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ABSTRACT
OBJECTIVES This study sought to investigate how cumulative exposure to glycemic abnormalities and trajectories of
insulin resistance (IR) relate to left ventricular (LV) remodeling and function during young to middle adulthood.
BACKGROUND Cumulative exposure to glycemic abnormalities and trajectories of IR may adversely inﬂuence LV
remodeling and function over a 25-year period in subjects who were young adults, predisposing individuals to heart
failure later in life.
METHODS In the CARDIA (Coronary Artery Risk Development in Young Adults) Year 25 examination, 3,179 participants
were identiﬁed with information on glucose metabolism; these participants were stratiﬁed into 4 subgroups: group 1
normal glucose tolerance (NGT), group 2 impaired glucose tolerance (IGT) or impaired fasting glucose, group 3 late
diabetes mellitus (DM) (DM diagnosed at year 15 or later), and group 4 early DM (DM diagnosed at year 0 to year 15).
Among the subgroup without DM, 3 trajectory groups of change in the homeostasis model assessment of IR were
identiﬁed: low IR, moderate IR, and high IR. LV mass, relative wall thickness, LV ejection fraction (LVEF), longitudinal
systolic strain (Ell), and early diastolic strain rate (Ell_SRe) at year 25 were assessed by echocardiography. Clinically
relevant systolic and diastolic dysfunction were deﬁned as LVEF <50% for systolic dysfunction, and E/e0 $13 for diastolic
dysfunction.
RESULTS The early DM group had less favorable LV mass (coefﬁcient ¼ 11.04; p < 0.001), LVEF (coefﬁcient ¼ 2.72;
p < 0.05), Ell (coefﬁcient ¼ 1.53; p < 0.001), and Ell_SRe (coefﬁcient ¼ 0.09; p < 0.05) than did the NGT group.
Being in the early DM group and having high hemoglobin A1c were independently associated with greater odds of having
systolic dysfunction (odds ratio ¼ 5.44; p < 0.005) compared with the NGT group. High IR was associated with worse
relative wall thickness (coefﬁcient ¼ 0.019; p < 0.0001) and worse Ell, E0 , and Ell_SRe, depending on obesity level.
CONCLUSIONS Cumulative exposure to DM or higher IR beginning in early adulthood adversely impacts LV remodeling
and function at middle age. (J Am Coll Cardiol Img 2017;10:105–14) © 2017 by the American College of Cardiology
Foundation.
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C

ABBREVIATIONS
AND ACRONYMS
2D = 2-dimensional

ardiovascular disease (CVD) and left

patterns are related to LV remodeling and dysfunc-

ventricular (LV) structure and func-

tion independent of obesity.

tion are related to chronic risk

exposure (1,2). LV remodeling (high LV

BMI = body mass index

mass or high LV wall thickness) has been

CVD = cardiovascular disease

associated with CVD and LV dysfunction

DM = diabetes mellitus

(3,4). We recently reported that obesity was

Ecc = circumferential peak

associated with adverse LV remodeling and

strain

impaired LV systolic and diastolic function

Ecc_SRe = circumferential
peak early diastolic strain rate

Ell = 4-chamber longitudinal
peak strain

(5,6). In cross-sectional analyses and shortterm longitudinal analyses involving older
adults, the state of glycemic dysregulation
(diabetes mellitus [DM], impaired fasting

Ell_SRe = 4-chamber

METHODS
PARTICIPANTS. The CARDIA (Coronary Artery Risk

Development in Young Adults) study is a multicenter
prospective investigation that enrolled 5,115 AfricanAmerican and white men and women 18 to 30 years
of age from 4 U.S. ﬁeld centers in 1985 to 1986 (year 0)
and followed them prospectively in 7 subsequent
examinations (10). The institutional review board at
each of the study sites approved the study protocols,
and written informed consent was obtained from all

longitudinal peak early

glucose [IFG], impaired glucose tolerance

diastolic strain rate

[IGT]) and insulin resistance (IR), assessed

HbA1c = hemoglobin A1c

as the relationship of insulin secretion to

Glycemic abnormalities and IR cohorts. Participants were

HF = heart failure

measured glucose, affect LV structure and

re-examined across 6 examinations, including base-

participants. We used 2 cohorts, as follows.

HOMA = homeostasis model

function (5,7). Dysglycemia and IR can both

line (year 0) and years 7, 10, 15, 20, and 25. Of the 5,115

assessment

occur in lean or obese individuals. There is

who attended the year 0 examination, 1,617 were

IFG = impaired fasting glucose

limited information on how long-term ex-

excluded for not attending the year 25 (2010 to 2011)

IGT = impaired glucose

posure to glycemic abnormality and IR

examination.

tolerance

contribute to LV structure and LV function

following reasons: 24 who did not have an echocar-

Further

exclusions

were

for

the

IR = insulin resistance

in middle adulthood independent of obesity.

diogram, 192 women who were pregnant at the year

speckle-tracking

0 to 25 examination, and 103 for whom covariate data

LVEF = left ventricular ejection

echocardiography (STE)–derived cardiac tis-

were missing, which left 3,179 to be categorized into 4

fraction

sue deformation parameters might be more

glucose status groups (normal glucose tolerance

LVEDV = left ventricular

sensitive and could be early indicators of

[NGT], IFG or IGT, DM for >10 years, DM for <10 years).

cardiac dysfunction compared with tradi-

After the exclusion of those with DM and those missing

tional echocardiographic assessment (8). DM

4 or more homeostasis model assessment of IR (HOMA-

and high IR are both independent predictors

IR) measurements, an IR trajectory cohort comprising

of heart failure (HF) (9). Long duration of

the remaining 2,707 participants was used for analysis

exposure to DM and high IR among young

of the separate impact of IR on cardiac function.

