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Background

Emerging evidence supported the significant role of body composition and fat distribution in the etiology and pathogenesis of Type 2 diabetes mellitus (T2DM).



Objective

To assess the predictive value of representative parameters of body composition and fat distribution for T2DM remission after bariatric surgery.



Methods

A total of 72 patients with T2DM who underwent bariatric surgery in our center between September 2010 and December 2018 were included in this retrospective observational study. Diabetes remission was defined according to the American Diabetes Association criteria released in 2021. Body fat percentage, skeletal muscle index, Android/Gynoid ratio and trunk/leg fat ratio were derived from dual-energy X-ray absorptiometry and assessed.



Results

A total of 40 patients (56%) achieved remission among 72 patients. Patients in the remission group had higher body fat percentage and lower trunk/leg fat ratio than those in the non-remission group. The area under the receiver operating characteristic curve (AUC) for predicting T2DM remission was higher for trunk/leg fat ratio (0.784), compared to BMI (AUC 0. 0.690) and body fat percentage (AUC 0.688). The prediction model (AUC 0.883) including age, duration of T2DM, and trunk/leg fat ratio performed better than the ABCD score (AUC 0.809) and the DiaRem score (AUC 0.792). A nonlinear relationship was observed between trunk/leg fat ratio and BMI.



Conclusion

Trunk/leg fat ratio is a promising predictor for T2DM remission after bariatric surgery.
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Introduction

According to the International Diabetes Federation Atlas 10th edition, 537 million adults (20-79 years) are living with diabetes, which causes an estimated USD 966 billion in global health expenditure and 6.7 million deaths in 2021, and Type 2 diabetes mellitus (T2DM) accounts for over 90% of all diabetes worldwide (1). Accumulating evidence indicated that T2DM remission might sometimes be possible with the great improvement of therapies targeting metabolic control in T2DM (2). In a recent consensus statement, the American Diabetes Association (ADA) suggested that patients with T2DM should be considered in remission when sustaining a level of HbA1c < 6.5% (48 mmol/mol) after cessation of glucose-lowering pharmacotherapy for at least 3 months (3).

Substantial evidence has proven that bariatric surgery is an effective treatment for T2DM, hence the ADA recommended bariatric surgery as the optimal treatment for patients with T2DM and severe obesity in 2017 (4, 5). Roux-en-Y gastric bypass (RYGB) and sleeve gastrectomy (SG) are the 2 most commonly performed bariatric procedures (6). A previous meta-analysis of randomized controlled trials indicated that about 60% of patients with T2DM achieved remission at 1 year after bariatric surgery and the available data seemed to support equal effects of both RYGB and SG in T2DM remission at 1 year after surgery, but the data beyond 3 years was insufficient (7). With the popularity of bariatric surgery in patients with T2DM, various predictors have been assessed to estimate the likelihood of T2DM remission after bariatric surgery (8–10). For example, higher levels of presurgical body mass index (BMI) and fasting C-peptide, a shorter duration of T2DM, younger, a lower level of HbA1c, no use of insulin, and no use of sulfonylureas or insulin-sensitizing agents other than metformin are predictors of an increased likelihood of T2DM remission after bariatric surgery.

Emerging evidence supported the significant role of body composition and fat distribution in the etiology and pathogenesis of T2DM (11, 12). It has been widely established that the accumulation of visceral adipose tissue is a powerful predictor to estimate the risk of T2DM (13, 14). Further studies confirmed that trunk fat and leg fat had independent and opposite associations with glucose metabolism and T2DM (15, 16), while fat-free mass and muscle mass served as predictors for T2DM remission after bariatric surgery (17). This study aimed to assess the predictive value of representative parameters of body composition and fat distribution for T2DM remission after bariatric surgery.



