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Abstract

Background
To determine whether long-term intensity of glycemic exposure (IGE) during young adulthood is
associated with multiple target organs function at midlife independent of single fasting glucose (FG)
measurement.

Methods
We included 2,859 participants, aged 18–30 years at Y0, in the Coronary Artery Risk Development in
Young Adults (CARDIA) Study. IGE was calculated as the sum of (average FG of two consecutive
examinations × years between the examinations) over 25 years. Target organs function was indicated by
cardiac structure, left ventricular (LV) systolic function, LV diastolic function, coronary artery calcium
(CAC) and urine albumin-to-creatinine ratio (UACR) at Y25. We evaluated the associations between IGE
with target organs function using linear regression models and estimated the associations between IGE
with numbers of organs involved (0, 1, or ≥ 2 organs) using multinomial logistic regression models.

Results
A 1-SD increment of IGE was signi�cantly associated with worse target organs function after
multivariable adjustment: left ventricular mass (β [SE], 5.468 [1.175]); global longitudinal strain (β [SE],
0.161 [0.071]); E/e’ ratio (β[SE], 0.192 [0.071]); CAC score (β [SE], 27.948 [6.116]) and log UACR (β [SE],
0.076 [0.010]). Besides, IGE was independently associated with having ≥ 2 organs involved in both
overall population (OR [95% CI], 1.48 [1.23, 1.41], p < 0.001) and subgroups strati�ed by diabetes at Y25.

Conclusions
Higher intensity of glycemic exposure during young adulthood was independently associated with
subclinical alterations of target organs function at midlife. Our �ndings highlight the importance of early
screening and management of IGE in youth.

Introduction
Individuals with long-term exposure to hyperglycemia underwent chronic injuries to multiple organ
systems. Previous studies have con�rmed strong correlations between elevated blood glucose with
coronary artery disease (CAD), diabetic cardiomyopathy and diabetic nephropathy in late life [1–3]. Since
chronic exposure to glycemia shows detrimental impacts on target organs, a life-course evaluation of
glycemic exposure taking into account both the magnitude and duration of exposure to hyperglycemia
should be established for comprehensive assessment of its toxicity. However, the association betweenLoading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js
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increased intensity of glycemic exposure (IGE) in young adulthood with target organ damages in midlife
is unknown.

Subclinical target organ damages of hyperglycemia, indicated by coronary artery calcium (CAC), early
cardiac deformation and dysfunction as well as albuminuria in our study, are e�cient markers and well
precursors of adverse clinical outcomes [4–6]. The Coronary Artery Risk Development in Young Adults
(CARDIA) Study, which only enrolled young adults aged 18–30 years at baseline and underwent 6 blood
glucose monitoring over 25 years, offers the opportunity to assess the impact of IGE on subclinical
indicators of organ dysfunction in life-course pattern since young adulthood.

In this study, we aimed to determine how the intensity of glycemic exposure from young adulthood to
middle adulthood affects target organ function in 2,859 CARDIA study participants. We �rstly assessed
the associations between IGE with clinical measures of coronary artery calci�cation, cardiac deformation
and dysfunction as well as albuminuria. We also evaluated the association between IGE with number of
target organs involved.

Material And Methods

Study Population
The datasets of the CARDIA study were obtained at the CARDIA Coordinating Center
(cardia.dopm.uab.edu/contact-cardia) according to the application procedure required.

The CARDIA study was a prospective and observational investigation of 5,115 healthy black and white
adults from 4 U.S. metropolitan communities (Birmingham, AL; Chicago, IL; Minneapolis, MN; and
Oakland, CA). Brie�y, men and women aged 18–30 years were recruited at 1985–1986 (Y0) and
reexamined after 2 (Y2), 5 (Y5), 7 (Y7), 10 (Y10), 15 (Y15), 20 (Y20), 25 (Y25) years. Further details of the
CARDIA study have been published previously[7]. Institutional Review Boards approved the CARDIA study
protocols, and all participants provided written informed consent at each examination.