LV = left ventricular

Two-dimensional

end-diastolic volume

LVMI = left ventricular mass
index

NGT = normal glucose
tolerance

STE = speckle-tracking

(2D)

COVARIATES. Standardized

protocols

were

used

echocardiography

adults might both convey greater lifetime

WHR = waist-to-hip ratio

risks for developing HF. The duration of

to measure height, weight, body mass index (BMI),

glycemic abnormality and IR in relation to early

heart rate, blood pressure, lipids, glucose, smoking,

markers of myocardial dysfunction, however, have

educational level, physical activity, and waist-to-hip

not been studied during the transition from young

ratio (WHR) (10). Glucose was assayed at baseline

adulthood to middle age.

with the hexokinase UV method by American Bio-

SEE PAGE 115

Science Laboratories (Van Nuys, California) and by
hexokinase coupled to glucose-6-phosphate dehy-

We hypothesized that both a long duration of

drogenase (Merck Millipore, Billerica, Massachusetts)

exposure to glycemic abnormalities (presence of DM

at years 7, 10, 15, 20, and 25. The presence of DM was

or IFG/IGT) and trajectory patterns of greater IR over

assessed at each examination based on a combination

25 years would be associated with adverse LV

of medication use for DM (every examination), fasting

remodeling and worse LV function. We investigated

plasma glucose $126 mg/dl (years 0, 7, 10, 15, 20, and

whether the association of glucose control among

25), 2-h glucose $200 mg/dl (years 10, 20, and 25) by

diabetic people is associated with LV remodeling and

oral glucose tolerance test, or hemoglobin A1c

dysfunction at midlife and whether IR trajectory

(HbA 1c) $6.5% (years 20 and 25). IGT was deﬁned as

conduct of the study that were paid to Northwestern University. Dr. Lewis has received grants from the National Institutes of
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Manuscript received December 22, 2015; revised manuscript received February 17, 2016, accepted February 25, 2016.

Kishi et al.

JACC: CARDIOVASCULAR IMAGING, VOL. 10, NO. 2, 2017
FEBRUARY 2017:105–14

Insulin Resistance, DM, and LV Structure and Function

fasting plasma glucose <126 mg/dl and 140 mg/dl

segmental peak strains. Global strain rate values were

#2-h

test)

also calculated from the average of segmental peak

<200 mg/dl. IFG was deﬁned as 100 mg/dl # fasting

values for each phase (in s –1 ). The STE image set in

plasma glucose <126 mg/dl. Incident cases of DM,

each view was excluded if more than 3 segments were

IFG, and IGT were computed if the criteria for DM/

improperly tracked. STE indexes of systolic cardiac

dysglycemia were ever met over the period from year

deformation included 4-chamber longitudinal peak

0 to year 25 (11). Insulin measurements were deter-

strain (Ell) and circumferential peak strain (Ecc). The

mined by radioimmunoassay (Linco Research, St.

diastolic STE indexes were peak early diastolic strain

Charles, Missouri) at baseline and at years 7, 10, 15,

rate in the 4-chamber longitudinal (Ell_SRe) and

glucose

(by

oral

glucose

tolerance

and 20, as well as by an Elecsys sandwich immuno-

circumferential (Ecc_SRe) views.

assay (Roche Diagnostics, Rotkreuz, Switzerland) at

STATISTICAL ANALYSIS. Descriptive statistics are

year 25. HbA1c was classiﬁed into 2 groups: high and

displayed as mean  SD for continuous variables and

low HbA1c among DM groups, stratiﬁed by high (HbA1c

group proportions for categorical variables. Glycemic

>7.0%) and low (HbA1c #7.0%), based on the average

abnormalities were categorized into 4 groups over 6

HbA1c of year 20 and year 25 examinations. As a sur-

examinations (year 0 to year 25 examination): group 1

rogate index of IR, HOMA-IR was calculated (12).

NGT: no DM and no IGT/IFG; group 2 IGT/IFG: IGT/IFG

DOPPLER ECHOCARDIOGRAPHIC ASSESSMENT. Doppler

but no DM at any point; group 3 late DM: DM diag-

echocardiography and 2D-guided M-mode echocardi-

nosed at year 15 or later; and group 4 early DM: DM

ography were performed with an Artida cardiac ultra-

diagnosed by year 15. Multivariable linear regression

sound scanner (Toshiba Medical Systems, Otawara,

models investigated the association of glycemic ab-

Japan) by trained sonographers using standardized

normality with LV structure and function at year 25.

protocols across all ﬁeld centers (13). Experienced

Multivariable models were adjusted for demographics

sonographers made measurements from digitized im-

and CVD risk factors: model adjusted for age, sex,

ages using a standard software off-line image analysis

race, physical activity, educational level, alcohol

system (Digisonics, Houston, Texas). LV end-diastolic

intake, systolic blood pressure, antihypertension

volume (LVEDV), LV end-systolic volume, and LV

medications, smoking status, and heart rate at year 25.

