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Glycemic variability was found associated with left ventricular structure and function in type 2 diabetes. But it is still unclear that whether the greater visit-to-visit fasting glucose (FG) variability in young adulthood among the community population is associated with cardiac function alteration and cardiac remodeling at midlife. The community-based prospective cohort study of Coronary Artery Risk in Young Adult (CARDIA) recruited young participants at the baseline age of 18–30 years during the period of 1985–1986 (Year 0). FG was measured at Year 0, 2, 10, 15, 20, and 25. The echocardiographic evaluation of cardiac structure and function was conducted at year 25. A total of 2,600 young adults mean (SD) aged at 24.9 years (3.6) of which 57.3% were women and 46.7% were African Americans had been included in the study. After multivariable adjusted, higher SD of mean FG (SDFG) is associated with lower early peak diastolic septal mitral annular velocity (e') (β [SE], −0.214 [0.080], P < 0.01) and higher E/e' (β [SE], 0.307 [0.094], P < 0.01), and higher coefficient of variation of the mean FG (CVFG) is also associated with lower e' (β [SE], −0.141[0.066], P < 0.05) and higher E/e' (β [SE], 0.204 [0.078], P < 0.01). The higher average real variation of mean FG (ARVFG) is associated with higher E/e' (β [SE], 0.178 [0.085], P < 0.05) and higher left ventricular mass index (LVMI) (β [SE], 1.240 [0.618], P < 0.05). The higher FG variability in young adulthood is associated with the subclinical change of left ventricular (LV) diastolic function at midlife.
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INTRODUCTION

Heart failure has been a public health issue with an estimate of global prevalence over 37.7 million patients (1). Patients with diabetes and pre-diabetes have a higher risk of developing heart failure (2). It was found that the long-term hyperglycemia can cause damage to the myocardial structure and function (3).

Glycemic variability is one of the representative measures of glycemic control, such as fasting glucose (FG) variability and hemoglobin A1c (HbA1c) variability. It has begun to attract attention as a risk factor of increased adverse outcomes in the recent years. It was found that glycemic variability was associated with both the microvascular and macrovascular complications and mortality in diabetes (4, 5). In addition, it was found that the greater visit-to-visit variability of FG was associated with all-cause mortality risk, which is particularly noteworthy since the significance of the association between FG variability and mortality was greater in magnitude in non-diabetic population than diabetic population (6).

However, in community-based young population, over and above the effect of mean blood glucose, whether a higher level of glycemic variability has independent adverse effect on the left ventricular structure and function in midlife after multivariable adjustment is unclear. The current study aimed to determine the unestablished association of the greater visit-to-visit fasting glucose (FG) variability in young adulthood among the community population associated with cardiac function alteration and cardiac remodeling at midlife.



METHOD


Participants

The community-based cohort study of Coronary Artery Risk Development in Young Adult (CARDIA) is designed to recruit 5,115 healthy white and black adults from the four United States field sites (Birmingham, AL; Chicago, IL; Minneapolis, MN; and Oakland, CA). The participants accepted the baseline examination at age of 18–30 years during the period of 1985–1986 (Year 0), and follow-up examination at Year 2, 5, 7, 10, 15, 20, and 30. The participants with complete documented FG and echocardiography measurements were extracted from the 72% of the participants who had attended the examination at Year 25.



Visit-to-Visit FG Variability

The participants were kept on fasting for at least 12 h and then the fasting samples were taken with the standardized protocols. The hexokinase UV method was used as an assay to measure FG at Year 0, and the hexokinase coupled to glucose-6-phophate dehydrogenase was used at Year 2, 10, 15, 20, and 25. A calibration study approach was used to standardize the FG values through the whole course of CAIDIA project (7).



Echocardiography Measurements

At Year 25, the participants had accepted an echocardiographic evaluation by well-trained sonographers using Artida Ultrasonographic System of Toshiba Corporation (Tokyo, Japan) with a 1.8- to 4.2-MHz phase-array transducer. The whole procedure was following the guideline of American Society of Echocardiography. Then, the digital images acquired were re-read and interpreted by the professional physicians. The reproducibility was reported to be good.

The peak early diastolic velocity (E) and early peak diastolic septal mitral annular velocity (e') were obtained by tissue Doppler mode, and E/e' was calculated. Left ventricular mass index (LVMI) was obtained using left ventricular (LV) mass calculated by Devereux formulation indexed to body surface area calculated by Du Bois formula (Kilogram/meter square). The relative wall thickness defined as two times posterior wall thickness divided by LV diastolic diameter under MM mode. Left ventricular ejection fraction (LVEF) was derived from LV volumes from apical views. The longitudinal strain was measured using speckle tracking echocardiography with Advanced Cardiology package 2D wall motion tracking (version 3), which represented the percentage of maximal length change of a LV segment during systole relative to its end-diastole length. Left ventricular hypertrophy is defined as left ventricular mass > 115 g/m2 for men and >95 g/m2 for women. Concentric remodeling is defined as relative wall thickness > 0.42. Impaired relaxation is defined as e' < 7 cm/s, the increased filling pressure is defined as E/e' ≥ 15 alone or E/e' 13–15, and the left atrial volume index ≥ 34 ml/m2.