For this analysis, we evaluated 3,498 participants who attended reexamination at Y25 and excluded
those who had race other than white or black (n = 11), those with missing data on blood glucose at Y0
and Y25 (n = 75) and those with missing data on covariates (n = 553). Finally, 2,859 participants were
included in our analysis. Baseline characteristics at examination in Y0 of individuals who were included
and excluded were summarized in Supplemental table 1.

Intensity of glycemic exposure assessment and incident
diabetes
Participants were asked to fast > 8 hours for measurements of fasting glucose at Y0, Y7, Y10, Y15, Y20,
Y25. Fasting glucose was measured using the hexokinase ultraviolet method by American Bio-Science
Laboratories at baseline and hexokinase coupled to glucose-6-phosphate dehydrogenase at the following
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reexamination. Intensity of glucose exposure from young to middle adulthood was evaluated by the sum
of (average blood glucose of two consecutive examinations ×  years between the examinations)
(Supplemental Fig. 1). Similar approach was also used to assess the deleterious effects of elevated
cumulative exposure to blood pressure in early adulthood [8, 9]. We determined diabetes based on any
one of the following: self-report of hypoglycemic medications (measured at Y0, Y7, Y10, Y15, Y20 and
Y25); fasting glucose levels ≥ 7.0 mmol/L or ≥ 126 mg/dL (measured at Y0, Y7, Y10, Y15, Y20 and Y25);
2-hour postload blood glucose ≥ 11.1 mmol/L or ≥ 200 mg/dL in 75 g oral glucose tolerance test
(measured at Y10, Y20, Y25); or glycated hemoglobin ≥ 6.5% (measured at Y20 and Y25).

Outcome measurements
Cardiac structure and function were assessed by echocardiographic measurements in standardized
methods following American Society of Echocardiography guidelines across all �eld centers at Y25, as
described previously [10, 11]. Echocardiographic images were collected using a commercially available
cardiac ultrasound machine (Artida; Toshiba Medical Systems) by trained sonographers and were
interpreted using a standard o�ine image analysis system (Digisonics, TX). For cardiac structure
assessment, left ventricular mass (LVM) was estimated from the Devereux formula and relative wall
thickness (RWT) was calculated as (diastolic interventricular septal + diastolic left ventricular (LV)
posterior wall thickness)/diastolic internal LV diameter. For LV systolic function assessment, left
ventricular ejection fraction (LVEF) was evaluated based on LV end-systolic and end-diastolic volumes.
Global longitudinal strain (GLS), a more sensitive and prognostic index of LV systolic function, was
measured using speckle-tracking echocardiography and calculated as the systolic change of segmental
length divided by the segmental length at end-diastole (in percentile) [12]. Peak velocities in mitral in�ow
at early (E), late diastole (A) and early peak diastolic mitral annular velocity (e’) were measured for
assessment of E/A ratio and E/e’ ratio to re�ect LV diastolic function.

Coronary artery calcium (CAC) was measured by multidetector computed tomography (CT) scanner in all
center using standardized approach at Y25 [13]. The analysts in CARDIA Reading Center who were
blinded to participants information analyzed the images and calculated a CAC score using on modi�ed
Agatston method [14]. Brie�y, the total CAC score in Agatston units (AU) was determined based on
numbers, areas and maximal computed tomographic numbers of the lesions. Besides, albuminuria was
assessed by measurement of urine albumin to creatinine ratio (UACR). Urine albumin and urine creatinine
levels were measured using nephelometry-based assay at Y25 examination according to the
standardized exam protocol available at cardia.dopm.uab.edu.

