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OBJECTIVE

To determine whether the duration of diabetes and duration of prediabetes esti-
mated during a 25-year period in early adulthood are each independently associated
with coronary artery calcified plaque (CAC) and abnormalities in left ventricular
structure and function later in life.

RESEARCH DESIGN AND METHODS

Participantswere 3,628white and black adults aged 18–30 years without diabetes or
prediabetes at baseline (1985–1986) in the Coronary Artery Risk Development in
YoungAdults (CARDIA) Study. Durations of diabetes and prediabeteswere estimated
based on their identification at examinations 7, 10, 15, 20, and 25 years later. CAC
was identified by computed tomography at years 15, 20, and 25. Left ventricular
structure and function were measured via echocardiogram at year 25.

RESULTS

Of the 3,628 individuals, 12.7% and 53.8% developed diabetes and prediabetes,
respectively; average (SD) duration was 10.7 (10.7) years and 9.5 (5.4) years. After
adjustment for sociodemographic characteristics and other cardiovascular risk fac-
tors, andmutual adjustment for each other, the hazard ratio for the presence of CAC
was 1.15 (95% CI 1.06, 1.25) and 1.07 (1.01, 1.13) times higher for each 5-year-longer
duration of diabetes and prediabetes, respectively. Diabetes and prediabetes dura-
tion were associated with worse subclinical systolic function (longitudinal strain
[Ptrend < 0.001 for both]) and early diastolic relaxation (e9 [Ptrend 0.004 and 0.002,
respectively]). Duration of diabetes was also associated with a higher diastolic filling
pressure (E-to-e9 ratio [Ptrend 0.001]).

CONCLUSIONS

Durations of diabetes and prediabetes during adulthood are both independently
associated with subclinical atherosclerosis and left ventricular systolic and diastolic
dysfunction in middle age.

Diabetes is a major cause of morbidity and mortality in the U.S., costing an estimated
$245 billion in 2012 as a result of increased medical costs and lost economic pro-
ductivity (1). Over the last several decades, the prevalence of diabetes has increased
considerably (2). The prevalence of prediabetes, an intermediate metabolic state
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between normoglycemia and diabetes,
has also increased over this period (3).
While these trends among adults have
been shown to be consistent across every
age-group, the increase in younger adults
is especially concerning. Adults who de-
velop diabetes or prediabetes at a younger
agewill be exposed to a longer duration of
the condition over the course of their life-
time. As more people develop diabetes or
prediabetes earlier, excess medical costs
are likely to increase as well (4).
In addition to the significant clinical

and public health–related implications
of a longer duration of diabetes and pre-
diabetes in the population, not accounting
for these conditions may underestimate
risk for cardiovascular disease (CVD), for ex-
ample, since those with a longer duration
are likely to have a longer exposure to
chronic hyperglycemia. However, findings
from previous studies that have examined
this association have been inconclusive.
Some studies have shown an association
of a longer duration of diabetes with devel-
opment of subclinical and clinical CVD
(5–16), whereas others have not (17–19).
Many existing studies have been limited
by their inability to reliably estimate the
onset of diabetes owing to a lack of pre-
ceding measures of glycemia. This limita-
tion has alsomade it difficult to determine
whether a prolonged duration of milder
elevations in glycemia or prediabetes is
associated with CVD. Controversy cur-
rently exists regarding the role of predia-
betes in CVD risk, particularly whether
proactive identification and management
are warranted (20).
In the current study, we sought to de-

terminewhether the duration of diabetes
and duration of prediabetes accumulated
during a 25-year period beginning in early
adulthood are each independently asso-
ciated with the development of subclinical
atherosclerosis as well as abnormalities in
cardiac structure and function later in life
in a population-based cohort study. We
hypothesized that a longer duration of
hyperglycemia both in the diabetes and in
the prediabetes range during adulthood
wouldeachbeassociatedwith thepresence
of coronary artery calcified plaque (CAC) as
well as adverse left ventricular remodeling
and dysfunction in later adulthood.

RESEARCH DESIGN AND METHODS

Study Population
Participants were black and white adults
recruited in 1985–1986 as part of the

Coronary Artery Risk Development in
Young Adults (CARDIA) Study. CARDIA
is a multicenter population-based longi-
tudinal cohort study of the development
and determinants of CVD over time in
5,115 young adults initially aged 18–30
years at baseline. Participants were re-
cruited from four cities in the U.S.
(Birmingham, AL; Chicago, IL;Minneapolis,
MN; and Oakland, CA), with population-
based samples approximately balanced
within center by sex, age, race, and edu-
cation. Participants have been reexamined
2, 5, 7, 10, 15, 20, 25, and 30 years after
baseline, and retention rates across exami-
nations were 91, 86, 81, 79, 74, 72, 72, and
71%, respectively. Data for this study come
from years 0 through 25. All participants
provided written informed consent at
each examination.