ejection fraction (LVEF) were measured from the api-

An analysis of variance was used to compare LV

cal 4-chamber view based on the American Society of

structure and function across DM groups, stratiﬁed as

Echocardiography recommendations (14). LV mass

high (HbA 1c >7.0%) and low (HbA1c #7.0%), based on

was derived from the Devereux formula and indexed to

the average HbA 1c of year 20 and year 25, with

body surface area (left ventricular mass index [LVMI])

adjustment for age, sex, race, and BMI at year 25 ex-

(14). Relative wall thickness was calculated as the ratio

amination. As an alternative approach, clinically

(LV posterior wall thickness at end diastole  2)/LV

relevant systolic and diastolic dysfunction at year 25

internal dimension at end diastole (14). Peak velocities

were deﬁned as LVEF <50% for systolic dysfunction

from the early phase of the mitral inﬂow (E) were

and E/e 0 $13 for diastolic dysfunction (15). Strain

measured from pulsed Doppler echocardiography re-

above the 90th percentile was chosen as abnormal.

cordings of transmitral ﬂow. Using tissue Doppler im-

The cutpoint was 12.0 for Ell and 0.51 for Ell_SRe. We

aging, early peak diastolic mitral annular velocity (e0 )

explored the relationship between glycemic abnor-

was measured at the septal and lateral mitral annulus

mality groups over 25 years and clinically relevant

(15). The e 0 was calculated from the average of the

systolic dysfunction at year 25 using multivariate

septal and lateral mitral annulus. E/e 0 ratio was calcu-

logistic regression analysis, reporting odds ratio (ORs)

lated as an index of LV ﬁlling pressures (15).

and 95% conﬁdence interval (CI). In multivariate

2D STE ANALYSIS. STE images for myocardial strain

logistic regression models, glycemic abnormality

and strain rate measurements were analyzed on a

groups were adjusted for the same variables used in

16-segment basis for LV mid-wall layer with Wall

the multivariate linear regression analysis models, as

Motion 2D Tracking software (Toshiba Medical Sys-

described previously, but with the addition of WHR.

tems) (6,13). Three cardiac cycles from each view

For the trajectory analysis, HOMA-IR was loga-

were recorded for off-line analyses. The average

rithmically transformed to approximate normality.

frame rate was 46.2 frames/s with a mean heart rate

Distinct HOMA-IR trajectories (measured at 6 follow-

of <70 beats/min (16). Longitudinal strain and strain

up examinations over 25 years) were identiﬁed over

rate curves were assessed from 4-chamber views.

25 years with the PROC TRAJ procedure (SAS version

Circumferential strain and strain rate were assessed

9.4 for Windows, SAS Institute Inc., Cary, North

from the short-axis view at the midventricular level.

Carolina). Trajectories derived via maximum likeli-

Global strain values were calculated as the average of

hood and Bayesian information criterion were used
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T A B L E 1 Participant Characteristics in Glycemic Abnormality at the CARDIA Year 25 Examinations (N ¼ 3,179)

n

NGT
(n ¼ 1,485)

n

IGT/IFG
(n ¼ 1,241)

n

Late DM
(n ¼ 368)

n

Early DM
(n ¼ 85)

Age, yrs

1,485

49.8  3.7

1,241

50.5  3.5

368

50.6  3.7

85

51.2  3.1

<0.0001

Female

1,485

961 (64.7)

1,241

503 (40.5)

368

198 (53.8)

85

48 (56.5)

<0.0001

p for Trend

White

1,485

832 (56.0)

1,241

707 (57.0)

368

115 (31.3)

85

38 (44.7)

<0.0001

Weight, kg

1,485

81.3  19.8

1,241

90.3  20.2

368

103.7  25.6

85

94.3  21.1

<0.0001

BMI, kg/m2

1,485

28.5  6.6

1,241

30.4  6.6

368

35.8  8.4

85

32.5  6.3

<0.0001

BMI $30 kg/m2 (obesity)

1,485

485 (32.7)

1,241

572 (46.1)

368

278 (75.5)

85

51 (60.0)

<0.0001

Waist circumference, cm

1,485

89.1  14.2

1,241

97.0  14.4

368

107.9  16.2

85

102.1  16.9

<0.0001

Hip circumference, cm

1,485

108.3  13.5

1,241

110.6  13.1

368

119.1  17.3

85

114.7  13.7

<0.0001

Waist-to-hip ratio

1,485

0.82  0.08

1,241

0.88  0.08

368

0.91  0.09

85

0.89  0.09

<0.0001

Heart rate, beats/30 s

1,485

32.5.  4.9

1,241

33.5  5.6

368

35.5  5.6

85

35.2  6.2

<0.0001

Systolic blood pressure, mm Hg

1,485

115.8  14.6

1,241

120.5  14.8

368

124.5  17.4

85

121.3  16.9

<0.0001

Diastolic blood pressure, mm Hg

1,485

72.1  10.7

1,241

75.2  10.5

368

78.1  10.6

84

73.8  10.5

<0.0001

Hypertension

1,485

352 (23.7)

1,241

438 (35.3)

368

267 (72.6)

84

53 (63.1)

<0.0001

Smoking status

0.03

Current smoker

222 (15.0)

227 (18.3)

79 (21.5)

11 (12.9)

Former smoker

328 (22.1)

268 (21.6)

81 (22.0)

20 (23.5)

Never smoker

935 (63.0)

746 (60.1)

208 (56.5)

54 (63.5)

Antihypertensive medication

1,485

250 (16.8)

1,241

326 (26.3)