Methods


Study design and patients

This is a retrospective observational study to examine the predictive value of representative parameters of body composition and fat distribution for T2DM remission after bariatric surgery. The institutional review board of the hospital approved the study and each patient provided written informed consent. The inclusion criteria were (1) age 18-65 years, (2) T2DM diagnosed with the latest ADA diagnostic criteria (18), (3) BMI > 25 kg/m2, and (4) T2DM duration < 15 years. The exclusion criteria were (1) serious T2DM complications or organic diseases, (2) alcohol addiction, or (3) unstable mental disorders. We searched the electronic medical records system and identified 89 consecutive individuals with T2DM who underwent RYGB or SG between September 2010 and December 2018 and simultaneously received presurgical DXA scans. All patients underwent bariatric surgery from the same surgical team and were under the same medical care, including dietary and exercise counseling. According to the latest ADA consensus statement released in 2021, patients with T2DM should be considered in remission when sustaining a level of HbA1c < 6.5% (48 mmol/mol) or a level of fasting plasma glucose < 126 mg/dL (7.0 mmol/L) after cessation of glucose-lowering pharmacotherapy for at least 3 months, while an interval of at least 3 months is required for the time of initiation after bariatric surgery (3), thus 17 patients with a poor follow-up (less than 6 months) were excluded because of failing to confirm T2DM remission. Finally, 72 patients were included in the study.



Variables and data collection

The data on age, sex, BMI, waist-to-hip ratio, representative parameters of body composition (body fat percentage [BF%] and skeletal muscle index [SMI]) and fat distribution (Android/Gynoid ratio and trunk/leg fat ratio), blood pressure, indexes of glucose homeostasis (fasting, 30-min and 120-min plasma glucose, insulin, C-peptide, and HbA1c), indexes of lipid profile (HDL cholesterol, LDL cholesterol, triglyceride, and total cholesterol), liver function (Alanine transaminase, Aspartate transaminase, total bilirubin, direct bilirubin, total protein, Albumin protein, Globulin protein, total bile acid), renal function (blood uric nitrogen and blood creatinine), medical history (duration of T2DM, hypoglycemic agent history, and insulin use) were identified and collected. Android/Gynoid ratio was Android fat divided by Gynoid fat. Trunk/leg fat ratio was trunk fat divided by leg fat. BF% was calculated according to the following formula: BF% = total fat mass/total body mass × 100%. SMI was defined as the sum of the muscle mass in both arms and legs divided by height squared. Body composition and fat distribution were assessed by dual-energy X-ray absorptiometry (LUNAR DPX NT+ 74029, GE Medical System, USA).



Statistical analysis

Data were summarized as mean ± SD for quantitative variables, or count and percentage for qualitative variables. The unpaired t test or the Mann-Whitney U test were used to investigate differences between the remission group and the non-remission group for quantitative variables, as appropriate, while the Fisher test was used for qualitative variables. The paired t test or the Wilcoxon signed-rank test were used to compare baseline and follow-up data, as appropriate. Briefly, we followed a four-step process to identify potential predictors and the optimal predictive model: (1) variable reduction: univariate logistic regression analysis was performed to reduce the redundant variables and filter out those with weak predictive power; (2) variable transformation: the receiver operating characteristic (ROC) curve was used to determine the optimal cut-off of quantitative variables and transform quantitative variables into binary variables; (3) model development: multiple logistic regression analysis was performed to judge the independent association of each “prime candidate” and T2DM remission, and K-fold cross validation (CV), Akaike information criterion (AIC), and Bayesian information criterion (BIC) were further used to determine the optimal model to predict T2DM remission (19, 20); (4) model assessment: the area under the receiver operating characteristic curve (AUC) was used to compared the performances of different models. The break point analysis was used to explore the nonlinear relationship between quantitative variables. In addition, we used a Cox proportional hazards model to estimate the hazard ratios (HRs) of the optimal predictors (from the optimal model) for diabetes remission. We also created Kaplan-Meier curves of time to diabetes remission. Patients who failed to achieve remission were censored. All analyses were performed using R software version 4.1.2 (http://www.r-project.org/) and two-tailed P values of < 0.05 were considered to indicate statistical significance.




Results


Patient demographics and clinical characteristics

A total of 40 patients (56%) achieved remission among 72 patients, of which 43 patients (60%) underwent RYGB. The comparisons of demographics and clinical characteristics between the remission group and the non-remission group were listed in Table 1. The median follow-up time was 13 (6-31) months. The comparisons of demographics and clinical characteristics between baseline and follow-up points were listed in Table 2.