Participants were excluded if they had
diabetes (n = 33) or prediabetes (n = 101)
at baseline or if we were unable to de-
termine diabetes or prediabetes at base-
line or during follow-up (n = 703), and we
also excluded those who experienced a
study-validated clinical CVD event during
follow-up because of our interest in sub-
clinical disease (n = 141), as well as those
who did not complete a computed to-
mography (CT) scan (at follow-up years
15, 20, or 25) or echocardiogram (at
year 25) (n = 509). A total of 3,628 partic-
ipants met inclusion criteria.

Clinical Measurements
Standardized protocols for data collection
were used across study centers and ex-
aminations. Participants were asked to
fast for at least 12 h before each exami-
nation and to avoid smoking or engaging
in heavy physical activity for at least 2 h.

Duration of Diabetes and Prediabetes
Blood was drawn by venipuncture and
processed at the central laboratory ac-
cording to a standard protocol. Glucose
was assayed at baseline using the hexoki-
nase ultraviolet method by American Bio
Science Laboratories (Van Nuys, CA) and
at years 7, 10, 15, 20, and 25 using hexo-
kinase coupled to glucose-6-phosphate
dehydrogenase (Linco Research, St. Louis,
MO). Glucose values at follow-up were
recalibrated to year 0 glucose values.
HbA1c was measured using the Tosoh
G7high-performance liquid chromatogra-
phy method at years 20 and 25. Diabetes
was determined based on a combina-
tion of measured fasting glucose levels
($7.0 mmol/L and $126 mg/dL) at

examination years 0, 7, 10, 15, 20, or 25;
self-report of oral hypoglycemic medica-
tions or insulin at years 0, 7, 10, 15, 20, or
25; a 2-h postload glucose$11.1 mmol/L
($200 mg/dL) during a 75-g oral glucose
tolerance test at years 10, 20, and 25; or
an HbA1c $6.5% at years 20 and 25 (21).
Similarly, prediabetes was based on a
combination of fasting glucose levels
(5.6–6.0 mmol/L and 100–125 mg/dL) at
years 0, 7, 10, 15, 20, or 25; a 2-h postload
glucose7.8–11.0mmol/L (140–199mg/dL)
at years 10, 20, and 25; or an HbA1c 5.7–
6.4% at years 20 and 25 (21).

For each participant, the number of
years of diabetes and prediabetes were
calculated based upon the presence (or
absence) of diabetes or prediabetes at
each examination beginning at year 7.
For example, a participant who did not
develop prediabetes at year 7 but did de-
velop prediabetes at year 10 and all sub-
sequent follow-up examinations through
year 20 as well as diabetes at year 25 was
assigned 0 years of prediabetes at year 7,
3 years at year 10, 5 years at year 15, and
5 years at year 20 and 5 years of diabetes
at year 25 (for a total of 13 years of predia-
betes and 5 years of diabetes). The cumula-
tive duration of diabetes and prediabetes
across examination years for each partici-
pant was calculated. For analyses of the
presence of CAC, the duration of diabetes
and prediabetes was summed until the ex-
amination when CAC was first identified.
For those who did not develop CAC, cu-
mulative duration was summed until the
last known follow-up examination. For
analyses of cardiac structure/function, du-
ration was determined through year 25.

CT
CAC was measured at years 15, 20, and
25 by CT of the chest (22). At years 15 and
20, electron beamCT (Chicago andOakland
centers) andmultidetector CT (Birmingham
and Minneapolis centers) scanners were
used to obtain contiguous 2.5- to 3-mm-
thick transverse images from the root of
the aorta to the apex of the heart. At year
25, multidetector CT scanners were used
at all centers. Participants were scanned
while placed over a hydroxyl-apatite phan-
tom to allow monitoring of image bright-
ness andnoise and to allow adjustment for
scanner differences. Images were trans-
mitted electronically to an independent
reading center (Wake Forest University,
Winston-Salem, NC). A calcium score in
Agatston units (AU) (23) was calculated
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for each calcified lesion, and the scores
were summed across all lesions within a
given artery and across all arteries (left
anterior descending, left main, circum-
flex, and right coronary) to obtain the to-
tal calcium score. The presence of CAC
was defined as a total calcified plaque
score .0 AU measured at years 15, 20,
or 25. Prior analyses in CARDIA have dem-
onstrated the presence or absence of CAC
to be a reliable measure, with observed
agreement of 96% (22).

Echocardiography
Echocardiography, including Doppler and
tissue Doppler imaging, was performed at
year 25 with an Artida cardiac ultrasound
machine (Toshiba Medical Systems, To-
kyo, Japan) by trained sonographers
using a standardized protocol across all
field centers. Experienced sonographers
made measurements from digitized im-
ages using a standard software offline im-
age analysis system (Digisonics, Inc.,
Houston, TX). The echocardiography pro-
tocol has previously been published and
followed existing American Society of
Echocardiography guidelines for study ac-
quisition and measurement (24). Quality
control and image analysis were per-
formed at a core reading center (Johns
Hopkins University, Baltimore, MD). Left
ventricular mass was calculated using the
Devereux formula (25). Relative wall
thickness was calculated by dividing the
sum of the posterior wall and interven-
tricular septal thickness by the internal
left ventricular diameter. Left ventricular
systolic functionwas estimated with ejec-
tion fraction and global longitudinal strain
and strain rate based on speckle-tracking
echocardiography. Myocardial strain and
strain rate measurements were analyzed
on a 16-segment basis for the left ventric-
ular midwall layer using two-dimensional
WallMotionTrackingsoftware (UltraExtend,
version 2.7; Toshiba Medical Systems,
Otawara, Japan). Three cardiac cycles
from each view were recorded for offline
analyses. Strain was calculated as the
change in segment length relative to its
end-diastolic length, and the peak systolic
value was recorded. More negative val-
ues of strain indicate greater shortening
or better function.
Technical errors for intra- and interso-