368

233 (63.3)

85

48 (56.5)

<0.0001

Educational level #12 yrs

1,485

282 (19.0)

1,241

296 (23.9)

368

110 (29.9)

85

21 (24.7)

<0.0001

Physical activity, EU

1,485

351  276

1,241

352  283

368

278  248

85

298  284

Fasting glucose, mg/dl

1,421

88.2  6.3

1,197

98.7  9.0

356

139.9  55.2

81

140.7  75.3

<0.0001

0.0002

Fasting insulin, mU/ml

1,413

8.5  5.8

1,191

12.0  8.1

355

18.8  11.8

76

16.0  30.2

<0.0001

HbA1c, %

1,446

5.38  0.35

1,215

5.56  0.38

357

7.27  1.75

83

7.40  2.27

<0.0001

Total cholesterol, mg/dl

1,478

192.7  35.0

1,239

195.0  37.3

368

186.1  41.5

84

185.7  42.0

0.001

CRP, mg/dl

1,475

2.58  6.41

1,237

3.23  5.80

368

5.73  6.99

84

3.43  6.00

<0.0001

Log CRP, mg/dl

1,475

0.19  1.18

1,237

0.43  1.18

368

1.11  1.19

84

0.50  1.15

<0.0001

HOMA-IR

1,413

1.87  1.33

1,191

2.97  2.12

355

6.52  4.89

76

5.14  7.04

<0.0001

Log HOMA-IR

1,413

0.41  0.65

1,191

0.86  0.69

355

1.62  0.75

76

1.16  0.98

<0.0001

LVEF, %

1,406

61.6  6.7

1,149

61.3  7.2

314

60.5  8.6

73

58.3  9.8

0.004

LVMI, g/m2

1,378

80.9  20.1

1,086

85.6  21.1

309

87.5  22.8

74

94.5  28.7

<0.0001

RWT

1,379

0.34  0.07

1,082

0.35  0.07

308

0.37  0.08

74

0.36  0.08

<0.0001

LVM/LVEDV ratio

1,314

1.51  0.46

1,024

1.58  0.50

276

1.70  0.56

65

1.73  0.55

<0.0001

e0 , cm/s

1,460

10.9  2.3

1,217

10.4  2.2

356

9.4  2.1

82

9.6  2.7

<0.0001

E/e0 ratio

1,451

7.63  2.17

1,211

7.70  2.23

351

8.99  2.66

79

8.79  2.99

<0.0001

Ell, %

1,319

15.5  2.4

1,093

14.9  2.3

291

14.1  2.5

68

13.5  2.9

<0.0001

Ecc, %

1,362

15.5  2.7

1,096

15.3  2.8

297

14.8  3.2

71

14.2  3.3

<0.0001

Ell_SRe, s1

1,316

0.86  0.25

1,089

0.79  0.24

287

0.75  0.26

67

0.73  0.26

<0.0001

Ecc_SRe, s1

1,359

0.81  0.32

1,095

0.80  0.32

297

0.75  0.35

71

0.72  0.29

0.006

Values are mean  SD or n (%). Comparisons across categorical glycemic abnormality groups were by Student t test from an analysis of variance for continuous variables and by Wald chi-square test for
categorical variables. Normal indicates no DM and no IGT/IFG; IGT/IFG indicates IGT/IFG at some point; late DM indicates DM year 15 or later; and early DM indicates DM year 0 or year 10.
BSA ¼ body surface area; BMI ¼ body mass index; CARDIA ¼ Coronary Artery Risk Development in Young Adults; CRP ¼ C-reactive protein; DM ¼ diabetes mellitus; e0 ¼ peak early diastolic mitral annular
velocity; Ecc ¼ circumferential peak systolic strain; Ecc_SRe ¼ circumferential peak early diastolic strain rate; E/e0 ¼ ratio of early peak diastolic mitral velocity/peak early diastolic mitral annular velocity;
Ell ¼ longitudinal peak systolic strain; Ell_SRe ¼ longitudinal peak early diastolic strain rate; EU ¼ exercise unit; HbA1c ¼ hemoglobin A1c; HOMA-IR ¼ homeostasis model assessment of insulin resistance;
IFG ¼ impaired fasting glucose; IGT ¼ impaired glucose tolerance; LV ¼ left ventricular; LVEDV ¼ left ventricular end-diastolic volume; LVEF ¼ left ventricular ejection fraction; LVM ¼ left ventricular
mass; LVMI ¼ left ventricular mass index; NGT ¼ normal glucose tolerance; RWT ¼ relative wall thickness.

to determine the number of trajectory groups up to a

across HOMA-IR trajectory groups: model adjusted

maximum of 3 groups. Individuals were classiﬁed

for sex, race, age (years), physical activity (exercise

into the following 3 trajectory groups: low IR, those

unit),

with persistently low log(HOMA-IR) (n ¼ 915); mod-

(ml/day), systolic blood pressure (mm Hg), anti-

erate IR, those with moderate log(HOMA-IR) with or

hypertension medications (yes/no), smoking status

without some increase over 25 years (n ¼ 1,226); and

(current vs. never or former), heart rate, BMI

high IR, those with persistently high log(HOMA-IR)

category (normal: BMI <25.0 kg/m 2; overweight:

with or without an increase (n ¼ 566). A multivari-

25 kg/m 2 #BMI <30 kg/m 2, obese: 30 kg/m 2 #BMI) at

able linear regression model was used to evaluate

year 25, and interaction between HOMA-IR trajectory

mean values of covariate-adjusted LV measures

groups and BMI category. A 2-sided p value of

educational

level

(years),

alcohol

intake
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<0.05 was considered for statistical signiﬁcance. All
statistical analyses were performed with SAS version