Table 1 | Patient demographics and clinical characteristics at baseline.




Table 2 | Variables in the preoperative and postoperative periods.





Variable reduction and transformation

For variable reduction, univariate logistic regression analysis identified 8 variables (Table 3), of which 6 quantitative variables were then transformed into binary variables for subsequent multiple logistic regression analysis. For variable transformation, the optimal cutoff value of age was 39.0 years (sensitivity 0.600, specificity 0.938, the Youden index 0.538, AUC 0.762) and we selected cut-off as 40 years. The optimal cutoff value of fasting C-peptide was 3.1 ng/mL (sensitivity 0.550, specificity 0.875, the Youden index 0.425, AUC 0.711) and we selected cut-off as 3 ng/mL. The optimal cutoff value of duration of T2DM was 6.5 years (sensitivity 0.875, specificity 0.0.531, the Youden index 0.406, AUC 0.744) and we selected cut-off as 7 years (Figure 1A). The optimal cutoff value of BMI was 30.5 kg/m2 (sensitivity 0.725, specificity 0.656, the Youden index 0.381, AUC 0.690) and we selected cut-off as 30 kg/m2. The optimal cutoff value of BF% was 33.5% (sensitivity 0.675, specificity 0.656, the Youden index 0.331, AUC 0.688) and we selected cut-off as 33.5%. The optimal cutoff value of trunk/leg fat ratio was 2.63 (sensitivity 0.850, specificity 0.656, the Youden index 0.516, AUC 0.784) and we selected cut-off as 2.63 (Figure 1B).


Table 3 | Logistic regression analyses for predictor screening and model building.






Figure 1 | Screening and assessment of predictors. (A) The ROC curves for age (cutoff 39.0 years, sensitivity 0.600, specificity 0.938, the Youden index 0.538, AUC 0.762), fasting C-peptide (cutoff 3.1 ng/mL, sensitivity 0.550, specificity 0.875, the Youden index 0.425, AUC 0.711), and duration of T2DM (cutoff 6.5 years, sensitivity 0.875, specificity 0.0.531, the Youden index 0.406, AUC 0.744). (B) The ROC curves for BMI (cutoff 30.5 kg/m2, sensitivity 0.725, specificity 0.656, the Youden index 0.381, AUC 0.690), body fat percentage (cutoff 33.5%, sensitivity 0.675, specificity 0.656, the Youden index 0.331, AUC 0.688), and trunk/leg fat ratio (cutoff 2.63, sensitivity 0.850, specificity 0.656, the Youden index 0.516, AUC 0.784). (C) The ROC curves for the full model (AUC 0.896, 95%CI 0.821-0.972), the ADD tool (AUC 0.883, 95%CI 0.806-0.961), the ABCD score (AUC 0.809, 95%CI 0.705-0.913), and the DiaRem score (AUC 0.792, 95%CI 0.688-0.896) in predicting T2DM remission after bariatric surgery. (D) The nonlinear relationship between trunk/leg fat ratio and BMI. The break points showing a sharp change in slope are indicated by a dashed line with the corresponding color. Break points of BMI were respectively 28.75 kg/m2 (males) and 31.17 kg/m2 (females) for trunk/leg fat ratio. ROC, Receiver operating characteristic; AUC, Area under the curve; BMI, Body mass index; CI, Confidence interval; T2DM, Type 2 diabetes mellitus.