nographer variability ranged from5 to11%
and from 6to 12%, respectively. Intra- and
interreader variability ranged from3 to 9%
and from 6 to 11%, respectively.

Other Measurements
After a 5-min rest, blood pressure was
measured on the right arm of seated par-
ticipants at three 1-min intervals using a
Hawksley random zero sphygmomanome-
ter (W.A. Baum Company, Copaigue, NY)
at baseline through year 15. At years
20 and 25, blood pressure was measured
using a standard automated blood pres-
sure measurement monitor (IntelliSense
Blood Pressure Monitor, model HEM-
907XL; Omron) and standardized to the
sphygmomanometer measures. Plasma
total cholesterol concentrations were
measured at all examinations by enzymatic
methods at Northwest Lipids Research
Laboratory (Seattle, WA). The insulin
measurements were performed with the
use of a radioimmunoassay (Linco Re-
search, St Charles, MO) at baseline and
years 7, 10, 15, and 20, and an Elecsys
sandwich immunoassay (Roche Diagnos-
tics Corporation, Indianapolis, IN) was per-
formedat year 25.Weight andheightwere
measured at all examinations with partic-
ipants wearing light examination clothes
and no shoes. Body weight was measured
to the nearest 0.2 kg with a calibrated
balance-beam scale. Height was measured
with a vertical ruler to the nearest 0.5 cm.
BMI was calculated as weight in kilograms
divided by the square of height in meters.
Standard questionnaires were used to
maintain consistency in the assessment
of demographic information across all
CARDIA examination visits. Education was
represented as years of schooling. Ciga-
rette smoking behavior, queried at each
exam, was used to estimate cumulative
lifetime exposure to cigarettes in terms
of pack-years. The use of antihypertensive
and lipid-lowering medication was as-
sessed by self-report at each examination.
Diabetes diagnosed in an immediate family
member (mother, father, sister, or brother)
was queried at year 0 and updated at years
5, 10, and 25.

Statistical Analyses
Participant characteristics overall, and ac-
cording to the duration of diabetes and
prediabetes,weredescribed usingmeans,
medians, and proportions as appropriate.
Trends were tested using linear regres-
sion models and x2 analyses for continu-
ous and categorical characteristics,
respectively. The Kruskal-Wallis test was
used for characteristics with skewed dis-
tributions. We calculated the rate of CAC
(number of cases per person-time at risk)

per 1,000 person-years beginning at year
15 overall and according to the duration
of diabetes and prediabetes. Multivari-
able Cox proportional hazards regression
models were used to estimate the hazard
ratio (HR) and 95% CI for the presence of
CAC according to the duration of diabetes
and prediabetes. Duration of diabetes
and prediabetes was included (as time-
dependent variables in analyses of the
presence of CAC) in one of two exposure
forms: first as a continuous variable
assuming a linear dose-response associa-
tion and second as a five-level categorical
variable (i.e., 0, 1–5, 6–10, 11–15,
and .15 years). Multivariable linear and
logistic regression analyses were fit to
examine the association between the
25-year cumulative duration of diabetes
and prediabetes withmeasures of cardiac
structure and function. Analyses were ad-
justed for age (years), sex, race (black/
white), educational attainment (years),
and CARDIA field center and simulta-
neously for either the duration of diabe-
tes or the duration of prediabetes. A
second model adjusted additionally for
CVD risk factors, including lifetime pack-
years of smoking, BMI (kg/m2), systolic
blood pressure (mmHg), antihypertensive
medicationuse (yes/no), and total choles-
terol level (mg/dL). Tests for a linear trend
were performed by entering duration of
diabetes or prediabetes as a continuous
variable into themultivariable models. To
test for the presence of nonlinearity, we
added a quadratic duration of diabetes or
prediabetes termto themultivariablemod-
els that also included a linear term. Poten-
tial effect modification by race and sexwas
evaluated by testing the statistical signifi-
cance of a multiplicative interaction term
including duration of diabetes or prediabe-
tes as a continuous variable.

Tests of statistical significance were
two tailed, with an a level of 0.05. SAS,
version 9.4 (SAS Institute, Cary, NC), was
used to perform all analyses.