For categorical analyses of signi�cant target organ dysfunction, we de�ned left ventricular hypertrophy
(LVH) as increased LVM > 224 g for men and > 162 g for women [15]. Concentric remodeling was de�ned
as increased RWT > 0.42 [11]. LV systolic dysfunction was de�ned by decreased LVEF (< 50%) or
abnormal GLS (> 90th percentile) [16]. LV diastolic dysfunction was de�ned as abnormal �lling patterns
(E/A ratio ≤ 0.8 or ≥ 2) or increased �lling pressure (E/e´ ratio > 15) [9, 17]. We also de�ned CAC as an
Agatston score > 0 and albuminuria as UACR > 30 mg/g.
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Covariates measurements
Demographic characteristics, clinical history, medication use, anthropometric and laboratory data was
collected based on standardized approaches as reported in study protocol [7]. Age, gender, race,
educational attainment, smoking and drinking status were self-reported. Smoking status and drinking
status was recorded as ever/never smoking and ever/never drinking, respectively. Educational attainment
was evaluated by years in school. Height and weight were measured in light clothing and body mass
index (BMI) was calculated as the ratio of weight (kg) to the square of height (m2). After 5 minutes quiet
rest, seated blood pressure (BP) in right arm was measured 3 times with 1-minute intervals using
validated Omron HEM907XL oscillometric BP monitor at Y25 and the mean of the second and third
readings was used for analysis. Total cholesterol, high-density lipoprotein cholesterol (HDL-c) were
enzymatically determined and low-density lipoprotein cholesterol (LDL-c) was calculated using the
Friedewald equation.

Statistical Analysis
Participants eligible in our analysis were subdivided into 3 categories based on tertiles of IGE. Baseline
characteristics of participants at Y25 were compared using one-way ANOVA (continuous variables), χ2

tests (categorical variables) and the Kruskal-Wallis test as appropriate. Urine albumin to creatinine ratio
was log-transformed due to skewed distribution. We also compared the baseline characteristics of
participants in CARDIA study who were included in �nal analysis with those excluded. Data were
presented as means ± SD or median (interquartile range) for continuous variables and frequencies
(percentages) for categorical variables.

Multivariable linear regression models were performed to evaluate the longitudinal associations between
IGE over 25 years with target organs function at Y25, including cardiac structure and function, CAC and
albuminuria. Multivariable models were adjusted for covariates at Y25: model 1 included age, gender,
race; model 2 was additionally adjusted for smoking, drinking, BMI and educational attainment; model 3
was further adjusted for systolic BP, LDL-c, HDL-c and Y25 blood glucose; and model 4 was additionally
adjusted for aspirin, medication for lower cholest, HTN and DM. The effects were assessed by calculating
the estimates (βs) and standard errors (SEs) for per 1-SD increment on IGE. To investigate the robust of
the associations, we additional adjusted for average FG across follow-up examination instead of FG in
Y25 in model 5 and number of measurements of FG in model 6 in sensitive analysis. In an explorative
analysis, we further performed categorical analyses to explore the effects on signi�cantly clinical organ
dysfunction. Multivariable logistic regression models were used to evaluate the association between per
1-SD increment on IGE with target organs dysfunction, including CAC, LVH, concentric remodeling,
impaired LVEF, abnormal GLS, abnormal �lling patterns, increased �lling pressures and albuminuria. In
logistic models, we accounted for same covariates as in linear models and presented the effects using
odds ratios (ORs) and 95% con�dential intervals (95%CIs).
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For further analysis in the prevalence of TOD derived from LGE, we de�ned numbers of TODs as the sum
of presence of cardiac deformation (LVH or concentric remodeling), cardiac systolic dysfunction
(impaired LVEF or abnormal GLS), cardiac diastolic dysfunction (abnormal �lling patterns or increased
�lling pressures), CAC and albuminuria, ranging from 0 to 5. Multinomial logistic regression models were
performed to explore the relationship between IGE and numbers of TODs (0, 1, or ≥ 2). We adjusted for
traditional cardiovascular risk factors at Y25, including age, gender, race, smoking, drinking, BMI,
educational attainment, SBP, LDL-c, HDL-c, Y25 blood glucose, aspirin, medication for lower cholest, HTN
and DM. We also compared the effects of IGE on numbers of TOD strati�ed by presence of DM.

