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ABSTRACT  57 

Background: Whether non-alcoholic fatty liver disease (NAFLD) improves risk prediction for subsequent type 58 

2 diabetes mellitus (T2DM) in women with prior gestational diabetes mellitus (pGDM) is uncertain. We 59 

examined the combined effects of NAFLD and pGDM on risk prediction for incident T2DM.  60 

Methods: This retrospective cohort study included 97,347 Korean parous women without diabetes mellitus at 61 

baseline whose mean (SD) age was 39.0 (7.8) years. Cox proportional hazards models were used to estimate 62 

hazard ratios (HRs) for incident T2DM according to self-reported pGDM and ultrasound-diagnosed NAFLD at 63 

baseline. When combined with conventional diabetes risk factors, the incremental predictive ability of NAFLD 64 

and pGDM to identify incident T2DM was assessed.  65 

Results: During a median follow-up of 3.9 years, 1,515 cases of incident T2DM occurred. Multivariable-66 

adjusted HRs (95% confidence intervals [CIs]) for incident T2DM comparing pGDM alone, NAFLD alone, and 67 

both NAFLD and pGDM to the reference (neither NAFLD nor pGDM) were 2.61 (2.06-3.31), 2.26 (1.96-2.59), 68 

and 6.45 (5.19-8.00), respectively (relative excess risk of interaction=2.58 [95% CI, 1.21–3.95]). These 69 

associations were maintained after adjusting for insulin resistance, body mass index, and other potential 70 

confounders as time-dependent covariates. The combination of NAFLD and pGDM improved risk prediction for 71 

incident T2DM (based on Harrell’s C−index, also known as the concordance index, and net reclassification 72 

improvement) compared to conventional diabetes risk factors.  73 

Conclusion: NAFLD synergistically increases the risk of subsequent T2DM in women with pGDM. The 74 

combination of NAFLD and pGDM improves risk prediction for T2DM. 75 

Keywords: Non-alcoholic fatty liver disease · Gestational diabetes mellitus · type 2 diabetes mellitus · 76 

cohort study 77 
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Introduction 83 

Gestational diabetes mellitus (GDM), diabetes diagnosed in the second or third trimester of pregnancy 84 

that was not clearly overt diabetes prior to gestation [1], is a common endocrinopathy, and GDM prevalence has 85 

been rapidly increasing worldwide, with estimates of 14%, reaching up to 21% in South-East Asia [2]. GDM is 86 

recognized as a risk factor for type 2 diabetes mellitus (T2DM) [3] and cardiovascular disease (CVD) [4] and 87 

GDM is an established predictor of subsequent diabetes. One in five affected women reportedly develops 88 

subsequent T2DM [3]. Given the considerable rise in GDM prevalence, there is a need to identify modifiable 89 

risk factors of subsequent T2DM and apply preventive measures following GDM to minimize its adverse 90 

consequences. 91 

Non-alcoholic fatty liver disease (NAFLD), the hepatic manifestation of metabolic syndrome, is a 92 

common chronic liver disease [5], leading to increased risks of hepatic complications, type 2 diabetes, CVD, 93 

CVD-related mortality, and all-cause mortality [6]. Interestingly, NAFLD in women with prior gestational 94 

diabetes mellitus (pGDM) predicts further deterioration of insulin resistance over time [7], along with altered 95 

lipid metabolism or obesity [8], which may persist or worsen in the postpartum period and lead to the 96 

development of T2DM. Growing epidemiological evidence supports the notion that pGDM is associated with an 97 

increased risk of NAFLD development [9, 10]. NAFLD increases the risk of incident T2DM [11], and 98 

combining NAFLD with conventional diabetes risk factors improves the risk prediction for incident T2DM [12]. 99 

Given that insulin resistance, T2DM, and NAFLD worsen the severity of each other as part of a 100 

vicious cycle, we hypothesized that the combination of NAFLD and pGDM would synergistically increase the 101 

risk of incident T2DM, and this synergistic increase in risk would be markedly greater than the risk attributed to 102 

either pGDM or NAFLD alone. Thus, we aimed to evaluate 1) the combined effect of NAFLD and pGDM on 103 

the risk of incident T2DM and 2) whether the combination of NAFLD and pGDM improved risk prediction for 104 

subsequent T2DM, over and above conventional diabetes risk factors, in a large sample of healthy parous 105 