RESULTS

Of the 3,628 eligible participants, 47.3%
were black and 56.5% were women. Dur-
ing follow-up, 12.7 and 53.8% developed
diabetes and prediabetes, respectively.
The average (SD) duration of diabetes
and prediabetes was 10.7 (5.6) and 9.5
(5.2) years, respectively. Mean age at
identification of diabetes was 42.4 (6.3)
years and of prediabetes 39.4 (7.2) years.
The prevalence of diabetes of 1–5, 6–10,
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11–15, and .15 years was 4.3, 4.6, 1.8,
and 2.0%, respectively, and of prediabe-
tes 21.8, 18.1, 7.8, and 6.0%. As expected,
thosewho accumulated a longer duration
of diabetes and prediabetes during fol-
low-up had higher average fasting and
2-h glucose levels and higher HbA1c and
insulin levels (Table 1). They also were
more likely to be older at baseline, to be
black, to have a family history of diabetes,
to have a lower educational attainment,
and to have worse CVD risk factor levels.
Men were more likely to have a longer
duration of prediabetes but not diabetes.
Smoking was not associated with dura-
tion of diabetes or prediabetes.

Among thosewho completed a CT scan
(n = 3,577), 26.7% developed CAC during
follow-up (11.7 per 1,000 person-years).
The median CAC score among those who
developed CAC was 23 AU (interquartile
range 6–75). Among those with CAC, the
proportion with a CAC score of 1–50, 51–
100, and .100 AU was 67.0, 14.2, and
18.7%, respectively. Table 2 displays ad-
justed HRs and 95% CIs for the presence
of CAC according to the duration of dia-
betes and prediabetes. Rates per 1,000
person-years of CAC were higher with a
longer duration of diabetes (11.4 for
those with 0 years to 12.5 for those
with .15 years) and prediabetes (11.0
for those with 0 years to 14.5 for those
with.15 years). A longer duration of di-
abetes and duration of prediabetes were
each independently associated with risk
for CAC in models adjusted for sociode-
mographic characteristics and each other
(model 1), as well as models adjusted fur-
ther for time-varying CVD risk factor lev-
els (model 2). In fully adjusted models,
the HRs for CAC were 1.15 (95% CI 1.06,
1.25) and 1.07 (95%CI 1.01, 1.13) for each
5-year increment in diabetes and predia-
betes duration, respectively. In compari-
son of categories of increasing durationof
prediabetes with 0 years duration, the HR
for CAC was significantly elevated only
among those with .15 years of predia-
betes (HR 1.57 [95% CI 1.18, 2.08]).
There was no evidence of nonlinearity
(Pquadratic . 0.05 [for all]).

Tables 3 and 4 display the adjusted
mean left ventricular structural and func-
tional outcomes at year 25 according to
the duration of diabetes and prediabetes,
respectively, during the 25-year follow-up
period. In analyses adjusted for sociodemo-
graphic characteristics, CVD risk factors, and
each other (model 2), durations of diabetes

T
ab

le
1—

P
ar
ti
ci
p
an

t
ch

ar
ac

te
ri
st
ic
s
ac

co
rd
in
g
to

d
u
ra
ti
o
n
o
f
d
ia
b
et
es

an
d
p
re
d
ia
b
et
es

(t
h
e
C
A
R
D
IA

St
u
d
y)

(n
=
3,
6
2
8
)

V
ar
ia
bl
e

D
u
ra
ti
o
n
o
f
d
ia
b
et
es

(y
ea
rs
)

P t
re
n
d

D
u
ra
ti
o
n
o
f
p
re
d
ia
b
et
es

(y
ea
rs
)

P t
re
n
d

0
(n
=
3,
16
8)

1–
5
(n

=
15
5)

6–
10

(n
=
16
8)

11
–1

(n
=
64
)

.
15

(n
=
73
)

0
(n
=
1,
67
8)

1–
5
(n
=
79
2)

6–
10

(n
=
65
7)

11
–1
5
(n
=
28
2)

.
15

(n
=
21
9)

B
as
el
in
e
ag
e
(y
ea
rs
)

24
.9

(3
.6
)

25
.5

(3
.4
)

25
.5

(3
.8
)

25
.2

(3
.6
)

25
.6

(3
.4
)

0.
0
04

24
.6

(3
.6
)

25
.1

(3
.6
)

25
.3

(3
.6
)

25
.3

(3
.7
)

25
.3

(3
.5
)

,
0.
00
1

W
om

en
56

.4
58

.7
60

.1
54

.7
50

.7
0.
8
3

65
.6

58
.5

50
.1

32
.6

30
.1

,
0.
00
1

B
la
ck

ra
ce

44
.6

63
.2

67
.9

73
.4

60
.3

,
0.
00
1

42
.4

48
.1

56
.0

53
.6

47
.5

,
0.
00
1

Ed
uc
at
io
na
la
tt
ai
nm

en
t
(y
ea
rs
)

15
.7

(2
.6
)

15
.2

(2
.4
)

15
.1

(2
.5
)

14
.7

(2
.2
)

14
.6

(2
.6
)

,
0.
00
1

15
.7

(2
.6
)

15
.7

(2
.6
)