All statistical analyses were performed using SPSS version 18.0. A 2-tailed P < 0.05 was considered as
statistically signi�cant.

Result
Baseline characteristics of 2,859 eligible participants in CARDIA study were summarized in Table 1.
Overall, the mean age at Y25 was 50.0 ± 3.6 years; 43.4% of the participants were male (n = 1,240) and
44.6% were black (n = 44.6). The average intensity of glycemic exposure was 2237.5 ± 324.7 mg/dl × Yrs
over 25 years in total eligible population (ranged 1717.0 to 5713.0 mg/dl × Yrs). Participants with higher
IGE were more frequently male, had higher BMI, SBP, DBP, fasting glucose at Y0 and Y25 (all P < 0.001).
Among them, only very few participants (n = 10, 0.3%) had diabetes at Y0 and 373 participants (13.0%)
developed diabetes up to Y25. Supplemental table 2 described the baseline characteristics of participants
who had diabetes and remained free from diabetes at Y25. Participants who developed diabetes were
more likely black, had higher IGE, BMI, SBP and DBP.
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Table 1
Baseline Characteristics for 2,859 CARDIA participants

Characteristic Total Intensity of Glycemic exposure

Group 1 Group 2 Group 3 P
value

IGE (mg/dl × Yrs) 2237.5 ± 
324.7

2016.4 ± 
72.2

2183.2 ± 
42.1

2514.0 ± 
426.5

< 
0.001

Age, years 50.0 ± 3.6 49.4 ± 3.7 50.0 ± 3.6 50.6 ± 3.4 < 
0.001

Male 1240 (43.4) 213 (22.4) 442 (46.2) 585 (61.6) < 
0.001

Black 1275 (44.6) 436 (45.8) 382 (40.0) 457 (48.1) 0.001

BMI, kg/m2 29.9 ± 6.8 27.7 ± 6.2 29.8 ± 6.5 32.2 ± 6.8 < 
0.001

SBP, mmHg 118.2 ± 15.3 115.3 ± 15.3 118.1 ± 14.7 121.3 ± 15.2 < 
0.001

DBP, mmHg 73.6 ± 10.8 71.6 ± 11.1 73.7 ± 10.5 75.4 ± 10.4 < 
0.001

FG at Y0, mg/dl 81.9 ± 10.4 76.6 ± 6.0 81.8 ± 7.4 87.2 ± 13.2 < 
0.001

FG at Y25, mg/dl 98.6 ± 27.0 86.5 ± 6.6 94.0 ± 7.6 115.3 ± 40.5 < 
0.001

DM at Y0 10 (0.3%) 0 3 (0.3) 7 (0.7) 0.011

DM at Y25 373 (13.0%) 20 (2.1) 57 (6.0) 296 (31.2) < 
0.001

Smoking 1541 (53.9) 491 (51.5) 512 (53.6) 538 (56.6) 0.079

Drinking 2253 (78.8) 750 (78.7) 772 (80.8) 731 (76.9) 0.126

Educational attainment 14.8 ± 1.8 14.9 ± 1.8 14.9 ± 1.8 14.5 ± 1.9 < 
0.001

LDL-c, mg/dl 111.8 ± 32.6 109.4 ± 30.5 113.9 ± 31.8 112.0 ± 35.3 0.011

Data are presented as mean ± SD, number (percentage) or median (interquartile range), as
appropriate.

Sample characteristics were drawn from examination 8 at Y25 unless otherwise indicated.