Korean women. 106 

Methods 107 

Study population 108 
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As part of the Kangbuk Samsung Health Study, the current cohort study comprised Korean parous women 109 

who had annual or biennial health screenings at Kangbuk Samsung Hospital Total Healthcare Centers in Seoul 110 

and Suwon, South Korea [13]. Our study was limited to women who had one or more births, underwent a 111 

comprehensive health examination between 2015 and 2019, and had at least one follow-up visit before 112 

December 2020 (n=143,255). We excluded women who met the following criteria: were pregnant at baseline; or 113 

had known liver disease; prevalent diabetes; history of malignancy; significant alcohol consumption [14]; 114 

positive serologic markers for hepatitis B or C, use of steatogenic mediations. or had missing information on 115 

GDM, alcohol intake, menopausal status, body mass index (BMI), liver ultrasound and laboratory data, 116 

including blood glucose and HbA1c; Ultimately, 97,347 eligible women were included (Figure 1). The sample 117 

size for this study was based on the fixed available sample; specifically, the number of parous women enrolled 118 

during the study period determined our sample size. This study was approved by the Institutional Review Board 119 

of Kangbuk Samsung Hospital (IRB No. KBSMC_2022-06-007) and exempt from the requirement for informed 120 

consent due to the use of anonymised retrospective data that were routinely collected during health examinations. 121 

Data collection 122 

The dataset consists of questionnaire-based information on sociodemographic and health-related 123 

behaviors, medical history, parity (number of deliveries including stillbirths and live births), pregnancy history, 124 

and other reproductive characteristics, as well as anthropometric and laboratory measurements [13]. Smoking 125 

status was assessed by questionnaire, in which participants were asked to report whether they were never 126 

smokers, former smokers, or. The questionnaire also included questions related to smoking habits, such as 127 

lifetime and current smoking status, smoking duration, and the average number of cigarettes smoked per day. 128 

Participants who had smoked fewer than 100 cigarettes during their lifetime were considered never-smokers. 129 

Participants who had smoked more than 100 cigarettes were classified as either current smokers, who were 130 

actively smoking at the time of the questionnaire, or former smokers, who no longer smoked at the time of their 131 

screening examination. The frequency of alcohol consumption and amount of alcohol consumed per drinking 132 

day were recorded in standard units and used to calculate the average alcohol consumption per day. Physical 133 

activity levels were recorded using the validated Korean version of the International Physical Activity 134 

Questionnaire short form, converted to metabolic equivalents (min/week), and categorized as inactive, 135 
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minimally active, or health-enhancing physical activity (HEPA) [15]. Menopause was defined as ≥1 year of 136 

amenorrhoea. Obesity was defined as a BMI of ≥25 kg/m2 according to Asian-specific criteria [16]. 137 

Hypertension was defined as blood pressure (BP) ≥140/90 mmHg or the use of BP-lowering medication. Blood 138 

samples were obtained after at least 10 h of fasting to measure laboratory glycaemic parameters, fasting serum 139 

lipid profiles, liver enzymes, and high-sensitivity C-reactive protein levels (hs-CRP). Homeostatic model 140 

assessment of insulin resistance (HOMA-IR) was calculated using the following equation: fasting blood insulin 141 

(mU/mL) × fasting blood glucose (mmol/L) / 22.5. 142 

Definition of GDM history and type 2 diabetes 143 

Screening for GDM is performed in almost all pregnant women, either through a two-step approach 144 

using the 50-g oral glucose tolerance test (OGTT) followed by the 100-g OGTT (diagnosis of GDM requires at 145 

least two abnormal values, such as fasting glucose ≥95 mg/dl, 1-h glucose ≥180 mg/dl, 2-h glucose ≥155 146 

mg/dl, and 3-h ≥140 mg/dl) [17] or a one-step approach using the 75-g OGTT (diagnosis of GDM requires only 147 

one abnormal value, such as fasting glucose ≥92 mg/dl, 1-h glucose ≥180 mg/dl, and 2-h glucose ≥153 148 

mg/dl), according to the International Association of Diabetes and Pregnancy Study Groups criteria in 2011 [18]. 149 

While there is no validation study available to assess the accuracy of self-reported GDM in our population, self-150 

reported GDM diagnosis showed a sensitivity of 93% and a specificity of 100% when medical records were 151 

used as the reference standard, and these results did not differ by ethnicity or socioeconomic status [19, 20]. 152 

During the health screening examination, pGDM was assessed using a self-report questionnaire. The 153 

pGDM-specific question was, "Have you ever been diagnosed with gestational diabetes?" with two response 154 

options (yes or no). Women who responded ‘yes’ were considered to have pGDM. Importantly, all pregnant 155 

women in South Korea are recommended to undergo GDM screening at 24–28 weeks, regardless of the 156 

underlying GDM risk [21]. Due to about 97% health care coverage by the Korean National Health Insurance 157 