15
.3

(2
.4
)

15
.4

(2
.5
)

15
.2

(2
.6
)

,
0.
00
1

Ev
er

sm
ok
er

48
.2

50
.3

47
.6

54
.7

57
.5

0.
1
2

48
.2

46
.7

49
.6

49
.3

54
.3

0.
1
4

Li
fe
ti
m
e
pa
ck
-y
ea
rs
†

2.
5
(1
.3
,3
.8
)

2.
8
(1
.8
,5
.0
)

2.
8
(1
.3
,5
.0
)

1.
8
(1
.0
,3

.8
)

2.
5
(1
.3
,3
.8
)

0.
2
0

2.
0
(1
.3
,3
.8
)

2.
5
(1
.3
,3
.8
)

2.
5
(1
.3
,3
.8
)

2.
5
(1
.4
,4
.4
)

2.
5
(1
.3
,4
.8
)

0.
4
1

Fa
m
ily

hi
st
or
y
of

di
ab
et
es

33
.1

52
.9

59
.5

57
.8

49
.3

,
0.
00
1

30
.6

39
.8

42
.0

39
.0

40
.6

,
0.
00
1

Cl
in
ic
al
an
d
ph

ys
ic
al
ch
ar
ac
te
ris
tic
s

B
M
I(
kg
/m

2
)‡

26
.3

(5
.0
)

30
.8

(6
.4
)

32
.3

(7
.2
)

34
.3

(7
.1
)

31
.8

(5
.8
)

,
0.
00
1

26
.0

(5
.4
)

27
.4

(5
.5
)

28
.4

(6
.1
)

28
.4

(5
.3
)

28
.4

(5
.3
)

,
0.
00
1

G
lu
co
se

(m
g/
dL
)‡

88
.7

(6
.3
)

98
.8

(1
0.
8)

10
4
.9

(1
6.
7)

11
8
.5

(2
2.
3)

13
0
.7

(3
5.
4)

,
0.
00
1

87
.9

(1
2.
7)

91
.4

(1
0.
0)

95
.2

(1
2.
7
)

96
.6

(8
.1
)

97
.8

(7
.0
)

,
0.
00
1

H
bA

1
c
(%
)‡

5.
4
(0
.4
)

6.
2
(0
.8
)

6.
9
(1
.4
)

7.
8
(1
.5
)

7.
7
(2
.0
)

,
0.
00
1

5.
2
(0
.9
)

5.
6
(0
.8
)

5.
8
(0
.8
)

5.
8
(0
.6
)

5.
7
(0
.4
)

,
0.
00
1

2-
h
p
o
st
lo
ad

gl
u
co
se

(m
g/
d
L)
‡

10
0.
0
(2
2.
7)

14
6.
8
(5
0.
0)

16
4
.5

(7
3.
0)

14
8
.5

(6
6.
0)

22
0.
3
(1
13

.3
)

,
0.
00
1

96
.1

(3
5.
8)

11
0
.3

(3
6.
0)

11
7
.3

(3
9.
6)

11
7
.9

(3
4.
1
)

11
9
.4

(3
4.
0)

,
0.
00
1

In
su
lin

(m
U
/m

L)
‡

8.
0
(6
.3
,1
0.
5)

13
.2
(9
.9
,1
6.
9)

13
.0
(9
.9
,1
6.
4)

15
.9
(1
2.
5,
22
.6
)

14
.3
(1
0.
6,
19
.3
)

,
0.
00
1

7.
4
(6
.0
,9
.8
)

8.
8
(6
.9
,1
1.
8)

9.
8
(7
.1
,1
3.
6)

10
.2

(7
.6
,1
3.
2)

10
.1
(7
.8
,1
2.
5)

,
0.
00
1

Sy
st
ol
ic
bl
oo

d
pr
es
su
re

(m
m
H
g)
‡

11
0.
4
(9
.3
)

11
5.
5
(1
0.
0)

11
5.
2
(1
0.
4)

11
8
.0

(1
0.
6)

11
6.
7
(9
.5
)

,
0.
00
1

10
9
.2

(9
.4
)

11
1
.1

(9
.3
)

11
3
.2

(9
.5
)

11
4
.7

(9
.6
)

11
5
.2

(9
.0
)

,
0.
00
1

D
ia
st
ol
ic
bl
oo

d
pr
es
su
re

(m
m
H
g)
‡

70
.2

(7
.2
)

74
.0

(7
.0
)

74
.6

(7
.2
)

76
.5

(8
.2
)

74
.5

(6
.6
)

,
0.
00
1

69
.4

(7
.3
)

70
.9

(7
.1
)

72
.2

(7
.4
)

72
.7

(7
.4
)

72
.9

(6
.9
)

,
0.
00
1

Ev
er

hy
pe
rt
en
si
on

m
ed
ic
at
io
n

20
.0

56
.1

58
.3

64
.1

57
.5

,
0.
00
1

10
.3

14
.7

18
.4

14
.2

14
.2

,
0.
00
1

To
ta
lc
ho

le
st
er
ol
(m

g/
dL
)‡

18
1.
0
(2
7.
5)

