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Background

Weight gain in adulthood can influence the development of diabetes and cardiovascular diseases. It is speculated that weight gain is related to cardiometabolic multimorbility (CMM). This study was designed to examine the relationships between weight changes from early to middle adulthood and the risk of CMM.





Methods

Data of the National Health and Nutrition Examination Survey (NHANES) 1999-2018 cycles were analyzed in the present study. Weights at age 25 years and 10 years before recruitment were self-reported and were used to define five weight change patterns including stable normal, maximum overweight, obesity to non-obesity, non-obesity to obesity, and stable obesity patterns. Meanwhile, absolute weight changes were classified into five groups: weight loss≥ 2.5 kg, weight change within 2.5 kg, 2.5 kg≤ weight gain < 10.0 kg, 10.0 kg≤ weight gain < 20.0 kg, and weight gain≥ 20.0 kg. CMM was defined as the coexistence of two or three of diabetes, coronary heart disease (CHD), and stroke.





Results

A total of 25,994 participants were included. Across adulthood, compared to stable normal weight, maximal overweight, obesity to non-obesity, non-obesity to obesity, and stable obesity were consistently associated with increased risks of diabetes, CHD, and CMM. For instance, stable obesity was respectively related to 358.0% (HR: 4.58, 95% CI: 4.57, 4.58), 88.0% (HR: 1.88, 95% CI: 1.88, 1.88), and 292.0% (HR: 3.92, 95% CI: 3.91, 3.92) higher risks of diabetes, CHD, and CMM. Meanwhile, any account of weight loss and gain was linked to higher risks of diabetes, CHD, and CMM than weight change within 2.5 kg. However, participants with maximum overweight had a decreased incidence of stroke (HR: 0.85, 95% CI: 0.85, 0.86), and weight loss ≥ 2.5 kg and weight gain ≥ 2.5 and <20 kg were also related to a lower risk of stroke. J-shaped or U-shaped associations of absolute weight changes with the risks of diabetes, CHD, and CMM were observed.





Conclusions

Maintaining a stable normal weight can benefit more from the prevention of diabetes, CHD, and CMM. Both weight gain and loss across adulthood were accompanied by increased risks of diabetes, CHD, and CMM.
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Introduction

Obesity has been an emerging epidemic in the past five decades. The prevalence of obesity reached 11% and 15% for men and women respectively in 2014, rising from 5% and 8% respectively in 1980 (1). In the US, the prevalence of obesity was 42.4% in 2018 (2, 3). Obesity is associated with diabetes, cardiovascular diseases (CVD), and mortality. It is estimated that about 4 million deaths were attributed to obesity in 2015 (4). Therefore, the burden of diseases attributed to obesity-related diseases will be a major challenge.

On the other hand, cardiometabolic diseases (CMDs)—defined as diabetes, coronary heart disease (CHD), and stroke—have also become a global health problem. There were more than 463 million people suffering from diabetes, 197 million people suffering from CHD, and 12.2 million people suffering from stroke worldwide (5, 6). As the population ages, cardiometabolic multimorbidity (CMM), defined as the coexistence of at least two CMDs, will be a common phenomenon (7). A previous study showed that an increase per 5 kg/m2 in BMI was related to a 1.9 higher risk of CMM (7). However, this study only involved a single measurement of BMI not the dynamic changes in body weight over time. It is documented that weight gain is common from early to middle adulthood and is linked to increased risks of diabetes, CVD, hypertension, and mortality (1, 8–11). Therefore, it is speculated that weight gain is related to CMM. However, few studies were conducted to evaluate the relationship between weight gain across adulthood with the risk of CMM. Therefore, the purpose of this study is to dissect the relationship between weight changes from early (age 25 years) to middle adulthood (mean age 47 years) and the risk of new-onset CMDs and CMM using the data of National Health and Nutrition Examination Survey (NHANES).