Service (KNHIS) [22], almost all pregnant women are likely to undergo GDM screening during pregnancy. 158 

Although no available validation study for the accuracy of self-reported pGDM in our population is available, 159 

the sensitivity and specificity of self-reported GDM diagnosis using medical records as the reference standard 160 
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were 93%–95% and 100%, respectively, and did not differ by ethnicity or socioeconomic status [19, 20, 23]. 161 

 T2DM was defined as fasting serum glucose level ≥126 mg/dL, HbA1c ≥6.5% (48 mmol/mol), a 162 

history of physician-diagnosed diabetes, or the current use of glucose-lowering medications for diabetes 163 

treatment. 164 

NAFLD diagnosis 165 

Abdominal ultrasonography was conducted by experienced radiologists who were unaware of the 166 

study's objectives; they diagnosed fatty liver according to the following standard criteria: a diffuse increase in 167 

fine echoes in the liver parenchyma compared with those in the kidney or spleen parenchyma, deep beam 168 

attenuation, and bright vessel walls [24]. The inter-observer and intra-observer reliability values for fatty liver 169 

diagnosis were substantial (kappa statistic = 0.74) and excellent (kappa statistic = 0.94), respectively [13]. Since 170 

secondary causes of steatosis, including excessive alcohol use (≥20 g/d for women), were already excluded (see 171 

the flow chart in Figure 1), we considered an US-diagnosed fatty liver as a diagnosis of NAFLD. 172 

Statistical analysis 173 

We assessed the combined effects of pGDM and NAFLD on the development of T2DM. During 174 

follow-up, the primary endpoint was incident T2DM. The incidence was described as the number of cases per 175 

1,000 person-years. Follow-up started from the baseline visit and was terminated at the endpoint or the last 176 

health screening exam (31 December 2020), whichever occurred first. Cox proportional hazard models were 177 

used to estimate hazard ratios (HRs) with 95% confidence intervals (CIs) for incident T2DM, comparing women 178 

with and without (the reference group) pGDM. 179 

The models were adjusted as follows. Model 1 was adjusted for age, center (Seoul or Suwon), 180 

examination year, alcohol consumption (<10 or ≥10 g/day), smoking status (never, former, current, or unknown), 181 

physical activity level (inactive, minimally active, HEPA, or unknown), education level (below college graduate, 182 

college graduate or higher, or unknown), family history of diabetes, history of hypertension, use of lipid-183 

lowering medication, and BMI. Model 2 was further adjusted for systolic (SBP), lipid profile (total cholesterol, 184 

high-density lipoprotein cholesterol [HDL-C], and triglyceride levels), HOMA-IR, and hs-CRP levels. To 185 

incorporate the effects of changes in NAFLD status, pGDM, BMI, and other covariates during the follow-up 186 
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period, we conducted time-dependent analyses in which the updated GDM history status, NAFLD, and changes 187 

in BMI and other covariates were treated as time-varying covariates. We adjusted for measured potential 188 

confounders that might affect the relationship between the prior history of GDM (pGDM), NAFLD and incident 189 

type 2 diabetes mellitus (T2DM). The confounding variables were defined using the following criteria: 1) 190 

association with the outcome (T2DM), 2) association with exposures (prevalent NAFLD or pGDM), and 3) not 191 

known to be a mediator in the causal pathway between exposure (and the outcome). To investigate the potential 192 

impact of unmeasured confounding, we estimated the E-value, a measure of the minimum strength of 193 

association that an unmeasured confounder would need to have with the exposures (pGDM and NAFLD) and 194 

incident diabetes, assuming equal strengths of association [25].  195 

We assessed additive and multiplicative interactions to examine the interaction effect of pGDM and 196 

NAFLD on incident T2DM. We determined the relative excess risk due to interaction (RERI), attributable 197 

proportion due to interaction (AP), synergy index (S), and their CIs as follows [26]: 198 

a. The relative excess risk due to interaction (RERI): 199 

RERI = HR++ − HR+− − HR−+ + 1 200 

b. The attributable proportion due to interaction (AP): 201 

AP = RERI/HR++ 202 

c. The synergy index (S): 203 

S = [HR++ − 1] / [(HR+− − 1) + (HR−+ − 1)] 204 

To investigate potential multiplicative interaction, the multivariable model included pGDM, NAFLD, and the 205 

product terms of pGDM and NAFLD, along with other confounders. Multiplicative interaction was evaluated 206 

using likelihood ratio tests that compared models with and without the product terms of pGDM and NAFLD. 207 