18
6.
2
(2
8.
5)

18
4
.2

(2
8.
6)

18
2
.8

(2
7.
7)

18
7
.4

(2
8.
2)

0.
0
08

17
8.
6
(2
6.
5)

18
2
.4

(2
8.
1)

18
5
.4

(2
8.
3)

18
5
.2

(2
8.
2
)

18
4
.9

(2
8.
8)

,
0.
00
1

Ev
er

ch
ol
es
te
ro
lm

ed
ic
at
io
n

9.
8

28
.4

35
.7

51
.6

45
.2

,
0.
00
1

10
.3

14
.7

18
.4

14
.2

14
.2

,
0.
00
1

D
at
a
ar
e
pr
es
en
te
d
as

m
ea
n
(S
D
),
m
ed
ia
n
(in
te
rq
ua
rt
ile

ra
ng
e)
,o
r
%
as

ap
pr
op
ria
te
.†
A
m
on
g
ev
er

sm
ok
er
s.
‡
A
ve
ra
ge

of
al
la
va
ila
bl
e
m
ea
su
re
s
du
ri
ng

fo
llo
w
-u
p.

734 Diabetes/Prediabetes Duration and Subclinical CVD Diabetes Care Volume 41, April 2018



and prediabetes were not associated with
left ventricular mass (Ptrend 0.88 and 0.54,
respectively) or relative wall thickness
(Ptrend 0.89 and 0.59). Among the systolic
function parameters, longitudinal strain
(Ptrend,0.001 and,0.001), but not ejec-
tion fraction (Ptrend 0.57 and 0.13), was
significantlyworse, with a longer duration

of diabetes and prediabetes, and this as-
sociation persisted after further adjust-
ment for CVD risk factor levels during
follow-up. Longer durations of diabetes
and prediabetes were associated with
worse levels for both diastolic function
parameters. Participants with longer
durations of diabetes and prediabetes

exhibited worse left ventricular relaxa-
tion (e9 [Ptrend , 0.001 for both]) and a
greater left ventricular filling pressure
(E-to-e9 ratio [Ptrend , 0.001 for both])
(model 1). These associations were atten-
uated somewhat after adjustment for
CVD risk factor levels (model 2) but re-
mained significant for bothdiastolic function

Table 2—Adjusted HRs (95% CI) for presence of CAC according to the time-varying duration of diabetes and prediabetes during
follow-up (the CARDIA Study)

0 years 1–5 years 6–10 years 11–15 years .15 years Ptrend Per each additional 5 years

Diabetes duration
Person-years 72,025 3,410 3,200 1,360 1,355
No. of cases 821 51 42 24 17
Incidence rate* 11.4 15.0 13.1 17.6 12.5
Model 1 1 (Ref.) 1.59 (1.19, 2.12) 2.07 (1.50, 2.84) 2.56 (1.70, 3.85) 2.17 (1.33, 3.54) ,0.001 1.31 (1.21, 1.41)
Model 2 1 (Ref.) 1.11 (0.83, 1.50) 1.57 (1.13, 2.18) 1.69 (1.10, 2.59) 1.50 (0.92, 2.46) 0.001 1.15 (1.06, 1.25)

Prediabetes duration
Person-years 40,065 17,760 13,540 5,820 4,420
No. of cases 442 208 169 71 64
Incidence rate* 11.0 11.7 12.5 12.2 14.5
Model 1 1 (Ref.) 1.28 (1.08, 1.51) 1.39 (1.15, 1.67) 1.31 (1.01, 1.70) 2.07 (1.57, 2.73) ,0.001 1.17 (1.11, 1.24)
Model 2 1 (Ref.) 1.04 (0.88, 1.24) 1.08 (0.90, 1.31) 0.97 (0.75, 1.27) 1.57 (1.18, 2.08) 0.03 1.07 (1.01, 1.13)

Model 1 was adjusted for age, sex, race, educational attainment, study center, and mutual adjustment for duration of diabetes or prediabetes. Model
2 was adjusted for model 1 variables in addition to time-varying lifetime pack-years of smoking, BMI, systolic blood pressure, use of blood pressure–
lowering medication, and total cholesterol level during follow-up. Ref., reference. *Per 1,000 person-years.