Materials and methods




Study population

Data analyzed in the present study were derived from the NHANES 1999-2018 cycles. NHANES is a series of ongoing cross-sectional surveys and is designed to assess the health and nutritional status of the non-institutionalized population in the US. Data from questionnaires, physical examinations, and laboratory tests were collected by trained interviews. A multistage stratified cluster random sampling method was used in continuous NHANES surveys, which started in 1999, and thereafter in 2-year cycles. Details of NHANES are found at the NHANES website (https://www.cdc.gov/nchs/nhanes/index.htm) (12).

Since eligible participants for weight at 10 years before recruitment were aged≥ 36 years, this study incorporated data on participants aged≥ 36 years at the time of the survey. There were 47,433 participants excluded due to missing data in diabetes, CHD, and stroke, 915 participants due to diagnosis with CMD at baseline, 19,136 participants due to missing data in weight and height, 1063 participants due to abnormal weight changes, and 6775 participants due to missing data in covariates (as shown in Figure 1). Finally, a total of 25,994 participants were included in this study. This study was approved by the NHANES Institutional Review Board (protocols Numbers: NHANES Protocol #2011-17 and NHANES Protocol #2018-01). Written informed consent was obtained from all participants.




Figure 1 | The process of participant selection.







Assessments of weight changes

In the NHANES, participants were required to recall weight and height at age 25 years as well as weight 10 years before the survey. BMI at age 25 years and BMI at 10 years before recruitment (mean age: 47 years, range: 26-75 years, interquartile range: 36-58 years) were calculated as weight (kg) divided by the square of height (m2). For participants aged< 50 years at the time of the survey, weight at age 25 years and height at the examination were used to calculate BMI at age 25 years. Otherwise, weight and height at age 25 years were used to calculate BMI at age 25 years. BMI at 10 years before recruitment was calculated using weight and height at 10 years before recruitment (10). According to a previous study, BMI at the two time points were categorized into underweight or normal weight, overweight, and obesity using cut-off values of 25.0 kg/m2 and 30.0 kg/m2 (9). According to BMI at age 25 years and 10 years before recruitment, five weight-change patterns were identified as follows: stable normal pattern for underweight or normal weight at both times, maximum overweight pattern for overweight at either time, obesity to non-obesity pattern for obesity at age 25 years and non-obesity at 10 years before recruitment, non-obesity to obesity pattern for non-obesity at age 25 years and obesity at 10 years before recruitment, and stable obesity for obesity at both times (13). Meanwhile, absolute weight change between age 25 years and 10 years before recruitment was classified into five groups: weight loss≥ 2.5 kg, weight change within 2.5 kg (reference group), 2.5 kg≤ weight gain < 10.0 kg, 10.0 kg≤ weight gain < 20.0 kg, and weight gain≥ 20.0 kg (14, 15).





Outcomes

According to previous studies, this study was designed as a retrospective cohort from the cross-sectional data, as shown in Figure 2 (9, 10, 16). Baseline was defined as 10 years before recruitment. Incident CMDs were identified if participants reported that they had been diagnosed with one of the CMDs by a physician. CMM was defined as two or three of CMDs. When single CMDs as the end-event, participants with the corresponding CMDs at baseline were excluded. The time of follow-up was defined as the interval between baseline and the age, at which single CMDs were established. When CMM was the end-event, participants with two or three of CMDs at baseline were excluded. The time of follow-up was defined as the interval between baseline and the age, at which the second CMD was established. Therefore, datasets for single CMDs and CMM may be different in sample size.




Figure 2 | The schematic diagram of retrospective cohort study.