IGE, intensity of glycemic exposure; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic
blood pressure; FG, fasting glucose; DM, diabetes mellitus; HDL-C, high-density lipoprotein cholesterol;
LDL-C, low-density lipoprotein cholesterol; CAC, coronary artery calcium; LVM, left ventricular mass;
RWT, relative wall thickness; LVEF, left ventricular ejection fraction; GLS, global longitudinal peak
strain; UACR, urine albumin to creatinine ratio.Loading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js
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Characteristic Total Intensity of Glycemic exposure

Group 1 Group 2 Group 3 P
value

HDL-c, mg/dl 58.5 ± 18.0 65.2 ± 18.4 57.8 ± 17.4 52.6 ± 15.7 < 
0.001

DM medication 201 (7.0) 7 (0.7) 16 (1.7) 178 (18.7) < 
0.001

HTN medication 761 (26.6) 164 (17.2) 236 (24.7) 361 (38.0) < 
0.001

Lipid medication 437(15.3) 79 (8.3) 117 (12.2) 241 (25.4) < 
0.001

Aspirin use 480 (16.8) 97 (10.2) 146 (15.3) 237 (24.9) < 
0.001

Echocardiographic parameters

LVM (n = 2553) 167.3 ± 51.9 148.5 ± 44.4 168.8 ± 48.5 186.8 ± 55.5 < 
0.001

RWT (n = 2549) 0.4 ± 0.1 0.3 ± 0.1 0.4 ± 0.1 0.4 ± 0.1 0.005

LVEF (n = 2553) 69.8 ± 8.0 69.9 ± 7.4 69.9 ± 7.8 69.6 ± 8.8 0.773

GLS (n = 2497) -15.1 ± 2.4 -15.2 ± 2.3 -15.2 ± 2.3 -14.5 ± 2.5 < 
0.001

E/A (n = 2810) 1.3 ± 0.4 1.4 ± 0.4 1.3 ± 0.3 1.2 ± 0.4 < 
0.001

E/e’ (n = 2785) 9.0 ± 2.7 8.8 ± 2.6 8.8 ± 2.7 9.3 ± 2.9 < 
0.001

CAC score, AU (n = 
2616)

0.0 (0.0, 3.9) 0.0 (0.0, 0.0) 0.0 (0.0, 1.9) 0.0 (0.0, 29.0) < 
0.001

UACR, mg/g (n = 2794) 4.7 (3.3, 8.1) 4.7 (3.3, 7.5) 4.4 (3.1, 7.1) 5.1 (3.4, 10.2) < 
0.001

Data are presented as mean ± SD, number (percentage) or median (interquartile range), as
appropriate.

Sample characteristics were drawn from examination 8 at Y25 unless otherwise indicated.

IGE, intensity of glycemic exposure; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic
blood pressure; FG, fasting glucose; DM, diabetes mellitus; HDL-C, high-density lipoprotein cholesterol;
LDL-C, low-density lipoprotein cholesterol; CAC, coronary artery calcium; LVM, left ventricular mass;
RWT, relative wall thickness; LVEF, left ventricular ejection fraction; GLS, global longitudinal peak
strain; UACR, urine albumin to creatinine ratio.

IGE and Target Organ Function
Loading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js
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As shown in Fig. 1, higher deciles of IGE produced higher LVM, GLS, E/e’ ratio, CAC score, UACR and lower
E/A ratio. Table 2 represented the associations between IGE over 25 years with target organs function
parameters in linear regression models. In model 1, a 1-SD-increment higher IGE was signi�cantly
associated with higher LVM, E/e’ ratio, CAC score, log UACR and lower E/A (all P < 0.001). Further
adjustments for smoking, drinking, BMI and educational attainment in model 2 did not alter the results.
The association between E/A ratio with IGE dissipated after further adjustments in model 3 while other
associations remained signi�cant. A 1-SD increment of IGE were still positively associated with LVM (β
[SE], 5.468 [1.175]), GLS (β [SE], 0.161 [0.071]), E/e’ ratio (β[SE], 0.192 [0.071]), CAC score (β [SE], 27.948
[6.116]) and log UACR (β [SE], 0.076 [0.010]) after full adjustment in model 4. Sensitive analysis with
additional adjustment for average blood glucose in model 5 and number of measurements of FG in
model 6 demonstrated consistent results (Supplemental table3).
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Table 2
Linear Regression Models to Examine the Associations between Intensity of Glycemic Exposure During