Harrell’s C−index, a measure of the concordance probability adapted for survival analysis, was use to 208 

assess whether the addition of pGDM and NAFLD alone or in combination to the base model, including 209 

conventional risk factors, improved prediction of T2DM. The concordance probability is the most commonly 210 

applied global measure of discrimination when the outcome is survival time [27]. We further calculated the and 211 

integrated discrimination improvement (IDI) to quantify the incremental predictive ability by adding pGDM, 212 

NAFLD, or both to conventional risk factors. Compared with two validated prediction tools, the Leicester 213 

Diabetes Risk Score (age, sex, family history of diabetes, hypertension, BMI, and waist circumference) [28] and 214 
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the American Diabetes Association (ADA) Risk Score (age, family history of diabetes, hypertension, BMI, and 215 

physical activity) [29], as the base model, we evaluated the incremental predictive ability of pGDM, NAFLD, or 216 

both added to the base model to predict incident type 2 diabetes. We also evaluated our model’s discrimination, 217 

which included elements of the ADA score plus pGDM and NAFLD, and calibration through internal validation 218 

(refer to the Supplementary Information for details). 219 

Moreover, to estimate clinical significance of women with pGDM and NAFLD, we calculated the 220 

number needed to screen (NNS) [30] according to the strata of pGDM and NAFLD. We explored potential 221 

effect modification by performing subgroup analyses stratifying by age group (<35 years, 35-39 years, and ≥40 222 

years) and BMI (<23 kg/m2 and ≥23 kg/m2) at baseline with further adjustment for potential confounders. We 223 

used STATA version 17·0 (Stata Corp LP, College Station, TX, USA) for statistical analyses. Statistical 224 

significance was defined as a two-sided P-value <0·05. 225 

Results 226 

The baseline characteristics of the participants are depicted for the four strata according to pGDM and 227 

NAFLD status (Table 1). The prevalence of NAFLD in women with and without pGDM was 15.1% and 10.9%, 228 

respectively. Women with pGDM and NAFLD were more likely to be older; current smokers; have a family 229 

history of diabetes, history of CVD, hypertension; and have higher use of lipid-lowering medication, higher 230 

levels of BMI, waist circumference, glycaemic parameters, lipid profiles (total cholesterol, low-density 231 

lipoprotein cholesterol, and triglycerides), liver enzymes, hs-CRP, and HOMA-IR levels than those with neither 232 

NAFLD nor pGDM. Conversely, women with both NAFLD and pGDM were more likely to be physically 233 

inactive and have lower HDL-C levels than those without NAFLD or pGDM. 234 

The proportion of people who were excluded due to missing information at baseline was 11.2%. 235 

Supplementary Table 1 shows baseline characteristics of the study participants who were included in the 236 

analysis (n=97,347), as well as of those who were excluded due to missing information (n=12,311). Participants 237 

who were excluded were found to be older, to have lower levels of education and more unfavorable metabolic 238 

profiles in comparison to those who were included in the study. We have performed a sensitivity analysis using 239 

a multiple imputation method to account for missing data in our dataset [31]. The results of this analysis were 240 

consistent with our original findings (Supplementary Table 2). 241 
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With almost 350,000 person-years of follow-up (median 3·9 years, interquartile range 2.3–4.7 years, 242 

maximum 6.0 years), 1,515 cases of incident T2DM were identified (incidence rates per 103 person-years were 243 

4.4 in total; 52.3 for NAFLD with pGDM) (Table 2). The 5-year cumulative incidence (per 103 persons) of 244 

T2DM for different strata defined by pGDM and NAFLD status (neither pGDM nor NAFLD, pGDM without 245 

NAFLD, NAFLD without pGDM, and both pGDM and NAFLD) were 10.9, 28.9, 102.3, and 229.2, 246 

respectively. After adjusting for potential confounders such as age, center, screening year, alcohol intake, 247 

smoking status, physical activity level, education level, lipid-lowering medication use, family history of diabetes, 248 

history of hypertension, and BMI (Model 1), the multivariable-adjusted HRs (95% CIs) for incident T2DM were 249 