Table 3—Adjusted mean (SE) left ventricular structural and functional outcomes at year 25 according to the duration of diabetes
during follow-up (the CARDIA Study)

Duration of diabetes (years)

Ptrend Per each additional 5 years0 1–5 6–10 11–15 .15

Structural outcomes
Left ventricular mass (g)
No. of participants 2,465 115 134 47 56
Model 1 170.5 (1.1) 186.8 (4.1) 187.1 (3.8) 186.7 (6.4) 198.1 (5.9) ,0.001 7.4 (1.02)
Model 2 169.3 (1.2) 171.6 (3.7) 166.9 (3.6) 158.8 (5.8) 173.8 (5.4) 0.88 20.14 (0.96)

Relative wall thickness
No. of participants 2,463 115 134 46 56
Model 1 0.35 (0.002) 0.36 (0.006) 0.37 (0.006) 0.36 (0.010) 0.36 (0.001) 0.13 0.0025 (0.002)
Model 2 0.35 (0.002) 0.36 (0.007) 0.36 (0.006) 0.35 (0.010) 0.35 (0.010) 0.89 20.0002 (0.002)

Systolic function outcomes
Ejection fraction (%)
No. of participants 2,465 115 134 47 56
Model 1 69.7 (0.2) 69.2 (0.7) 69.5 (0.7) 69.2 (1.1) 69.1 (1.1) 0.50 20.12 (0.18)
Model 2 69.8 (0.2) 69.2 (0.7) 69.8 (0.7) 69.5 (1.2) 69.3 (1.1) 0.57 20.11 (0.19)

Longitudinal strain (%)
No. of participants 2,419 114 129 45 49
Model 1 215.0 (0.1) 214.6 (0.2) 214.0 (0.2) 214.3 (0.3) 213.8 (0.3) ,0.001 0.34 (0.06)
Model 2 215.0 (0.1) 214.8 (0.2) 214.4 (0.2) 214.7 (0.3) 214.1 (0.3) ,0.001 0.21 (0.06)

Diastolic function outcomes
e9 (cm/s)
No. of participants 2,685 134 153 54 60
Model 1 11.8 (0.1) 10.6 (0.2) 11.0 (0.2) 11.2 (0.4) 10.4 (0.3) ,0.001 20.36 (0.06)
Model 2 11.7 (0.1) 11.0 (0.2) 11.3 (0.2) 11.8 (0.4) 10.9 (0.3) 0.004 20.18 (0.06)

E-to-e9 ratio
No. of participants 2,669 131 153 53 59
Model 1 7.0 (0.05) 8.2 (0.19) 7.7 (0.18) 7.8 (0.30) 8.0 (0.29) ,0.001 0.32 (0.05)
Model 2 7.0 (0.06) 7.8 (0.19) 7.3 (0.18) 7.3 (0.30) 7.5 (0.29) 0.001 0.17 (0.05)

Model 1 was adjusted for age, sex, race, educational attainment, study center, and duration of prediabetes.Model 2 was adjusted formodel 1 variables in
addition to lifetime pack-years of smoking, use of blood pressure–loweringmedication, andmean BMI, systolic blood pressure, and total cholesterol level
during follow-up.
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parameters with the duration of diabetes
(Ptrend 0.004 and 0.001 for e9 and E-to-e9
ratio, respectively) and with e9 only for
prediabetes (Ptrend , 0.001). The predia-
betes duration and ejection fraction rela-
tion showed evidence for an inverse
U-shaped association (Pquadratic , 0.001);
no other evidence for nonlinearity was
identified.
In terms of the clinical definitions of

adverse left ventricular structure and
function, a longer duration of diabetes
was independently associated with a
low ejection fraction, worse longitudinal
strain, and impaired left ventricular relax-
ation and filling pressure (Supplementary
Table 1). Duration of prediabetes was as-
sociated with worse longitudinal strain
and impaired relaxation (Supplementary
Table 2). Neither duration of diabetes
nor duration of prediabetes showed an
association with left ventricular mass or
relative wall thickness.
The associations between the duration

of diabetes and prediabetes with the
presence of CAC did not vary significantly
by race or sex (data not shown). There

was also no evidence of effect modifica-
tion for the measures of left ventricular
structure and function, except for predi-
abetes duration, left ventricular mass,
and race (Pinteraction = 0.02); prediabetes
duration,E-to-e9 ratio,andsex (Pinteraction=
0.03); and diabetes duration, relative wall
thickness, and sex (Pinteraction = 0.04).
However, when these associations were
observed in stratified analyses, the only
significant associationwas amongwomen,
for whom each 5-year-longer duration of
prediabetes was associated with a 0.12
(0.05) unit higher E-to-e9 ratio (P = 0.02)
(men: b = 20.02 [SE 0.04]; P = 0.61). In
addition, findings were similar in a sensi-
tivity analysis that defined diabetes and
prediabetes with the use of fasting glu-
cose only (data not shown).

CONCLUSIONS

In this long-term population-based study,
longer durations of diabetes and predia-
betes during early adulthood were each
independently associatedwith subclinical
atherosclerosis and measures of systolic
and diastolic dysfunction later in life. The

associations of prediabetes with these
subclinical outcomes remained even after
simultaneous adjustment for the dura-
tionof diabetes. Furthermore, these asso-
ciations were independent of smoking
behavior and several potentially impor-
tant metabolic factors such as adiposity,
blood pressure, and cholesterol. In addi-
tion, therewas relatively little evidence to
suggest that associations varied in sub-
groups defined by race or sex.