Statistical analysis

Characteristics of all participants were expressed as mean ± standard deviation (SD) for continuous variables with a normal distribution, median (range interquartile) for abnormal distribution, and frequency (percent) for categorized variables. Analysis of variance, Kruskal-Wallis test, and chi-square test were respectively employed to compare the differences across weight change patterns and absolute weight changes for continuous variables with normal distribution, for ones with abnormal distribution, and for categorized variables. The hazard ratios (HRs) and 95% confidence intervals (95% CIs) were used to evaluate the associations of weight changes with the risks of single CMDs and CMM using Cox proportional hazards models. The proportional hazards assumption was examined by including a cross-product of follow-up time and weight change patterns in Cox proportional hazards models. If likelihood ratio tests comparing models with and without this variable were not significant, the proportional hazards assumption held. The associations of weight change patterns and absolute weight changes with CMM were further stratified by age (< 60 years and ≥ 60 years) and sex (males and females). Covariates including age, sex, race, education level, current smoking, current alcohol drinking, family income-poverty ratio level, marital status, family history of diabetes or CVD, MET, healthy eating index scores, and history of hypertension were adjusted with CMM as the end-event. When one of CMDs as the end-event, the other two CMDs were additionally adjusted. When absolute weight changes were analyzed, height at examination was additionally adjusted. Furthermore, the sampling weight was used to adjust for non-response bias and over-sampling. All the variables with missing data were imputed using the Multivariate Imputation by Chained Equations (mice) package in the statistical program R (version 3.5.1) to explore the robustness of the main results. The non-linear associations of absolute weight changes with the risks of single CMDs and CMM were further examined using a restricted cubic spline with four knots. All analyses were performed using SAS 9.4 (SAS Institute Inc., Cary, NC, USA.). A two-tailed P≤ 0.05 indicated a statistical significance.






Results




Characteristics of participants across weight change patterns

There were 25,994 participants (mean of age: 47.26 ± 13.55 years) in this study, including 13,073 men and 12,921women. The averages of BMI at age 25 years and 10 years before recruitment were 23.53 ± 4.41 kg/m2 and 27.39 ± 5.71 kg/m2, respectively. The mean of absolute weight change was 9.34 ± 11.38 kg. The proportions of the five weight change patterns were respectively 36.00% for stable normal, 37.37% for maximum overweight, 0.97% for obesity to non-obesity, 19.31% for non-obesity to obesity, and 6.34% for stable obesity. Meanwhile, the distributions of absolute weight change were 26.53% for weight loss ≥ 2.5 kg, 5.73% for weight change within 2.5 kg, 30.34% for weight gain ≥ 2.5 and <10 kg, 21.90% for weight gain ≥ 10 and < 20 kg, and 15.50% for weight gain ≥ 20 kg. During 10 years of follow-up, the cumulative incidences of CMDs were 14.24% for diabetes, 6.42% for CHD, and 3.08% for stroke, and CMM was 4.81%.

The distributions of characteristics across weight change patterns are shown in Table 1. Significant differences were observed in all characteristics across weight change patterns. Meanwhile, Supplementary Table 1 shows the characteristics of participants across absolute weight change, and significant differences were observed in all characteristics.


Table 1 | Characteristics of participants in the NHANES 1999–2018 according to weight change patterns from age 25 years to 10 years before recruitment.







Associations of weight changes across adulthood with the incidence of diabetes

Table 2 shows that compared to a stable normal pattern, a stable obesity pattern was related to a 358.0% (HR: 4.58, 95% CI: 4.57, 4.58) higher risk of diabetes. Non-obesity to obesity pattern was associated with a 247.0% higher risk of incident diabetes (HR: 3.47, 95% CI: 3.47, 3.47). Participants with maximum overweight had an 84.0% higher incidence of diabetes (HR: 1.84, 95% CI: 1.84, 1.85).


Table 2 | Associations of weight change across adulthood with the incidence of diabetes in NHANES 1999-2018.



When absolute weight change was a continuous variable, a J-shaped association for incident diabetes with absolute weight change was found (P for non-linear association< 0.001, Figure 3A). When classified into categories (Table 2), compared to weight change within 2.5 kg, weight loss and gain were linked to a higher incidence of diabetes. Furthermore, the extreme weight gain (weight gain≥ 20 kg) group had the largest effect on incident diabetes (HR: 3.02, 95% CI: 3.02, 3.02).




Figure 3 | The non-linear associations of absolute weight changes across adulthood with the risks of single CMDs and CMM. (A) the outcome was diabetes; (B) the outcome was CHD; (C) the outcome was stroke; (D) the outcome was CMM.