Young Adulthood with Target Organ Function in Midlife
Variables Per 1 SD increment of IGE (standardized value)

Model 1 Model 2 Model 3 Model 4

β (SE) β (SE) β (SE) β (SE)

Cardiac Structure and Function

Structure

LVM (n = 2553) 8.359 (0.890) *** 4.139 (0.829) *** 5.293 (1.085) *** 5.468 (1.175) ***

RWT (n = 2549) 0.002 (0.001) 0.000 (0.001) -0.001 (0.002) -0.002 (0.002)

Systolic Function

LVEF (n = 2553) -0.071 (0.157) -0.075 (0.161) -0.100 (0.215) -0.024 (0.233)

GLS (n = 2497) 0.398 (0.049) *** 0.318 (0.050) *** 0.214 (0.067) ** 0.161 (0.071) *

Diastolic Function

E/A (n = 2810) -0.048 (0.007) *** -0.030 (0.007) *** -0.017 (0.009) -0.007(0.010)

E/e’ (n = 2785) 0.367 (0.051) *** 0.260 (0.051) *** 0.207 (0.066) ** 0.192 (0.071) **

Subclinical Atherosclerosis

CAC score (n = 
2616)

35.315 (4.303)
***

34.917 (4.393)
***

30.161 (5.707)
***

27.948 (6.116)
***

Renal Function

Log UACR (n = 
2794)

0.115 (0.007) *** 0.111 (0.007) *** 0.085 (0.010) *** 0.076 (0.010) ***

IGE, intensity of glycemic exposure.

All models were adjusted for covariates measured at Y25.

Model 1 was adjusted for age, gender, race; Model 2 was additionally adjusted for smoking, drinking,
BMI, educational attainment; Model 3 was additionally adjusted for SBP, LDL-c, HDL-c, Y25 blood
glucose; Model 4 was additionally adjusted for aspirin, medication for lower cholest, HTN and DM.

***, p < 0.001; **, p < 0.01; *, p < 0.05.

Supplemental table 4 presented multivariable logistic regression models to further investigate the
impacts of IGE on subclinical target organs dysfunction. For cardiac structural and functional outcomes,
per 1-SD increment of IGE was signi�cantly associated with higher prevalence of LVH (OR [95% CI], 1.25
[1.09, 1.43]) and abnormal GLS (OR [95% CI], 1.22 [1.02, 1.45]) in fully adjusted model. In the contrast, IGELoading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js
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was not related to clinical diastolic dysfunction, including abnormal �lling patterns and increased �lling
pressure after full adjustments. Besides, per 1-SD increment of IGE showed correlations with higher
prevalence of subclinical atherosclerosis (OR [95% CI], 1.24 [1.08, 1.43]) and albuminuria (OR [95% CI],
1.40 [1.20, 1.63]).

IGE and Number of TOD
Prevalence of TOD (0, 1, or ≥ 2 organ damaged) in overall population and subgroups strati�ed by
incident diabetes were shown in Fig. 2. Compared with non-diabetes population, those with DM at Y25
had higher prevalence of 2 or more damaged organs, indicating a greater vulnerability to target organ
damages in diabetes population. Figure 2 presented the odds ratio of having 1 or ≥ 2 organ damaged by
long-term IGE in multivariable multinomial logistic regression models. A 1-SD increment of IGE was
independently associated with having ≥ 2 organs involved in overall population (OR [95% CI], 1.48 [1.23,
1.41]; P < 0.001; Fig. 2), suggesting the higher the levels of IGE, the more advanced the target organs
involvement. It should be noted that the association with were statistically signi�cant in both DM and
non-DM subgroups.

Discussion
In this prospective cohort of young adults followed up over 25 years, we demonstrated greater IGE during
young adulthood was associated with unfavorable impairment of multiple target organs, including
subclinical cardiac structural and functional impairment, subclinical atherosclerosis and albuminuria
independent of fasting glucose at Y25. The long-term IGE was associated with prevalence of TOD and
the higher IGE tended to involve more target organs, which remained consistent even among those free
from diabetes at Y25.