2.71 (2.14–3.43) for pGDM only, 3.67 (3.22–4.18) for NAFLD only, and 11.02 (8.94–13.57) for both pGDM 250 

and NAFLD compared to neither condition. These associations were only slightly attenuated after further 251 

adjustment for SBP and total cholesterol, HDL-C, triglyceride, hs-CRP, and HOMA-IR levels (Model 2). The 252 

multivariable-adjusted HRs (95% CIs) for incident T2DM were 2.61 (2.26–3.31) for pGDM only, 2.26 (1.96–253 

2.59) for NAFLD only, and 6.45 (5.19–8.00) for both pGDM and NAFLD compared to neither condition. In our 254 

study, only 29 individuals (less than 0.03% of the study population) met the criteria for NAFLD with high 255 

fibrosis-4 scores of ≥2.67, which limited our ability to further evaluate the impact of fibrotic NAFLD on the risk 256 

of developing T2DM. The sensitivity analysis estimating the E value suggests that an unmeasured confounder 257 

with a risk ratio of 12.38 (lower CI: 9.85) for its association with pGDM, NAFLD and incident diabetes, would 258 

be required to explain our finding of an HR adjusted for known confounders of 6.45 (5.19-8.00) of pGDM and 259 

NAFLD for incident diabetes which seems unlikely.  260 

pGDM and NAFLD status and risk of incident diabetes had an additive interaction (P-value <0·001). 261 

(Table 2). Specifically, the RERI was 2.58 (95% CI, 1.21-3.95). Moreover, the AP was 0.40 (95% CI, 0.25-262 

0.55), that is, 40% of the risk of subsequent T2DM was due to the synergistic interaction between pGDM and 263 

NAFLD, and the synergy index was 1.90 (95% CI, 1.32-2.48). All measures of interaction on the additive scales 264 

were statistically significant, but the multiplicative interaction of pGDM and NAFLD with T2DM incidence was 265 

not (P-value = 0.561). In a time-dependent model that included changes in pGDM, NAFLD, BMI, HOMA-IR, 266 

hs-CRP, and other covariates as time-dependent covariates, aHRs (95% CIs) remained statistically significant. 267 

 The incremental predictive ability for incident T2DM was determined after adding pGDM, NAFLD, 268 

or both to the base model consisting of conventional T2DM risk factors [32, 33] (Table 3). Adding pGDM or 269 
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NAFLD separately, or both together, to the base model improved the Harrell’s C−index for predicting incident 270 

T2DM. Adding both pGDM and NAFLD together markedly improved the prediction of incident T2DM 271 

(Harrell’s C−index, 95% CI 0.825, 0.813-0.836). On comparing the predictive ability of pGDM or NAFLD 272 

alone, and both pGDM and NAFLD, a statistically significant increase in the category-based IDI was observed 273 

when added to the base model, showing the highest improvement with the addition of both pGDM and NAFLD 274 

to the base model. Similarly, a statistically significant improvement in predictive ability based on Harrell’s C-275 

index, and IDI was also observed when both pGDM and NAFLD were added to the pre-existing risk models 276 

(Supplmental Table 3). When generating T2DM prediction models that incorporated elements of the ADA 277 

T2DM risk score as well as pGDM and NAFLD, our study found that these models, had good discrimination 278 

and calibration through internal validation (Supplementary Figure 1 and 2). The addition of NAFLD and 279 

pGDM to the elements of the ADA prediction model improved the accuracy of T2DM risk prediction in our 280 

population. However, further external validation studies in diverse cohorts are necessary to test the 281 

generalizability of our model to other ethnic groups (refer to the Supplementary Information for details). 282 

The NNS values for individuals with pGDM without NAFLD, NAFLD without pGDM, and both 283 

pGDM and NAFLD in comparison to those with neither pGDM nor NAFLD were 56, 11, 5, respectively 284 

(Supplementary Table 4). 285 

The stratified analyses are reported in Supplementary Table 5 show similar findings across the age 286 

subgroups. The association between pGDM and NAFLD status and risk of incident diabetes tended to be 287 

stronger in women with BMI <23 kg/m2 than those with BMI ≥23 kg/m2 with evidence of both additive 288 

interaction and multiplicative interaction (P-value = 0.006). Moreover, the attributable proportion was 0.70 (95% 289 

CI, 0.54-0.87), that is, 70% of the risk of subsequent T2DM was due to the synergistic interaction between 290 

pGDM and NAFLD, and the synergy index was 4.47 (95% CI, 1.44-7.51). Since obesity is a potent risk factor 291 

for both NAFLD and T2DM, and attenuates the pGDM and NAFLD-associated T2DM risk, the association 292 

appeared to be more robust in non-overweight women. 293 

Discussion 294 

Whilst it is well established that NAFLD increases the risk of incident T2DM approximately two fold, 295 

we show for the first time that the presence of NAFLD in women with pGDM highly elevated its risk more than 296 
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11-fold, compared to neither condition. This association remained statistically significant after adjustment for 297 