Associations of weight changes across adulthood with the incidence of CHD

Compared to stable normal patterns, maximum overweight, obesity to non-obesity, non-obesity to obesity, and stable obesity patterns were related to a higher incidence of CHD (Table 3). The stable obesity pattern had a stronger association with incident CHD than other weight change patterns (HR: 1.88, 95% CI: 1.88, 1.88).


Table 3 | Associations of weight change across adulthood with the incidence of CHD in NHANES 1999-2018.



There was a J-shaped association of absolute weight change with the incidence of CHD (P for non-linear association= 0.009, Figure 3B). Meanwhile, weight loss and gain were related to a higher risk of CHD (Table 3). Furthermore, the extreme weight gain (weight gain≥ 20 kg) group had the largest effect on incident CHD (HR: 1.37, 95% CI: 1.37, 1.37).





Associations of weight changes across adulthood with the incidence of stroke

Table 4 shows that stable obesity participants had an increased risk of stroke (HR: 1.02, 95% CI: 1.02, 1.03). Non-obesity to obesity and obesity to non-obesity patterns were respectively related to a 13.0% (HR: 1.13, 95% CI: 1.13, 1.14) and 71.0% (HR: 1.71, 95% CI: 1.70, 1.71) higher incidence of stroke. However, the maximum overweight group showed a reverse association with incident stroke (HR: 0.85, 95% CI: 0.85, 0.86).


Table 4 | Associations of weight change across adulthood with the incidence of stroke in NHANES 1999-2018.



As a continuous variable, there was no significant non-linear association of absolute weight change with the risk of stroke (P for non-linear association= 0.906, Figure 3C). With absolute weight change as a categorized variable, participants who lost weight more than 2.5 kg had a decreased risk of stroke, with a hazard ratio of 0.90 (95% CI: 0.90, 0.91). Small to moderate weight gain (weight gain ≥2.5 kg and <10 kg) and moderate to large weight gain (weight gain ≥10 kg and <20 kg) were also linked to a lower risk of stroke, with hazard ratios of 0.93 (95% CI: 0.93, 0.93) and 0.98 (95% CI: 0.98, 0.98). However, the extreme weight gain (weight gain ≥20 kg) group was related to an increased risk of stroke (HR: 1.12, 95% CI: 1.11, 1.12), as shown in Table 4.





Associations of weight changes across adulthood with the risk of CMM

Supplementary Table 2 presents that overweight and obesity at age 25 years were linked to a higher risk of CMM than underweight or normal weight (HR: 1.72 and 2.61, 95% CI: 1.72, 1.72 and 2.61, 2.61). Similarly, participants with overweight or obesity at 10 years before recruitment had a higher risk of CMM (HR: 1.54 and 3.04, 95% CI: 1.53, 1.54 and 3.04, 3.05).

Table 5 displays the associations of weight change across adulthood with the risk of CMM. Stable obesity participants had 3.92 times the risk of CMM than stable normal ones (HR: 3.92, 95% CI: 3.91, 3.92). Meanwhile, non-obesity to obesity was related to a 188.0% higher risk of CMM (HR: 2.88, 95% CI: 2.88, 2.89), and obesity to non-obesity was related to a 179.0% higher risk of CMM (HR: 2.79, 95% CI: 2.78, 2.80). The maximum overweight group was linked to a 50.0% higher risk of CMM (HR: 1.50, 95% CI: 1.50, 1.50).


Table 5 | Associations of weight change across adulthood with the risk of CMM in NHANES 1999-2018.



Meanwhile, a U-shaped relationship between absolute weight change and the risk of CMM was found (P for non-linear association< 0.001, Figure 3D). Participants with weight loss ≥ 2.5 kg had a 66.0% higher risk of CMM than weight change within 2.5 kg (HR: 1.66, 95% CI: 1.65, 1.66), as shown in Table 5. Meanwhile, all weight gain groups (≥ 2.5 kg) were linked to an increased risk of CMM. Furthermore, the extreme weight gain (weight gain ≥20 kg) group had a stronger association with the risk of CMM (HR: 2.78, 95% CI: 2.78, 2.78).