Previous researches have established that diabetes is responsible for multiple target organs injury [18].
Diabetic cardiomyopathy is characterized by myocardial hypertrophy and myocardial remodeling,
manifested as diastolic dysfunction in the earlier and systolic dysfunction during disease progression
[19]. Besides, individuals with diabetes are also at increased risk of atherosclerosis and diabetic
nephropathy in later life [3, 20]. Overall, these prior studies suggested that diabetes is a strong predictor of
adverse clinical events in later life. However, previous studies always investigated the detrimental impacts
of hyperglycemia based on measurement of blood glucose at a single time point and whether lifespan
exposure to hyperglycemia derived subclinical adverse effects earlier is still unknown. To the best of our
knowledge, our study was the �rst to comprehensively focus on the chronic impacts of long-term
intensity of glycemic exposure during young adulthood on multiple target organs in midlife, accounting
for the magnitude and duration of glycemic exposure simultaneously. Our �ndings extended the prior
studies by showing that higher IGE over 2nd, 3rd and 4th decade of life was associated with earlier target
organs dysfunction at 5th decade. Besides, our results also suggested that the numbers of target organs
involvement depended on the cumulative effects of IGE, even in a non-diabetic subset of participants who
were younger with less clinical comorbidities.
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The underlying pathophysiologic pathways that links higher long-term IGE with target organs impairment
may share common pathogenic mechanisms. Study have shown that hyperglycemia induces and
accelerates the deposition and accumulation of glycosylation products within myocardium and arterial
wall, leading to cardiac and vascular injury [19, 21, 22]. Besides, endothelial dysfunction is also a main
pathogenic factor contributing to diabetic vascular impairment, e.g., initiating the pathogenesis of
atherosclerosis [23]. Furthermore, hyperglycemia and insulin resistance also promote myocardial
collagen deposition and myocyte hypertrophy, causing myocardial remodeling [16]. Some other
mechanisms may also involve in the pathogenesis, including oxidative stress, altered substrate
metabolism, mitochondrial dysfunction, in�ammation activation and so on [19, 24, 25].

For cardiac functional measurements, it has been demonstrated that global longitudinal strain is a
sensitive marker of systolic dysfunction than ejection fraction and provide additional prognostic value on
adverse outcomes [12, 26]. Meanwhile, previous studies indicated that E/e’ ratio was more predictive for
primary cardiac events than E/A ratio [27]. In our study, we noted associations between long-term IGE
with worse global longitudinal strain but not ejection fraction. We also found that IGE over young
adulthood was associated with worse E/e’ ratio rather than E/A. Therefore, GLS and E/e’ ratio seemed to
be powerful in showing the adverse effects of IGE that classical echocardiographic indicators failed to
identify, which may be explained by a young age of CARDIA population with lower prevalence of clinical
organ dysfunction at advanced stage. Similar, IGE was also associated with CAC and albuminuria, the
well-known and powerful precursors of adverse outcomes [5, 28]. In fact, identi�cation of the
predisposing factors for subclinical organ dysfunction provide the insight towards long-term risk of organ
dysfunction. From a disease-prevention perspective, given the independent prognostic signi�cance of
TOD, it would make sense to establish screening strategies on IGE and implement intensive blood
glucose management during young adulthood, avoiding irreversible organs damage [4–6].