Other Covariates

The CARDIA study had collected information of the healthy risk factors using self-reported questionnaires, such as age, sex, race, smoking status, drinking status, degree of education, and physical activity concerned here.

The body mass index (BMI) was calculated using measured height and weight (the formula is BMI = kg/m2). The blood pressure (BP) measurement is conducted using standardized protocols. The participants observing fast and free of heavy physical activity for at least 12 h, were asked to sit quietly for 5 min before three times of measurements at a 1-min intervals were taken. We used the mean value of the second and third reading here. At Year 0–15, Hawksley (Lancing, United Kingdom) random zero sphygmomanometer was used while at Year 20–25, an automated BP measurement monitor was used. Therefore, the calibration of BP measurement at Year 20–25 was performed (8). The level of plasma cholesterol was measured by enzymatic assays using fasting plasma samples.



Statistical Analyses

Continuous variables were descripted with mean and SD and categorical variables with proportions. The visit-to-visit FG variability were presented by SD of mean FG (SDFG), coefficient of variation of the mean FG (CVFG), and average real variation of mean FG (ARVFG). To determine the association between visit-to-visit variability and LV structure and function, the multivariable-adjusted linear regression models were used for E/e' and e', respectively. An additional exploratory analysis of cardiac systolic function and structure was conducted. In these models, covariates of age, sex, race, education, BMI, smoking and drinking status, systolic and diastolic BP, total cholesterol, high-density lipoprotein cholesterol (collected at Year 25), anti-hypertensive, anti-diabetic and lipid-lowing medication use history during the whole course of CARDIA study, and weight mean FG were adjusted. A sensitivity analysis of the association between visit-to-visit FG variability and LV structure and function in a subset of people with no history of antidiabetic drugs was conducted. The dependent variables were set as binary variables according to the 2016 American Society of Echocardiography/European Association of Cardiovascular Imaging guideline (9), and another sensitivity analysis of the association between visit-to-visit FG variability and the presence of adverse LV subclinical diastolic dysfunction was done. A two-tailed P < 0.05 was considered to indicate statistically significant. An analysis was performed using SPSS (version 25) (SPSS Inc., Chicago, IL, USA).




RESULTS


Participants Characteristics

Of the 5,115 participants, 2,416 participants who did not attend the Year 25 echocardiographic examination were excluded. In addition 8 participants who were neither black nor white and a total of 91 participants with any missing covariates of fasting blood glucose (n = 54), BMI (n = 16), blood pressure (n = 9), and blood lipids (n = 12) were excluded from the study. The remaining 2,600 participants were included in the study.

In total 2,600 participants appeared for the examination at Year 0 and their mean (SD) age was 24.9 (3.6) years. There were 57.3% women and 46.7% African American. The mean (SD) BMI of the individuals at Year 0 was 23.9 (4.3). At Year 0, 25.7% of the participants were smokers and 87.3% were drinkers. At Year 25, the mean (SD) BMI was 29.3 (6.3), and 16.6% of the participants were smokers and 78.7% were drinkers. The mean (SD) of FG was 98.5 (28.0) mg/dL. Other baseline characteristics are shown in Table 1. The associations of SDFG, CVFG, and ARVFG with clinical characteristics are presented in Supplementary Tables 1, 2. The BMI, systolic blood pressure (SBP), diastolic blood pressure (DBP), and high-density lipoprotein (HDL) at Year 25 were associated with SDFG, CVFG, and ARVFG (P < 0.001 for all). The results showed that men, black, current drinker, and non-smoker at Year 25, and the participants with antidiabetic, antihypertensive, and lipid-lowering medication use were more likely to have a higher SDFG, CVFG, and ARVFG (P < 0.001 for all).


Table 1. Participants characteristics of study cohort (n = 2,601).
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Multivariate Linear Regression Analysis

After multivariable adjustment, the association with LV structure and function at Year 25 is presented in Table 2, adjusted β (SE) of other clinical variables is presented in Supplementary Table 5. The higher SDFG is associated with lower e' (β [SE], −0.214 [0.080], P < 0.01) and higher E/e' (β [SE], 0.307 [0.094], P < 0.01), and higher CVFG is also associated with lower e' (β [SE], −0.141 [0.066], P < 0.05) and higher E/e' (β [SE], 0.204 [0.078], P < 0.01). An exploratory analysis showed that the higher ARVFG is associated with the lower higher E/e' (β [SE], 0.178 [0.085], P < 0.05) and higher LVMI (β [SE], 1.240 [0.618], P < 0.05). The linear plots and 95% CIs for the association between FG variability (SD) and outcomes of E/e' and e' are presented in Figure 1. None of the variables of FG variability were found to be significantly associated with LV systolic function.