In the stratified analyses, similar relationships between weight change patterns and the risk of CMM were observed in participants aged < 60 years and ≥ 60 years, and the effect size of weight change patterns on the risk of CMM was greater among participants aged≥ 60 years at baseline than their counterparts (Figure 4A). Meanwhile, the association of absolute weight change with the risk of CMM among participants < 60 years was consistent with the main results. However, among participants aged ≥ 60 years, weight loss≥ 2.5 kg and weight gain ≥2.5 kg and <10 kg were related to a lower risk of CMM (HR: 0.99 and 0.84, 95% CI: 0.98, 0.94 and 0.84, 0.84), as shown in Figure 4B. On the other hand, similar relationships between weight change patterns and the risk of CMM were observed in men and women, and the effect sizes were greater among women than men (Figure 4C). The association of absolute weight change with the risk of CMM in females was comparable with the main results. However, weight loss≥ 2.5 kg was linked to a decreased risk of CMM (HR: 0.93, 95% CI: 0.93, 0.94) in males, as shown in Figure 4D.




Figure 4 | The associations of weight changes across adulthood with the risk of CMM stratified by age and sex. (A) indicated the associations of weight change patterns with the risk of CMM stratified by age; (B) indicated the associations of absolute weight change with the risk of CMM stratified by age; (C) indicated the associations of weight change patterns with the risk of CMM stratified by sex; (D) indicated the associations of absolute weight change with the risk of CMM stratified by sex.







Sensitivity analysis

When all variables were imputed using multiple imputations, the imputed dataset was used to repeat the relationships between weight change across adulthood and the risk of CMM. The results of sensitivity were comparable with the main results, as shown in Supplementary Table 3. As removing participants with new-onset CMM within two years after baseline, the associations of weight change with the risk of CMM were consistent with the main results, as shown in Supplementary Table 4.






Discussion

A national retrospective cohort study was designed to evaluate the associations of weight changes across adulthood with the risks of single CMDs and CMM. Compared to a stable normal pattern, maximum overweight, obesity to non-obesity, non- obesity to obesity, and stable obesity were related to increased risks of diabetes, CHD, and CMM. However, the maximum overweight pattern was reversely associated with incident stroke. Compared to weight change within 2.5 kg, weight loss≥ 2.5 kg and weight gain≥ 2.5 kg were linked to higher risks of diabetes, CHD, and CMM. Whereas, weight loss≥ 2.5 kg and small to large weight gain (weight gain≥ 2.5 kg and < 20 kg) were related to a lower risk of stroke. Furthermore, J shaped or U shaped associations of absolute weight change with the risks of diabetes, CHD, and CMM, but not stroke, were observed.

This study examined the relationships between weight changes across adulthood and the incidence of single CMDs, and found that both weight gain and loss were positively associated with the risk of diabetes and CHD. Previous studies found that weight in early adulthood can influence subsequent diabetes risk (17, 18). Furthermore, weight change and weight gain during early adulthood have also been demonstrated to have a strong impact on the subsequent diabetes risk (19, 20). However, evidence on the relationship between weight loss and the risk of diabetes were mixed. Some studies suggested a reversed link between weight loss and incident diabetes, but others failed (21, 22). A recent study reported that weight loss≥ 2.5 kg was related to a 27% lower risk of diabetes, but any account of weight gain was positively associated with incident diabetes (1). On the other hand, weight gain can contribute to the development of CVD (23). Any account of weight gain can contribute to subsequent CVD risk, which is consistent with the findings of this study (1). It was documented that weight gain in early adulthood can lead to low-grade inflammation, a lower adiponectin level, and a higher leptin level, which can accelerate vascular aging and contribute to CVD (24).