BMI, HOMA-IR levels, and other covariates at baseline and, importantly, after further adjustment for an 298 

updated status of these variables during follow-up as time-dependent covariates in regression modeling. The 299 

excess risk of T2DM in women with both NAFLD and pGDM was greater than that in women with either 300 

condition alone, with a statistically significant additive interaction suggesting a synergistic effect of NAFLD and 301 

pGDM on T2DM risk.  302 

Moreover, the attributable proportion of risk due to the interaction between NAFLD and pGDM was 303 

0.40, indicating that 40% of the risk of subsequent T2DM was due to the synergistic interaction between pGDM 304 

and NAFLD. Furthermore, an incremental predictive ability analysis for T2DM showed that the highest 305 

improvement in Harrell’s C−index, and IDI occurred by adding both NAFLD and pGDM to the base model. 306 

Thus, women with both NAFLD and pGDM represent a very high-risk group for subsequent T2DM, who would 307 

potentially benefit most from intensive risk-minimizing measures. 308 

The prevalence of NAFLD in women with a prior history of pGDM in our study was lower than that 309 

reported in two previous studies [34, 35]. This discrepancy may be due to differences in ethnicity or in study 310 

design. The two previous studies were undertaken in Indian and Canadian women, whose BMI was higher, 311 

leading to a higher prevalence of insulin resistance and NAFLD. Previous studies were also conducted in a 312 

hospital setting, whereas our study used retrospective data from the general population who underwent health 313 

examinations, which likely included a larger proportion of participants without disease. Additionally, the 314 

definition of NAFLD differed in the study for Canadians, with Mehmood et al. using liver fat scores instead of 315 

ultrasound as used in our study [35]. Moreover, the precise timing between pGDM onset and NAFLD onset 316 

remains unknown due to the design of the Kangbuk Samsung Health Study, whereas each previous study 317 

utilized a median of 16 months of postpartum for Indians [34] and mean of 4.8 years of postpartum for 318 

Canadians [35] as the timeframe. These factors may contribute to the lower prevalence of NAFLD in women 319 

with pGDM in our study compared to previous studies. 320 

It is important to establish how NAFLD interacts with other risk factors to further magnify the risk of 321 

developing diabetes. The combined effect of pGDM and NAFLD on incident T2DM is poorly studied. In a 322 

small cohort study comprising only 68 pGDM participants versus 29 healthy controls, postpartum NAFLD 323 
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(identified by the fatty liver index biomarker test) with pGDM was strongly associated with increased levels of 324 

insulin resistance and inflammatory cytokines, which conferred a high risk of diabetes during follow-up [7]. 325 

However, the fatty liver index is a relatively poor diagnostic test for NAFLD, and the very small sample size of 326 

the population limited the generalizability of the results [7]. In our large cohort of 97,347 middle-aged parous 327 

women, the coexistence of ultrasound-defined NAFLD and self-reported pGDM considerably increased the risk 328 

of incident T2DM compared with individual factors. Thus, our findings suggest that postpartum risk assessment 329 

for subsequent T2DM in women with pGDM identifies a subgroup with NAFLD who are at very high risk of 330 

subsequent T2DM, in whom early surveillance of metabolic risk factors (such as NAFLD) may be needed. 331 

We found an additive interaction between NAFLD and pGDM on the subsequent T2DM; the 332 

coexistence of prevalent NAFLD and pGDM was associated with a higher risk of subsequent diabetes than the 333 

sum of the individual effects. Although the multiplicative interaction was not statistically significant, the 334 

positive interaction on the additive scales confirmed the synergistic effect of NAFLD and pGDM on incident 335 

T2DM, and the additive interaction is less prone to error in the estimates than multiplicative models [36]. 336 

Furthermore, there is increasing evidence of a bidirectional association between NAFLD and GDM, which 337 

could be explained by common shared pathways such as insulin resistance, obesity, and altered lipid metabolism 338 

[8]. Previous cohort studies have reported that NAFLD in early pregnancy was an independent risk factor for 339 

GDM [37, 38] and improved the predictability of incident GDM in 1,443 Korean pregnant women [39]. Women 340 

with pGDM are at increased risk of NAFLD development and vice versa, although inconsistent results have 341 

been observed upon further adjustment for incident T2DM during a follow-up period [9, 10].  342 