Table 2. Association between visit-to-visit FG variability and cardiac structure and function at year 25 (the CARDIA Study).
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FIGURE 1. Linear plots and 95% CIs for the association between FG variability (SD) and outcomes of E/e' and e'.




Sensitivity Analysis

The sensitivity analysis of association between visit-to-visit FG variability and LV structure and function at Year 25 in the subset of participants who had no antidiabetics drug (n = 2,438) use history was done (Supplementary Table 3), and the result of this subset showed that visit-to-visit FG variability had been consistently associated with e' (SDFG, β [SE], −0.165 [0.057], P < 0.01; CVFG, β [SE], −0.102 [0.051], P < 0.05) and E/e' (SDFG, β [SE], 0.209 [0.066], P < 0.01; CVFG, β [SE], 0.133 [0.059], P < 0.05). In the sensitivity analysis of association between visit-to-visit FG variability and the presence of adverse subclinical diastolic dysfunction in total study population (n = 2,600), SDFG was associated with impaired relaxation (OR [95% CI], 1.22 [1.02, 1.45], P < 0.05) (Supplementary Table 4).




DISCUSSION

Based on a large community-based cohort of young biracial adults who followed-up for 25 years, this study found that the greater visit-to-visit FG variability in young adulthood is associated with higher E/e' and larger LVMI at midlife. In a subset of participants with no antidiabetics drug use history, the main result remains consistent, which implicated that the FG variability in early life is associated with the occurrence of subclinical diastolic dysfunction and cardiac remodeling in later age.

In this study, SDFG and CVFG can be seen as the metrics of overall variability and ARVFG can be seen as the metrics of variability between consecutive visits. All of the three variables of SD, CV, and ARV reflect the variability of FG. Although the result of association between ARVFG and e' is statistically insignificant, it cannot not negate the positive results of this study. Because to demonstrate the association does not require three positive P-values, the results from any of the three methods are authentic (10). The CARDIA was designed to be a cohort of young community-based population, comparing with other studies or cohorts, the number of positive events are not that large. Therefore, based on a sample from CARDIA, even the result has only indicated a population-level change in e' and E/e', it could have implications for a prognostic value of adverse outcome from a public health perspective (11–13).

A previous study had revealed the association between visit-to-visit FG variability of 4.7 years and LV structure and systolic function change in patients with type 2 diabetes (14). But its sample size was small, and its follow-up interval was not equal. Our study expanded the study population from small-scale type 2 diabetes patients to larger-sized community cohort, as CARDIA provides an ideal setting that can explore the glycemic variability of people from young adulthood to middle-age in natural state. The current study is the first to reveal the association between higher long-term visit-to-visit FG variability and preclinical change of LV diastolic function as well as adverse change in LVMI in young community-based population. It is noteworthy as the decreased LV diastolic function and cardiac remodeling in the subclinical states may increase the risk of heart failure and other cardiovascular diseases (15–18). Moreover, a large number of studies have shown that the glycemic variability had been a risk factor for adverse outcome in various metabolic diseases. For example, it is associated with increased mortality in the diabetes patients who are older than 70 years of age (19), and cognitive decline among the elderly population with or without diabetes (20, 21), etc. Moreover, among the young individuals in CARDIA study, visit-to-visit glycemic variability during young adulthood was also associated with increased incident of diabetes, cardiovascular disease, and mortality (22), a decline of cognitive function (23). Our previous research found that FG variability was associated with hippocampal structural damage (24). This study found that visit-to-visit glycemic variability during young adulthood among the community-based population was related to changes in the middle-aged cardiac structure and diastolic function, which provided increased evidence that glycemic variability could have an adverse effect on long-term outcome. Therefore, the glycemic variability should be brought to our attention in the future clinical practice.

The findings have indicated that the higher glycemic variability could cause damage to both microvascular and macrovascular. The in-vitro studies showed that NADPH oxidase played vital role in inducing superoxide production when blood glucose level fluctuated (25), and the role of oxidative stress by inhibiting the protein kinase B (AKT) pathway had been found involved in the progress of heart tissue fibrosis caused by the glycemic variability (26). In studies of human subjects, oscillating glucose had been found to be more damaging to the vascular endothelial function than stables the constant high glucose, in which progressive oxidative stress plays a key role (27). A study in FG normal control individuals and in type 1 diabetes confirmed the effect of the way of recovering from hypoglycemia, since the progress induces endothelial dysfunction, oxidative stress, and inflammation, the deleterious effects of the recovering progress could be worsen when obtained reaching hyperglycemia comparing with reaching normoglycemia (28). This needs to be further verified that the higher glycemic variability may have greater effect on the cardiovascular risk.