T A B L E 2 Relationships of Glycemic Abnormality Over 25 Years to LV Structural and

Functional Indexes

9.4 for Windows (SAS Institute Inc.).
IGT/IFG
Dependent Variables

RESULTS

Late DM

b Coefﬁcient (SE)

n

Early DM

b Coefﬁcient (SE)

n

b Coefﬁcient (SE)

Structural indexes

LONGITUDINAL RELATIONSHIPS BETWEEN GLYCEMIC
ABNORMALITY

n

AND

LV

STRUCTURE

AND

FUNCTION BETWEEN CARDIA YEAR 0 AND YEAR 25
EXAMINATIONS. We ﬁrst performed analyses on the

full cohort stratiﬁed by glycemic abnormality status.
Cohort characteristics and echocardiographic charac-

LVMI, g/m2

1,086

0.25 (0.89)

309

1.99 (1.56)

74

11.04 (2.76)*

RWT

1,082

0.003 (0.003)

308

0.008 (0.006)

74

0.006 (0.010)

LVM/LVEDV ratio

1,024

0.05 (0.02)†

276

0.12 (0.04)‡

65

0.21 (0.07)‡
2.72 (1.00)†

Systolic functional indexes
LVEF, %

1,149

0.36 (0.33)

314

0.79 (0.57)

73

Ell, %

1,093

0.23 (0.11)†

291

0.66 (0.18)*

68

1.53 (0.32)*

Ecc, %

1,096

0.06 (0.13)

297

0.38 (0.23)

71

1.12 (0.40)†
0.67 (0.30)†

Diastolic functional indexes

teristics are shown in Table 1 (Online Table 1). NGT

e0 , cm/s

1,217

0.03 (0.10)

356

0.63 (0.17)*

82

status was maintained by 1,485 participants (47%),

E/e0 ratio

1,211

0.07 (0.10)

351

0.64 (0.17)*

79

0.67 (0.30)†

and 453 participants (14%) developed DM; the

Ell_SRe, s1

1,089

0.03 (0.01)†

287

0.06 (0.02)‡

67

0.09 (0.03)†

remainder had borderline dysglycemia. Regarding

Ecc_SRe, s1

1,095

0.01 (0.01)

297

0.03 (0.03)

71

0.07 (0.05)

treatment for DM, of the 453 participants with DM at

Intergroup Differences Between Groups With
Abnormal Glycemic Control

the year 25 examination, 244 were undergoing treatment, and of those, 64 were taking insulin. At year 25,
the late-onset DM group (duration of DM #10 years)
was more often characterized by hypertension, current smoking, use of antihypertensive medications,
and low educational level. That group had greater
BMI, waist circumference, fasting insulin, C-reactive

p Value: IGT/IFG
vs. Late DM

p Value: IGT/IFG
vs. Early DM

p Value: Late DM
vs. Early DM

LVMI, g/m2

0.1489

<0.0001

0.0026

RWT

0.3391

0.7574

0.8333

LVM/LVEDV ratio

0.053

0.0206

0.2586

Structural indexes

Systolic functional indexes

protein, and HOMA-IR and worse LV diastolic indexes

LVEF, %

0.0418

0.0022

0.0778

such as e 0 and E/e 0 ratio compared with other groups.

Ell, %

0.0178

<0.0001

0.0147

Ecc, %

0.0535

0.0033

0.0883
0.90

The early-onset DM group (duration of DM >10 years)
had the highest LVMI and LV mass/LVEDV ratio
despite having lower blood pressure and BMI than did
the late-onset group. The latter group also had the
lowest LV function echocardiographic proﬁles.

Diastolic functional indexes
e0 , cm/s

0.0004

0.0347

<0.0001

0.0159

0.929

Ell_SRe, s1

0.112

0.0797

0.4292

Ecc_SRe, s1

0.0626

0.0564

0.4281

E/e0 ratio

LV structure. Because of these ﬁndings, comparisons
were made among the dysglycemic groups to determine whether dysglycemic status or duration of DM
altered the relationships to LV structure. The early

*p < 0.05, †p < 0.005, ‡p < 0.001 (including p < 0.0001) vs. NGT (n ranges from 1,314 to 1,460) as the
reference among 4 glycemic abnormality groups. Model: adjusted for age, sex, race, physical activity, educational
level, alcohol intake, systolic blood pressure, antihypertension medications, smoking status, and heart rate.
SE ¼ standard error; other abbreviations as in Table 1.

DM group compared with the NGT group had a higher
LVMI (coefﬁcient: 11.04 g/m 2; p < 0.001) and higher

Glucose control in relation to LV structure and function.