An unexpected �nding was that long-term IGE showed subclinical adverse effects on target organs in
both diabetes and non-diabetes subgroups, which highlights the need to investigate the cumulative
effects of glycemic exposure in participants below the diagnostic criteria of diabetes. Indeed, even in
examination at Y25, only a minority of participants (13.0%) were diagnosed as diabetes and the FG level
in non-diabetes population was on average below the current threshold of prediabetes (92.8 ± 9.1 mg/dl,
Supplemental table 2), suggesting exposure to subclinical hyperglycemia over young adulthood could
precipitate organ dysfunction. Prospective study may be warrant to determine the optimal cut-off points
for evaluation of the subclinical impacts of cumulative glycemic exposure. On the other hand, given the
subclinical hyperglycemia is a modi�able factor, the optimal glycemic control target remains
controversial despite several randomized controlled trials (RCTs) published [29–32]. UKPDS trial
demonstrated a great microvascular bene�t from intensive glucose control therapy, which was con�rmed
in subsequent ADVANCE and ACCORD trial. However, whether intensive glucose control therapy reduce
risk of macrovascular events is still disputed. Indeed, the participants in these RCTs were characterized by
old age, long duration of diabetes and poor glycemic control. Irreversible subclinical organ impairment in
these participants may weaken the effects of intensive glucose control therapy and lead to unclear
macrovascular bene�t. Thus, further research is need to clarify whether intensive glucose control inLoading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js
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young patients with subclinical hyperglycemia can prevent or delay the early organ dysfunction,
ultimately improving prognosis. Nevertheless, the accompanying risk of adverse reaction, especially
hypoglycemic episodes, should be carefully assessed.

Our study results are strengthened by a population-based cohort with large sample size; regular screening
fasting glucose using standardized protocols over 25 years, facilitating assessment of cumulative
intensity of glycemic exposure; a cohort of young adults with less comorbidities, almost non-diabetic
population, was optimal for exploring the subclinical effects of IGE on target organs and providing
evidences on prevention of diabetes-induced end-organ damage. However, several limitations in our study
needs to be considered. First, cardiac function and CAC were measured in detail until examination in Y25,
hindering further assessment of the long-term changes of target organs function from young adulthood
to midlife. Hence, we can only assume that the measurements in Y25 could re�ect the declines of organs
function. Second, only approximately a half of participants in CARDIA performed echocardiographic
measurements and CAC assessment in Y25, thus our analysis may be subjected to selection bias. To
address this issue, we further compared the baseline characteristics between the analyzed sample with
the excluded sample (Supplemental table 1). The participants who were excluded in our study were more
frequently male, black, smoker, have lower educational attainment, higher FG and SBP levels. In fact, the
participants included in our analysis may have a lower risk of target organs impairment than those
excluded, which likely bias towards the null and may underestimate the deleterious effects of IGE. Third,
owing to the calculation method of IGE, each individual had unequal number of measurements of FG and
those who were less measured may have inaccurate evaluation of glycemic exposure. Indeed, more than
80% of individuals completed all 6 measurements of FG and we observed consistent associations when
additionally adjusted for number of measurements (Supplemental table 3). Fourth, given the nature of
observational study, our �ndings may be susceptible to reverse causation and residual confounding. Last
but not least, CARDIA is a biracial cohort including white and black individuals so that our �ndings
required external validation in other ethnic population, e.g., Asian.

Conclusions
In conclusion, our study �nds associations between long-term intensity of glycemic exposure during
young adulthood with subclinical impairment of cardiac structure and function, CAC and albuminuria at
midlife. Higher IGE is also associated with increased numbers of target organs involvement, even in non-
diabetic populations. Our �ndings emphasize the importance of screening and management of
subclinical hyperglycemia in youth, thus preventing or delaying the early organs dysfunction and
ultimately improving the prognosis.
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Figures

Figure 1

Early Adulthood Intensity of Glycemic Exposure and Middle-Age Target Organ Function The trajectory
slopes showed indices of target organs function with increasing decile of intensity of glycemic exposure
(IGE). (A) Cardiac structure; (B) Left ventricular (LV) systolic function; (C) LV diastolic function; (D)
Coronary artery calcium (CAC) and albuminuria. Higher deciles of IGE produced higher level of left
ventricular mass (LVM) (A), global longitudinal strain (GLS), CAC and urine albumin to creatinine ratio
(UACR)
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Figure 2

Multinomial Logistic Regression Models to Examine the Odds Ratio of Having 0, 1or ≥2 Target Organ
Damages by Intensity of Glycemic Exposure
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