In this study, the maximum overweight pattern was related to a 14.6% lower risk of stroke than a stable normal pattern, and reverse associations of weight loss and weight gain ≥ 2.5 and < 20 kg with the incident stroke were observed. However, a previous study reported that there was a positive link between weight gain and stroke in healthy men (25). Meanwhile, in a prospective study of participants aged 40-69 years, 5-year weight gain and weight loss were related to a higher risk of stroke only in women (26). The different results may be attributed to the different populations and cut-off values used to define weight change. The results of the restricted cubic spline showed the risk of stroke increased with increasing the magnitude of weight gain, which implied that there might be a threshold value effect of weight gain on the risk of stroke. Meanwhile, the time interval between age 25 years and 10 years before recruitment was relatively long (about 22 years). Weight change patterns only captured the weight at the two time points of age 25 years and 10 years before recruitment. It was possible that other weight change patterns occurred during this period of adulthood, for example losing and regaining weight (“weight cycling”). On the other hand, the obesity-stroke paradox might be one of the reasons. This paradox emphasizes the biological protective role of the adipose tissue, which is currently recognized as an endocrine organ (27). Soluble tumor necrosis factor-α (TNF-α) receptors secreted by adipose tissue may neutralize the biological impact of TNF-α, and contrast the post-stroke pro-inflammatory state (27). Moreover, a previous study on patients with dilated cardiomyopathy found that lower plasma adiponectin and increased leptin resistance were observed in obese patients (28). Therefore, the protective effect of weight gain on stroke should be viewed with caution and further examined in future study.

Up to now, little was known about the association of weight change across adulthood with the risk of CMM. A recent study reported that BMI severity over 20 years was linked to poor cardiometabolic health (29). A study using the data of NHANES reported that any weight change patterns were linked to accelerated biological aging compared with stable normal weight (15). It is documented that biological aging is closely related to health risks, including CMM. Meanwhile, another study using the data of NHANES found that maintaining a stable normal weight had the lowest risk of mortality, but stable obesity, weight gain, and weight loss were accompanied by an increased risk of mortality (13). Meanwhile, J-shaped or U-shaped associations of weight change with all-cause mortality were observed. These findings partly supported the results of this study that there were J-shaped associations of absolute weight change with the risks of diabetes and CHD and a U-shaped association of absolute weight change with the risk of CMM.




Limitations and strengths

The strengths of the present study included the large and nationally representative sample of the US population and the solid evidence on the associations of weight changes from early to middle adulthood with the risks of single CMDs and CMM. However, the limitations of this study should also be clarified. First, there may be recall bias when participants were required to recall weights at age 25 years and 10 years before recruitment, though recalled weight has been validated to be close to measured weight (30). Second, the approximation of middle adulthood (age range: 26-75 years) was close to age 25 years. It may be indistinguishable between early and middle adulthood. Third, the mechanisms underlying the associations of weight changes with the risk of CMM were not fully explained. Fourth, given the data mining nature of second-hand data and retrospective epidemiological study, there could exist unmeasured or unavailable variables, such as other concomitant diseases including cancer, anorexia nervosa, bariatric surgery, and so on. These concomitant diseases were not considered or mentioned in this study but could confound the associations of weight change with the risks of CMDs and CMM. For example, weight loss was associated with an increased risk of diabetes in this study, which was inconsistent with previous studies (31–34). Weight loss might not be abiogenetic and might be caused by other concomitant diseases. Thus, there might be bias in the associations of weight change with the risks of CMDs and CMM. Therefore, further well-designed study is needed to confirm the results of this study in the future.

In conclusion, this study suggested that maintaining a stable normal weight can benefit from the lowest risk of diabetes, CHD, and CMM. Stable obesity, weight loss, and weight gain from early to middle adulthood were related to increased risks of diabetes, CHD, and CMM. However, weight loss and light weight gain were linked to a decreased risk of stroke. In addition, J-shaped or U-shaped associations of absolute weight change with the risk of diabetes, CHD, and CMM were found. Therefore, this study highlighted the importance of public health initiatives to maintain a stable and normal weight and to prevent overweight and obesity across adulthood. Meanwhile, greater public health efforts should be made to control weight across adulthood as a minimum goal for young adults to prevent the development of single CMDs and CMM.
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Current smoking” <0.001
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*These variables were expressed as mean + SD and analyzed using analysis of variance.

“These variables were analyzed using the chi-square test.

“These variables were express as median (P55, P;5) and analyzed using Kruskal-Wallis test.
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