LV mass/LVEDV ratio (coefﬁcient: 0.21; p < 0.005)

Although those with early-onset DM had higher LVMI,

(Table 2); these relationships were stronger than in

for both the early and late DM groups, there was no

the late-onset DM group as well. The relationship

difference in LVMI between high HbA 1c and low HbA1c

persisted after adjustment for WHR (data not shown).

groups (Figure 1). Those in the early-onset DM group

LV systolic and diastolic function. For LV systolic func-

with high HbA 1c, however, had worse Ell (systolic

tion, the early DM group compared with the NGT group

function) and a less favorable E/e 0 ratio and Ell_SRe

had less favorable LVEF (coefﬁcient: 2.72%; p < 0.05),

(diastolic dysfunction) than those with early-onset

Ell (coefﬁcient: 1.53%; p < 0.001), and Ecc (coefﬁcient:

DM and with low HbA1c or those with late-onset DM

1.12%; p < 0.05) (Table 2). The magnitudes of the

and either high or low HbA 1c (Figure 1).

effects were greater for the early DM group than for the

LV REMODELING AND LV SYSTOLIC AND DIASTOLIC

late-onset DM group. Attenuated relationships per-

DYSFUNCTION. As a summary analysis, we calculated

sisted after adjustment for WHR (data not shown).

the prevalence of echocardiographic abnormalities by

For LV diastolic function, both late and early DM

glycemic status (Table 3). For LV hypertrophy, low

were independently associated with less favorable e 0 ,

LVEF, and adverse speckle tracking parameters

E/e 0 , and Ell_SRe after adjustment for cardiovascular

(above the 90th percentile for each), prevalence was

risk factors (Table 2). Attenuated relationships per-

higher in those with late- and early-onset DM,

sisted after adjustment for WHR (data not shown).

approximately 2 to 4 times that in the group without
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F I G U R E 1 LV Structure and Function Across DM Groups, Stratiﬁed by High (>7.0%) and Low (#7.0%) Average HbA 1c Over Y20 and Y25

Diabetes Group

Diabetes Group

-12.0

104

-12.5

100
98

-13.0
p = 0.31

96

EII (%)

LV Mass/BSA (g/m2)

102

94
92

-14.0

90
88

p = 0.88

p = 0.03

-13.5
p = 0.20

-14.5

86

-15.0

84

Late

Early

Late
High HBA1c

Diabetes Group
0.90

10.0

0.85

9.0

p = 0.89

p = 0.07

8.5
8.0

EII_SRe (sec-1)

10.5

9.5

Early

Low HBA1c

Diabetes Group

E/e' Ratio

110

0.80
0.75

p = 0.83
p = 0.004

0.70
0.65
0.60
0.55

7.5

Late

Late

Early

Early

Error bars represent standard error of the mean. Comparisons across hemoglobin A1c (HBA1c) group were made by an analysis of variance with
adjustment for year 25 age, sex, race, and body mass index. BSA ¼ body surface area; DM ¼ diabetes mellitus; E/e0 ¼ early peak diastolic mitral
inﬂow velocity/early peak diastolic mitral annular velocity; Ell ¼ longitudinal peak systolic strain; Ell_SRe ¼ longitudinal peak early diastolic
strain rate; LV ¼ left ventricular; Y20 ¼ year 20; Y25 ¼ year 25.

any glycemic abnormality for each of the echocar-

with data that allowed formation of the 3 HOMA-IR

diographic variables. Both early and late DM with

trajectories shown in Online Figure 1. Mean HOMA-IR

poor glucose control (HbA1c >7%: high) were inde-

at year 0 was 1.22  0.46 for the low IR, 1.49  0.52

pendently associated with the presence of systolic

for the moderate IR, and 2.04  0.90 for the high IR

dysfunction (OR: 5.84 [95% CI: 2.08 to 16.39] for early

trajectory. Mean HOMA-IR at year 25 was 0.99  0.41

and 4.84 [95% CI: 2.46 to 9.55] for late; p < 0.005) and

for low IR, 2.31  0.97 for moderate IR, and 4.67  2.24

diastolic dysfunction (OR: 3.27 [95% CI: 1.07 to 10.04]

for high IR, respectively (Online Table 2). Relation-

for early and 2.21 [95% CI: 1.03 to 4.75] for late;

ships of IR trajectories over 25 years to year 25 struc-

p < 0.05) (Table 4, model 1). Late DM with low HbA 1c

tural and functional indexes are shown in Table 5. High

was also associated with the presence of systolic

IR was associated with high relative wall thickness

dysfunction (OR: 2.02 [95% CI: 1.02 to 4.00];

(coefﬁcient: 0.019; p < 0.0001), worse Ell in over-

p < 0.001). The relationship with systolic dysfunction

weight (coefﬁcient: 1.05%; p < 0.005), and low e 0 in

remained signiﬁcant after adjustment for WHR.

normal weight (coefﬁcient: 1.95 cm/s; p < 0.005) and

LONGITUDINAL RELATIONSHIPS BETWEEN IR TRAJECTORIES

obese (coefﬁcient: 0.49 cm/s; p < 0.05) participants

AND LV STRUCTURE AND FUNCTION BETWEEN CARDIA YEAR

but was not associated with LVEF changes. Those with

0 AND YEAR 25 EXAMINATIONS. The second set of ana-

normal BMI and overweight BMI but high IR showed

lyses were performed on the cohort without DM and

lower Ell_SRe.
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T A B L E 3 Participants With Glycemic Abnormality Over 25 Years for LV Remodeling and LV Dysfunction at Year 25

n/N (%)

NGT

IGT/IFG

Late DM

Early DM

p Value for Trend

412/2,847 (14.5)

175/1,378 (12.7)

147/1,086 (13.5)

67/309 (21.7)

23/74 (31.1)

<0.0001

LVEF <50%

112/2,942 (3.81)

36/1,406 (2.6)

38/1,149 (3.3)