Model development and assessment

For model development, we firstly including all 8 identified variables in a multiple logistic regression analysis (the full model). For the full model, the AIC score was 75.241 and the C-statistic was 0.896 (95%CI 0.821-0.972), while the odds of diabetes remission were lower in patients with an age ≥40 years (odds ratio [OR] 0.08, 95%CI [confidence interval] 0.01-0.56, P = 0.010, Table 2). According to CV, BIC, and AIC, the optimal subset including age, duration of T2DM, and trunk/leg fat ratio was then determined to develop the ADD tool, where A stood for age, the first D for duration of T2DM, and the second D for distribution of body fat, namely trunk/leg fat ratio (Table 2). For the ADD tool, the AIC score was 67.189 (better than the full model 75.241) and the C-statistic was 0.883 (95%CI 0.806-0.961). For model assessment, we compared the performances of the ADD tool with the full model, the ABCD score, and the DiaRem score. Based on the ROC curves, the full model had an AUC of 0.896 (95%CI 0.821-0.972), the ADD tool 0.883 (95%CI 0.806-0.961), the ABCD score 0.809 (95%CI 0.705-0.913), and the DiaRem score 0.792 (95%CI 0.688-0.896, Figure 1C). There was no significant difference between the ADD tool and the full model (P = 0.856), but the ADD tool performed better than the ABCD score (P < 0.001) and the DiaRem score (P < 0.001).



The nonlinear relationship between trunk/leg fat ratio and BMI

Based on the whole data of 89 consecutive individuals, the trunk/leg fat ratio showed a nonlinear relationship with BMI (P = 0.007 for males and < 0.001 for females), regardless of sex, when BMI exceeded a certain threshold, the decrease in trunk/leg fat ratio slowed. Break points of BMI were respectively 28.75 (males) and 31.17 kg/m2 (females) for trunk/leg fat ratio (Figure 1D).



Cox proportional hazards model and Kaplan-Meier curves

Based on the Cox proportional hazards model including age, duration of T2DM, and trunk/leg fat ratio, patients with a trunk/leg fat ratio ≥2.63 were less likely to achieve remission (HR 0.302, 95%CI 0.117-0.783; P = 0.0138, Figure 2A). The Kaplan-Meier curves with a log-rank test also supported patients with a trunk/leg fat ratio ≥2.63 were less likely to achieve remission (P < 0.001, Figure 2B).




Figure 2 | (A) The forest plot of the hazard ratios from the Cox proportional hazards model including age, duration of T2DM, and trunk/leg fat ratio. * indicated statistical significance (P < 0.05). (B) Kaplan-Meier curves stratified by trunk/leg fat ratio with a log-rank test.






Discussion

In the present study, we assessed the predictive value of representative parameters of body composition and fat distribution for T2DM remission after bariatric surgery, and finally confirmed trunk/leg fat ratio as a promising predictor for T2DM remission after bariatric surgery. We further developed a prediction model, namely the ADD tool, which used age, duration of T2DM, and trunk/leg fat ratio to estimate the probabilities of T2DM remission after bariatric surgery. We compared predictive power of the ADD tool with the ABCD score and the DiaRem score (8, 9). We believe the ADD tool is scientific and efficient because it takes into account the general reserve of body function (age), the severity of presurgical T2DM (duration of T2DM), and the body shape-related risk of T2DM (trunk/leg fat ratio).

In agreement with previous models, the ADD tool also included patient age as a significant parameter (8, 9). As shown in both full model and ADD tool, patient age was the most powerful predictor. It was different from both the ABCD score and the DiaRem score, in which patient age was a relatively weak predictor. A possible explanation for this divergence is that T2DM displays a trend towards younger age groups (21, 22). In previous models, an age of younger than 40 years may correspond to shorter disease duration and earlier disease status and the age of 40 years may be the cut-off to distinguish between individuals who are easy to cure and those who are generally curable, whereas, with the increasing prevalence of T2DM among younger age groups, the age of 40 years may turn into the cut-off to distinguish between individuals who are generally curable and those who are hard to cure. In addition, both overweight and obesity, the significant risk factors of T2DM, also display a trend towards younger age groups, this increases the predictive weight of age in T2DM remission after bariatric surgery (23, 24).

In previous models, parallel surrogate variables indicating the severity of presurgical T2DM, such as duration of T2DM, the C-peptide level, requirement for multiple hypoglycemic agents or insulin use, have been proven as efficient predictors of T2DM remission after bariatric surgery (8, 9). In our study, duration of T2DM was finally identified in the optimal model, although the C-peptide level and insulin use were also significantly different between the remission group and the non-remission group according to univariate logistic regression analysis. As we all know, T2DM is characterized by a relative insulin deficiency and insulin resistance, while the C-peptide level is a good indicator of insulin secretion but is unable to reflect the degree of insulin resistance precisely. Insulin use is sometimes affected by prescription preferences of patients and clinicians. In this perspective, duration of T2DM should be a more objective and powerful predictor to reflect the severity of presurgical T2DM, to some degree, it indicates the integrated effects of insulin deficiency and insulin resistance. In accordance with our study, the ABCD score also highlighted the predictive power of duration of T2DM (8).

