may be explained by the distinct physiological timeframes these markers 
represent: GSP, reflecting glycemic control over 2–3 weeks, is more responsive to recent or short-term glucose fluctuations and 
may thus better capture transient glycemic spikes in mid-to-late pregnancy; in contrast, HbA1c reflects average glucose over 

Table 5 Analysis of Diagnostic Value of Each Index to Macrosomia

Indicators AUC Std 95% CI Sensitivity Specificity Youden’s Index

DD 0.7857 0.0306 0.7256~0.8457 66.96% 84.82% 0.5178
GSP 0.7980 0.0292 0.7407~0.8553 80.36% 69.64% 0.5000

HbA1c 0.7917 0.0308 0.7314~0.8520 62.50% 90.18% 0.5268

Combined detection 0.9241 0.0168 0.8912~0.9570 83.93% 86.61% 0.7054

Notes: Sensitivity, true positive rate; Specificity, true negative rate; “Combined detection” refers to the adjusted model 
incorporating DD, GSP, and HbA1c. 
Abbreviations: DD, D-dimer; GSP, glycated serum protein; HbA1c, hemoglobin A1c. AUC, area under the curve; Std. Error, 
standard error; CI, confidence interval.

Figure 1 Receiver operating characteristic (ROC) curves for D-dimer, glycated serum protein (GSP), HbA1c, and their combined detection in predicting macrosomia. 
Notes: The area under the curve (AUC) for combined detection was 0.924 (95% CI: 0.891–0.957), indicating superior diagnostic performance compared to individual markers.
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a longer period (8–12 weeks), which may be more specific to sustained hyperglycemia that contributes to fetal overgrowth. This 
complementary pattern supports the rationale for combining both markers in a multidimensional prediction model.

Li et al21 found that women with GDM exhibited more severe insulin resistance (increased HOMA-IR) compared to 
women with normal glucose tolerance (NGT), and in the subgroup with HOMA-IR ≥ 1.61/BMI 18.5–25 kg/m², the incidence 
of macrosomia was significantly higher (9.8% vs 3.7%, p = 0.025). Yin et al22 found that the incidence of GDM increased with 
elevated HbA1c and HOMA-IR, and when both HbA1c and HOMA-IR were elevated, the risk of GDM was significantly 
increased. However, in contrast to the findings of Sun et al23 who reported significant associations between late-pregnancy 
HOMA-IR (measured at 32–36 weeks)/change in HOMA-IR (ΔHOMA-IR) and adverse outcomes including macrosomia, 
HOMA-IR measured at a single mid-gestation time point (28–30 weeks) in our study did not reach statistical significance in 
the multivariate model (OR=1.44, p=0.097). Besides, this discrepancy highlights a crucial point. While Li et al21 also utilized 
a single HOMA-IR measurement (at GDM diagnosis, 22–28 weeks), their significant finding for macrosomia emerged from 
stratifying patients into metabolic subtypes based on combined HOMA-IR and BMI cut-offs, rather than evaluating HOMA- 
IR as a continuous predictor in a multivariate model like ours. This suggests that the impact of insulin resistance on 
macrosomia risk may be more strongly linked to its trajectory and late-gestation severity (potentially mediated through 
progressive placental metabolic reprogramming or inflammatory pathways) rather than a single snapshot in mid-pregnancy. 
Future studies incorporating serial assessments of insulin resistance, particularly extending into the third trimester, are 
warranted to further elucidate its dynamic role and refine predictive models.

Notably, BMI was included as a covariate in the regression model due to its known inverse relationship with GSP, 
particularly glycated albumin, which is the major component measured by the fructosamine assay. Several studies have 
confirmed that higher BMI is associated with lower glycated albumin levels independent of glucose concentration. 
Adjusting for BMI in our model ensured that the predictive value of GSP was not confounded by body composition 
differences, thereby enhancing the robustness of our findings.

In terms of clinical application, the combined model achieved an AUC of 0.924, improving by 0.13 compared to 
single markers. The higher efficacy of our model may be attributed to the unique contributions of GSP and D-D. This 
finding provides important evidence for clinical decision-making: for pregnant women in the “gray zone”, coagulation 
function evaluation may serve as an effective supplement to risk stratification.

However, the limitations of this study must be carefully considered. First, the single-center retrospective design may lead 
to selection bias. Although we controlled for major confounding factors through 1:1 matching, unrecorded factors such as 
dietary patterns and exercise compliance may affect the generalizability of the results. Second, GSP testing has not yet been 
widely implemented in clinical practice, and variations in standardization across different testing methods (enzyme vs HPLC) 
may limit the applicability of the model. Additionally, the study did not differentiate between GDM subtypes (A1 and A2), and 
A2-type women may require more aggressive insulin intervention;24 thus, further validation in subgroups is needed.

Based on the current findings, future research could address three main directions: First, conduct multi-center 
prospective cohort studies to validate the cross-population applicability of the model, with particular attention to ethnic 
variations in biomarker thresholds and implementation barriers across healthcare resource settings.25,26 Second, integrate 
ultrasound parameters (such as fetal abdominal circumference growth rate) with biochemical markers to develop a multi- 
modal predictive system, providing direction for optimizing the existing model.27 Third, explore the clinical translation 
pathways for diagnostic technologies. For primary healthcare institutions, a rapid GSP testing technology based on 
fingertip blood (similar to current HbA1c bedside testing devices) could be developed, combined with D-D instant testing 
(POCT), forming a fast screening protocol.

The core clinical implication of this study is that preventing macrosomia requires breaking beyond the framework of 
one marker of blood glucose control, focusing on the multi-dimensional interaction of metabolism and coagulation 
systems. For pregnant women with persistently elevated D-D levels, even if blood glucose control is satisfactory, it is still 
advisable to shorten ultrasound monitoring intervals or assess the feasibility of preventive anticoagulant therapy. As 
precision medicine advances, risk stratification based on biomarker combinations will undoubtedly become an important 
tool in perinatal medicine, with this study providing crucial evidence-based support.
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Conclusion
In conclusion, the combined use of D-Dimer, Glycated Serum Protein, and Glycated Hemoglobin provides a new 
perspective for predicting the risk of macrosomia in gestational diabetes mellitus (GDM). These three biomarkers are 
easily accessible, cost-effective, and suitable for promotion across healthcare institutions at various levels. With the 
growing prevalence of precision medicine, risk assessment based on multidimensional biomarkers will become a crucial 
tool in perinatal management, and this study offers key evidence to support this approach. Future research should focus 
on translating laboratory findings into clinical pathways, ultimately achieving a “prediction-prevention-personalized 
intervention” closed-loop management model.
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