30/314 (9.6)

8/73 (11.0)

<0.0001

Low Ell >12.0%

278/2,771 (10.0)

84/1,319 (6.4)

118/1,093 (10.8)

55/291 (18.9)

21/68 (30.9)

<0.0001

27/351 (7.7)

7/79 (8.9)

<0.0001

47/287 (16.4)

14/67 (20.9)

<0.0001

LV remodeling
Hypertrophy
LV systolic dysfunction

LV diastolic dysfunction
E/e’ ratio $13

102/3,092 (3.3)

36/1,451 (2.5)

32/1,211 (2.6)

Low Ell_Sre <0.51 s1

262/2,759 (9.5)

99/1,316 (7.5)

102/1,089 (9.4)

Values are n/N (%). Hypertrophy: male, LVMI >115 g/m2; female, LVMI >95 g/m2. Low Ell (>12.0): upper 90% of Ell (higher Ell is worse systolic function). Low Ell_SRe
(<0.51): lower 90% of Ell_SRe (lower Ell_SRe is worse diastolic function).
Abbreviations as in Table 1.

DISCUSSION

IR (20). Our ﬁndings also indicate that both high IR
and obesity contribute to concentric remodeling (6).

In this 25-year study of a biracial cohort, DM

High IR was related to worse LV diastolic function

(particularly long-standing DM) had an impact on

but was not related to global indexes of LV systolic

adverse LV remodeling and impaired LV function.

function such as LVEF or cardiac output (5,19). The

Furthermore, poorly controlled DM was related to

duration of DM was associated with worse longitudinal

subclinical LV dysfunction (17). Moreover, we found

strain in asymptomatic DM patients with normal LVEF

that the effects of high IR might constitute an impor-

in a small case-control study (21). Our study is consis-

tant lifetime risk for development of adverse LV

tent with these ﬁndings and suggests that a long

remodeling and LV dysfunction among young adults.

duration of cumulative exposure to glycemic abnor-

Given the current obesity epidemic and consequent

mality with poor glucose control in young adulthood

increased prevalence of glycemic abnormalities and

could lead to worse LV function in middle age (17).

high IR, these ﬁndings have important public health

Long-term cumulative exposure to hyperglycemia
could have a direct effect on the cardiac myocyte and

implications.
We interpret our data to indicate that long-

myocardial contractility (22). As for LV diastolic

standing glycemic abnormality has a cumulative

dysfunction, CVD risk factors and long-term cumu-

adverse effect on LV remodeling. We have previously

lative exposure to hyperglycemia could have an effect

shown that a long duration of DM affects LV remod-

on reactive interstitial ﬁbrosis and extracellular

eling (18). This previous study also indicated that IR

collagen deposition, leading to cardiac stiffness (23).

and central obesity are associated with concentric LV

Those with later-onset DM had a higher prevalence of

remodeling independent of cardiovascular risk fac-

central obesity, smoking, and hypertension; higher IR

tors (6,19). In the Framingham Study, higher LV mass

and C-reactive protein; and lower physical activity

and wall thickness were associated with worsening

than did those with early-onset DM. These risk factors

levels of glucose intolerance and higher levels of

could stimulate reactive interstitial ﬁbrosis and thus

T A B L E 4 Participants With Glycemic Abnormality Over 25 Years for LV Systolic and Diastolic Dysfunction at Year 25

Late DM

Early DM

N

IGT/IFG

Low*

High*

Low*

High*

LV systolic dysfunction
(LVEF <50%)

112

0.95 (0.59–1.53)

2.02† (1.02–4.00)

4.84‡ (2.46–9.55)

1.68 (0.38–7.37)

5.84‡ (2.08–16.39)

LV diastolic dysfunction (E/e0 $13)

102

1.00 (0.60–1.67)

1.29 (0.65–2.60)

2.21† (1.03–4.75)

1.46 (0.32–6.70)

3.27† (1.07–10.04)

LV systolic dysfunction
(LVEF <50%)

112

0.93 (0.57–1.50)

1.91 (0.95–3.83)

4.42‡ (2.16–9.06)

1.63 (0.37–7.18)

5.44§ (1.91–15.52)

LV diastolic dysfunction (E/e0 $13)

102

0.97 (0.58–1.62)

1.22 (0.60–2.48)

2.01 (0.90–4.47)

1.39 (0.30–6.45)

2.99 (0.96–9.37)

Model 1

Model 2

Values are odds ratio (95% conﬁdence interval). *High ¼ high average HbA1c (HbA1c >7.0%); Low ¼ low average HbA1c (HbA1c #7.0%). †p < 0.05. ‡p < 0.001. §p < 0.005 vs. NGT
(n ¼ 1,391 for LV systolic dysfunction and n ¼ 1,435 for LV diastolic dysfunction) as the reference among 4 glycemic abnormality groups. Model 1: adjusted for age, sex, race, physical
activity, educational level, alcohol intake, systolic blood pressure, antihypertension medications, smoking status, and heart rate. Model 2: adjusted for model 1 plus waist-hip ratio.
Abbreviations as in Table 1.
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T A B L E 5 Relationships of IR Trajectories Over 25 Years to Year 25 Structural

and Functional Indexes With Test of BMI  IR Trajectory Interaction

(26,28). Previous randomized trials enrolling patients
with a mean duration of DM of 10 years suggested that
strict glucose control did not produce better outcomes