Notably, adding conventional risk factors for diabetes to NAFLD and pGDM status, are more likely to 343 

improve risk prediction for incident T2DM (C statistics ~0.825), than pGDM or NAFLD alone (C statistics 344 

~0.793 or ~0.816, respectively). On evaluating the incremental predictive ability of the model after adding either 345 

NAFLD or pGDM, or both, to the base model; the addition of both NAFLD and pGDM together showed the 346 

highest improvement in Harrell’s C−index, and IDI. No previous studies have assessed whether the prevalence 347 

of NAFLD in women with pGDM improves the predictability of T2DM, although a few have estimated the 348 

discriminatory power of either pGDM or NAFLD alone, in predicting the risk of incident T2DM [12, 40, 41]. 349 

Another previous study of 256 women with pGDM demonstrated that moderate fatty liver was associated with 350 

3.6 fold higher pre-diabetes/diabetes prevalence defined by fasting glucose or 2-hour glucose levels [35]. A 351 
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previous validation study testing 12 non-invasive prediction models for T2DM development showed that the C 352 

statistics ranged from 0.78 to 0.81 in women [41]. A result of 0.81 is similar to the results in our models 353 

showing that NAFLD alone improved the discrimination of traditional risk for diabetes (C statistics ~0.816). 354 

The only other cohort study of women with pGDM that estimated the discriminatory performance of pGDM in 355 

predicting T2DM development (the base model included six risk factors: age, BMI, fasting glucose in pregnancy 356 

and postpartum, triglyceride, and total cholesterol levels) showed that the C statistic was 0.756 (which was 357 

considerably lower than the C statistic in our study: 0.793) [40]. Thus, our novel findings suggest that, beyond 358 

conventional risk factors of T2DM, a diagnosis of NAFLD in women with pGDM provides important valuable 359 

additional information on who should be identified as being at risk for T2DM. 360 

Our findings, when compared to those previously reported in the general population, suggest that 361 

T2DM screening may be particularly beneficial for women with NAFLD regardless of pGDM status. A 362 

previous study evaluating screening strategies to identify T2DM in Korea [42] estimated the NNS to detect one 363 

T2DM case to be 63-71 for ages 30-34 years and 34−42 for ages 35-39 years if the whole population was 364 

screened at the each age group. If screening was limited to patients with both pGDM and NAFLD, then only 5 365 

individuals would need to be screened to identify one T2DM case. Early diagnosis and intervention have been 366 

shown to be effective in preventing or delaying the onset of T2DM in individuals at high risk [43], and 367 

moreover, stepwise primary care–based screening and treatment primarily accrue from early diagnosis, that is, 368 

by reducing the delay time between diabetes onset and clinical diagnosis and by hastening the treatment of 369 

cardiovascular risk factors [44]. Hence, it is helpful to identify women at increased risk of development of 370 

T2DM after a pregnancy complicated by GDM, and women who develop NAFLD who can be expected to 371 

receive the most benefit from surveillance and effective interventions, ultimately contributing to reducing the 372 

social cost of diabetes and its complications. 373 

Our study found that the effect size for NAFLD on risk of subsequent T2DM appears to be greater 374 

than that of pGDM. It is important to note that the  relative risk of T2DM associated with pGDM declines with 375 

time after pregnancy with GDM, although higher risk relative to women without pGDM  remained increased 376 

even after >35 years [45]. Since we excluded participants with diabetes at baseline in our study design, the 377 

effect of pGDM on incident T2DM is likely be underestimated, as some participants may have developed 378 

diabetes after pregnancy but before the study baseline visit. Additionally, we used a self-report questionnaire, 379 
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specifically asking about a history of gestational diabetes, which, although accurate with a sensitivity of 93%–95% 380 

and specificity of 100% [19, 20, 23], could still result in misclassification bias. Any non-differential 381 

misclassification of the history of GDM would attenuate the strength of associations with T2DM. 382 

Although the pathogenesis of NAFLD and pGDM in association with incident T2DM is not fully 383 

understood, common pathophysiological factors such as abnormal lipid metabolism, increased insulin resistance, 384 

and systemic inflammation, when combined, may interact synergistically to increase T2DM development [46]. 385 