The strengths of the study include a prospective design, a long-term of 25 years follow-up from young adulthood to middle age, a large community-based cohort with samples free of diabetes at baseline, standardized collection protocols of data, and equal follow-up intervals, good retention, and quality control. The limitations of the study are as follow, first, the CARDIA study did not arrange follow-up test for HbA1c, of which if available, could make the conclusion more reliable. Second, the follow-up interval of the CARDIA study was no shorter than 5 years, hence the calculated index of variability was relatively coarse, which may cover up the glucose fluctuation that could not be assessed. But as the conservative data had also obtained a positive result, we can infer that our conclusion is reliable. Third, as it is an observational study, there is the possibility of residual confounding from omitting confounders, and the association might be due to the reverse causality.

In conclusion, we found that the greater visit-to-visit FG variability in young adulthood is associated with higher E/e' at midlife, greater SDFG and CVFG are associated with lower e' in midlife. This finding may be valuable for evaluating the potential risk for diastolic dysfunction. The manner of glucose lowering may be as important as the degree of glucose lowering.
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Unadjusted  (SE)  Adjusted p (SE)

2.754 (0.411) 0.445 (0.570)
0.005 (0.002) ~0.002 (0.002)
~0.262 (0.154) ~0.156 (0.234)
0.430 (0.047) 0033 (0.066)
~0.401 (0.046) ~0.141 (0.066)"
0.432 (0.054) 0.2040.078)"

ARVgg (per 1 SD increased)

Unadjusted g (SE) Adjusted p (SE)

3.070(0.410) 1.240 (0.618)"
0.005 (0.002) ~0.002 (0.003)
-0.288 (0.154) ~0.276 (0.253)
0415 (0.047) 0.083(0.072)
~0.365 (0.046) ~0.127 (0.072)
0395 (0.054) 0.178 (0.085)"

FG, fasting glucose; SD, standard deviation; CV, coefficient of variation; ARV, average real variability of mean FG; LM, LV mass index; RWT, Relative wall thickness; LVEF, left-ventricular
ejection fraction; GLS, global longitudinal strain; ', early peak diastolic mitral annular velocity; E/e’, mitral inflow velocity to early diastolic mitral annular velocity.

Models were adjusted for year 25 covariates: age, sex, race, level of education, body mass index, smoking status, drinking status, systolic blood pressure, diastolic blood pressure,
total cholesterol level, high-density lipoprotein cholesterol level, antihypertensive, anticliabetic and lipid-lowing medication use (year 0-25), and weighted mean fasting glucose.

‘P <0.05.
P <0.01.
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Characteristics Mean (SD) Mean (SD)

atyear 0 atyear 25
Age (years) 24.9(36) 49.9(3.6)
Women (%) 57.3 57.3
Black (%) 467 46.7
Education (years) - 14.0(2.0)
BMI (kg/m?) 239(4.3) 29.3(6.3)
Gurrent smoker (%) 257 166
Current drinker (%) 87.3 787
SBP (mmHg) 1095 (10.6) 118.1(15.1)
DBP (mmHg) 68.0(03) 735(10.7)
FG (mg/dL) 81.5(10.0) 98.5(28.0)
TC (mg/dL) 1765 (32.6) 1925 (36.3)
HDL-c (mg/clL) 53.5(12.6) 58.7(18.1)
Antihypertensive medication use (%) 18 241
Antidiabetic medication use (%) 06 62
Lipid-lowering mecication use (%) 22 144
Visit-to-visit SDrg mg/dL - 9.7 (12.0)
Visit-to-visit CVea mg/dL - 10.0(8.2)
Visit-to-visit ARVrG mg/dL. - 104 (11.3)
Cardiac structure
LMl - 84.3(21.1)
Relative wall thickness - 05(0.1)
Left ventricular diastolic function
e - 9.4(24)
E/e’ - 8928
Left ventricular systolic function
EF - 69.7(7.9)
Longitudinal strain - —15.1 2.4)

Data are presented as mean (SD) or percentage (%) as appropriate.

BMI, body mass index; SBR, systolic blood pressure; DBR, diastolic blood pressure;
FG, fasting glucose; TC, total cholesterol; HDL-c, high-density ipoprotein cholesterol;
', Tissue doppler septal E-wave prime veloity; E/e', the ratio between early mitral inflow
velocity and mitral annular early diastolic velocity; EF, Left ventricular ejection fraction;
LVMI, LV Mass Indexed to Body Surface Area; N/A, not applicable.
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