BMI  IR
Group Interaction, p Value
2

Moderate IR

in long-standing DM (29). On the other hand, the UK

High IR

Prospective DM Study enrolled patients with new-

0.39

0.93 (0.96)

1.01 (1.32)

RWT

0.29

0.008 (0.004)*

0.019 (0.005)†

onset DM and suggested a beneﬁcial effect on CVD

LVEF, %

0.63

0.20 (0.34)

0.24 (0.47)

outcomes, including HF, during the 10 years of post-

Ell, %

0.08

LVMI, g/m

trial follow-up (30). Longer duration of DM has been

Normal BMI

0.040 (0.182)

Overweight
Obese
e0 , cm/s

1.264 (0.779)

shown to be associated with progressive systolic

0.275 (0.168)

1.048 (0.253)†

dysfunction (21). IR at 50 years of age has been inde-

0.292 (0.267)

0.448 (0.274)

0.09

stolic function over 20 years of follow-up (31,32). Our

Normal BMI

0.17 (0.16)

Overweight

0.40 (0.15)*

0.37 (0.23)

study suggests that the progression to overt ventricu-

Obese

0.45 (0.24)§

0.49 (0.25)*

lar dysfunction associated with DM/IR begins with

Ell_SRe, s1

1.95 (0.62)‡

pendently associated with worse LV systolic and dia-

subclinical dysfunction in early adulthood.

0.04
0.143 (0.083)§

Normal BMI

0.035 (0.020)§

Overweight

0.009 (0.018)

0.060 (0.027)*

0.021 (0.029)

0.022 (0.029)

Obese

Values are b coefﬁcient (SE). *p < 0.10, †p < 0.05, ‡p < 0.005, §p < 0.001 (including
p < 0.0001) vs. low IR (n ¼ 915) as the reference among 3 IR trajectory groups. Model: adjusted
for age, sex, race, physical activity, educational level, alcohol intake, systolic blood pressure,
antihypertension medications, smoking status, heart rate, and BMI category (normal:
BMI <25.0 kg/m2; overweight: 25 #BMI kg/m2 <30; obese: 30 #BMI kg/m2).
Abbreviations as in Table 1.

STUDY LIMITATIONS. The study did not include

euglycemic insulin clamp glucose disposal rate,
which more accurately characterizes IR (27). We did
not assess the relation of diabetic complications to
altered LV structure and function. We used a single
vendor, Artida cardiac ultrasound scanner (Toshiba
Medical Systems), to measure cardiac structure and
function. Because of the variability of strain values
among vendors, strain values are not necessarily

inﬂuence diastolic function (23,24). In this regard,

applicable to patients examined with other systems

because early diastolic strain rate is correlated with

(33). The average frame rate of 46 frames/s might

LV relaxation and ﬁlling pressures (25), a reduction of
its magnitude indicates slower lengthening during LV
ﬁlling or reduced myocardial relaxation. In our study,

have limited the accuracy of peak Ell_SRe assessment.
However, the clinical literature reports that acquisition frame rates ranging from 40 to 80 Hz have been

longer duration of DM was independently associated

widely used to measure motion and deformation at

with worse LV remodeling, which is likely linked to a

normal heart rates (16). In this regard, the echocar-

worse Ell_SRe among participants in the glycemic

diography image acquisition and reading processes in

abnormality groups.

the CARDIA study have been highly reproducible,

Previous reports indicate that higher IR is associated

including robust results for STE analyses (13).

with impaired myocardial systolic and diastolic function even though LVEF is preserved (6). Our ﬁndings

CONCLUSIONS

suggest that changes in LV systolic function occurred in
those with obesity and high IR levels or IGT/IFG before

Cumulative exposure to DM and higher IR from early

the development of overt DM (Table 5). There are

adulthood to middle age are risk factors for adverse

numerous potential pathophysiological mechanisms

LV remodeling and subclinical LV dysfunction later

relating IR and glucose intolerance to LV dysfunction.

in life. LV remodeling and worse myocardial defor-

Hyperglycemia

mation are important determinants of lifetime risk for

and

hyperinsulinemia

can

cause

myocardial remodeling associated with cardiomyocyte

developing

hypertrophy, perivascular ﬁbrosis, and increased

mortality, including clinical HF with both depressed

future

cardiovascular

morbidity

and

collagen deposition (23,24,26). In addition, atrophy

and preserved LVEF (4,8).

due to high ceramide levels causing cardiomyocyte
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PERSPECTIVES
COMPETENCY IN MEDICAL KNOWLEDGE: Longer

TRANSLATIONAL OUTLOOK: This study demon-

duration of cumulative exposure to DM and poor glucose

strates the relationship between duration of glycemic

control from early adulthood to middle age could predict

abnormality and alterations of LV structure and function.

clinical heart failure. Our ﬁndings indicate that long-

Additional studies are needed to investigate whether

standing DM in early adulthood contributes to adverse LV

adequate glycemic control prevents LV remodeling and

remodeling and impaired LV function by middle age.

dysfunction among diabetic or pre-diabetic individuals by

Furthermore, poorly controlled DM was related to sub-

middle age. Furthermore, additional studies are needed to

clinical LV dysfunction. These ﬁndings suggest that un-

deﬁne the relationship between duration of glycemic

controlled DM and insulin resistance could increase the

abnormality during early adulthood and cardiovascular

lifetime risk of incident heart failure in the general

events. The data could be helpful in the management of

population.

the young adult patient with DM in clinical practice.
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