Women with GDM are predisposed to inadequate pancreatic β-cell compensation and deterioration of β-cell 386 

function, amplified by the insufficient insulin secretion placed by chronic insulin resistance [47, 48]. Fatty liver 387 

is promoted by the accumulation of fat in hepatocytes in the form of hepatic diacyl glycerols (DAGs) and 388 

triglycerides, which specifically exacerbate the deterioration of β-cell function, resulting in impaired insulin 389 

sensitivity to meet the increased glucose demands determined by insulin resistance [35] and inflammation with 390 

the secretion of pro-inflammatory cytokines and hepatokines, that is, fetuin A, fetuin B, antiopoietin-like protein, 391 

or fibroblast growth factor 21 (FGF21), resulting in progression to T2DM [49]. Furthermore, a vicious cycle can 392 

develop when increased insulin resistance, a hallmark of GDM, and NAFLD coexist, resulting in pronounced 393 

deterioration of insulin resistance and inflammation, leading to a greater risk of subsequent T2DM than with 394 

either condition alone [8]. Interestingly, in our study, synergic effect of pGDM–NAFLD on T2DM remained 395 

statistically significant after adjusting for baseline or changing status of the pathophysiological factors 396 

previously described: BMI, HOMA-IR, fasting triglycerides, and hs-CRP. Thus, the effect of NAFLD with 397 

pGDM on T2DM development is not fully explained by these confounders, suggesting an independent and 398 

synergistic role of pGDM–NAFLD in T2DM development. 399 

The current study has a few limitations that are worth mentioning. First, we used self-reported data to 400 

define pGDM using a self-administered structured questionnaire. However, self-reported diagnosis of GDM is 401 

accurate, with a sensitivity of 93%–95% and specificity of 100% [19, 20, 23]. Women who reported pGDM are 402 

highly likely to have been tested for diabetes during pregnancy, and any non-diagnosis of GDM due to missed 403 

testing, would result in misclassification bias. Any misclassification of the diagnosis of GDM (or NAFLD) 404 

would attenuate the strength of our strong associations toward the null. Second, we performed ultrasonography 405 

instead of liver biopsy, liver magnetic resonance imaging, or computed tomography to define NAFLD. However, 406 

liver biopsy is neither ethical nor feasible in health participants, and imaging techniques such as computed 407 



16 

 

tomography or magnetic resonance imaging are not practical and too expensive for routine health care check-408 

ups in large populations. Third, we could not rule out the possibility of unmeasured or residual confounding by 409 

pre-pregnancy or pregnancy risk factors. It was therefore not possible to examine the role of these factors in the 410 

association between prevalent NAFLD in women with pGDM and subsequent risk of diabetes. The HOMA-IR, 411 

used in our study, is not sophisticated method to assess insulin resistance. However, HOMA methods for 412 

estimating insulin resistance, less invasive and relatively easy to perform and thus more applicable to the 413 

population studies, have been validated against insulin clamp studies [50]. Fourth, the definition of T2DM was 414 

based on fasting glucose and HbA1c measurements without data from a 2-hour glucose test. Since the 415 

participants' laboratory data were obtained only in a fasting state, 2-hour glucose levels were unavailable. 416 

However, in clinical practice around the globe, HbA1c is now widely accepted as a diagnostic test for type 2 417 

diabetes diagnosis and monitoring. It is also advantageous to use HbA1c in large cohort studies such as ours 418 

because it has preanalytical stability and is not affected by acute perturbations (for example, diet, exercise, and 419 

smoking) [51]. Fifth, we could not obtain the GDM screening rate in all our participants’ delivery cases. 420 

However, all Korean pregnant women are recommended to take GDM screening regardless of predisposing 421 

GDM risk, and almost all pregnant women undergo GDM screening during pregnancy for KNHIS coverage. 422 

Finally, since our study included relatively healthy, middle-aged Korean women with easy access to healthcare 423 

facilities, our findings need to be tested in other populations in the future.  424 

Our cohort study is the first to demonstrate that NAFLD in women with pGDM is a much more potent 425 

risk factor and predictor of T2DM development, than NAFLD or pGDM alone. Importantly, this effect was 426 

independent of all measured potential confounders at baseline and also after taking account of change in these 427 

potential confounders between baseline and follow-up. The combination of NAFLD and pGDM increased the 428 

risk of incident T2DM 11 fold, compared to the absence of both risk factors. Also presence of NAFLD and 429 

pGDM improved the prediction of T2DM risk, over and above the presence of conventional diabetes risk factors. 430 

Thus, we suggest that the presence of NAFLD in women with pGDM might help identify a subgroup of women 431 

at very high risk of developing T2DM, who are particularly likely to benefit from prevention measures that are 432 

known to attenuate risk of both NAFLD and T2DM. 433 

 434 

 435 
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Figure legend 1 

Figure 1. Flow chart of the study population 2 
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