In contrast to previous models, the ADD tool takes into account the predictive power of body fat distribution in T2DM remission for the first time. Despite the BMI, a relatively simple surrogate for obesity, remaining the most important criterion in selecting candidates with T2DM for bariatric surgery, the predictive power of BMI has long been controversial. A previous meta-analysis including 4944 surgical patients with T2DM concluded that bariatric surgery resulted in similar remission rates in patients with a BMI ≥35 kg/m2 or a BMI <35 kg/m2 (25). In the 2nd Diabetes Surgery Summit, a multidisciplinary group including 48 international clinicians and scholars reached a unanimous agreement to develop and evaluate more appropriate criteria than BMI alone in selecting candidates with T2DM for bariatric surgery (26). Our study also indicated that presurgical BMI was not a strong enough predictor to be included in the optimal model. The nonlinear relationship between trunk/leg fat ratio and BMI may partially contribute to BMI limitations in predicting T2DM remission after bariatric surgery. Emerging evidence supported that body fat distribution, independent of overall fat mass, was strongly associated with the risk of T2DM (11, 27, 28). In some cases, overall fat mass returns an ambiguous prediction in the risk of T2DM. For example, some lean people unexpectedly share a similar risk of T2DM with those who suffer from overweight or obesity, while these two phenotypes share centripetal characteristics of fat distribution (29). Herein, we introduced trunk/leg fat ratio to gauge body fat distribution, taking into account both trunk fat (the main source of visceral adipose tissue) and leg fat (the main source of lower-body subcutaneous adipose tissue). In our prediction tool, patients with a trunk/leg fat ratio < 2.63 have approximately 6 times greater odds of achieving T2DM remission after bariatric surgery than those with a trunk/leg fat ratio ≥ 2.63. We believe this ratio can provide more accurate risk-benefit information than BMI.

Our study had several strengths. First, we confirmed the predictive value of trunk/leg fat ratio for T2DM remission after bariatric surgery based on the up-to-date ADA consensus statement on T2DM remission. Second, for the first time, body fat distribution was taken into consideration to predict the performance of bariatric surgery in T2DM treatment and the ADD tool including trunk/leg fat ratio was established. Third, a nonlinear relationship was observed between trunk/leg fat ratio and BMI, which may partially explain BMI limitations in predicting T2DM remission after bariatric surgery.

This study also had several limitations. First, the relatively small sample size might preclude us from adequately detecting the predictive power of some variables. However, the predictive value of trunk/leg fat ratio was confirmed from multiple perspectives: (1) trunk/leg fat ratio was significantly smaller in the remission group than in the non-remission group; (2) both univariate logistic regression analysis and ROC curve suggested a strong correlation between trunk/leg fat ratio and T2DM remission; (3) the ADD tool including trunk/leg fat ratio performed better than previous models; (4) the nonlinear relationship between trunk/leg fat ratio and BMI may partially explain BMI limitations in predicting T2DM remission after bariatric surgery; (5) both the Cox proportional hazards model and Kaplan-Meier curves supported trunk/leg fat ratio as a powerful predictor for T2DM remission. Second, trunk/leg fat ratio was derived from DXA which was a relatively expensive method. Confirming the consistency of DXA and bioelectrical impedance analysis or finding other alternative parameters of trunk/leg fat ratio may be the arenas for future research. Third, although the ADD tool performed well in the local data, its general performance needs to be further evaluated in additional data from different regions and ethnic groups.



Conclusion

In conclusion, trunk/leg fat ratio is a promising predictor for T2DM remission after bariatric surgery. Trunk/leg fat ratio will enable clinicians and patients to evaluate the merits of bariatric surgery as an approach to achieve T2DM remission and determine if additional measures are necessary to enhance the remission odds.
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