An independent association of the du-
ration of diabetes with subclinical athero-
sclerosis is in agreement with many,
but not all, existing studies. In a cross-
sectional study of 933 patients with
type 2 diabetes without known coronary
artery disease, Kim et al. (6) reported that
the duration of diabetes was associated
with a higher CAC score aswell as a higher
rate of obstructive coronary artery dis-
ease determined via coronary angiogra-
phy. Among 54 patients with diabetes
who underwent coronary angiography
and intravascular ultrasound, those
with a longer duration of diabetes were
more likely to have thin-capfibroatheroma,

Table 4—Adjusted mean (SE) left ventricular structural and functional outcomes at year 25 according to the duration of
prediabetes during follow-up (the CARDIA Study)

Duration of prediabetes (years)

Ptrend Per each additional 5 years0 1–5 6–10 11–15 .15

Structural outcomes
Left ventricular mass (g)
No. of participants 1,273 619 527 223 175
Model 1 178.9 (2.2) 181.9 (2.6) 188.9 (2.7) 189.5 (3.5) 189.9 (4.0) ,0.001 3.8 (0.69)
Model 2 168.0 (2.1) 166.5 (2.4) 170.9 (2.5) 168.2 (3.3) 166.8 (3.6) 0.54 0.39 (0.64)

Relative wall thickness
No. of participants 1,272 619 526 222 175
Model 1 0.35 (0.004) 0.36 (0.004) 0.36 (0.004) 0.36 (0.006) 0.35 (0.006) 0.08 0.0019 (0.001)
Model 2 0.35 (0.004) 0.35 (0.004) 0.36 (0.004) 0.36 (0.006) 0.35 (0.006) 0.53 0.0007 (0.001)

Systolic function outcomes
Ejection fraction (%)
No. of participants 1,273 619 527 223 175
Model 1 68.6 (0.4) 69.9 (0.5) 70.0 (0.5) 69.8 (0.6) 68.4 (0.7) 0.10 0.20 (0.12)
Model 2 68.8 (0.4) 70.1 (0.5) 70.2 (0.5) 70.0 (0.7) 68.6 (0.7) 0.13 0.20 (0.13)

Longitudinal strain (%)
No. of participants 1,224 611 519 229 173
Model 1 214.7 (0.1) 214.4 (0.1) 214.3 (0.1) 214.2 (0.2) 214.1 (0.2) ,0.001 0.17 (0.04)
Model 2 214.9 (0.1) 214.6 (0.1) 214.6 (0.1) 214.5 (0.2) 214.5 (0.2) ,0.001 0.13 (0.04)

Diastolic function outcomes
e9 (cm/s)
No. of participants 1,357 685 585 256 203
Model 1 11.4 (0.1) 10.9 (0.1) 10.9 (0.2) 11.1 (0.2) 10.8 (0.2) ,0.001 20.20 (0.04)
Model 2 11.6 (0.1) 11.2 (0.1) 11.2 (0.2) 11.5 (0.2) 11.3 (0.2) 0.002 20.12 (0.04)

E-to-e9 ratio
No. of participants 1,345 681 584 253 202
Model 1 7.5 (0.11) 7.8 (0.12) 7.8 (0.13) 7.6 (0.17) 8.0 (0.18) ,0.001 0.12 (0.03)
Model 2 7.3 (0.11) 7.5 (0.12) 7.4 (0.13) 7.2 (0.17) 7.4 (0.19) 0.20 0.04 (0.03)

Model 1 was adjusted for age, sex, race, educational attainment, study center, and duration of diabetes. Model 2 was adjusted for model 1 variables in
addition to lifetime pack-years of smoking, use of blood pressure–loweringmedication, andmean BMI, systolic blood pressure, and total cholesterol level
during follow-up.
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a vulnerable plaquemorphology associated
with myocardial infarction and sudden
death (8). In a cross-sectional study of 275
patients, Kawamori et al. (26) reported
a positive association of the duration of
diabeteswith carotid intima-media thick-
ness determined via B-mode ultrasound.
However, findings from the Insulin Resis-
tance Atherosclerosis study (19) and
others have shown no evidence for an
association of the duration of diabetes
with carotid intima-media thickness
(27,28) or degree of coronary stenosis
(29). The reasons for the differences in
results across studies are unknown but
may be due, at least in part, to methodo-
logical differences pertaining to the study
design or sampling procedure, referral
bias, demographic characteristics of the
sample populations, or a greater reliance
in the null studies on carotid intima-media
thickness as a measure of atherosclerosis
versus more precise measures of subclini-
cal disease (e.g., cardiac CT, intravascular
ultrasound).
In general, the findings of the current

study are consistentwith an earlier report
from CARDIA, which found that diabetes
diagnosed during the early part of the
follow-up period (a duration of$10 years
vs. ,10 years) is associated with meas-
ures of subclinical left ventricular systolic
and diastolic function in middle age (16).
The current study confirms and extends
these observations across a more de-
tailed range of the duration of diabetes
while also examining whether the dura-
tion of prediabetes is associated with
these and other outcomes. Consistent
withprevious results that suggest that ejec-
tion fraction may not be a sensitive mea-
sure of subclinical systolic dysfunction
(30), we found that a longer duration of
diabetes was associated with worse lon-
gitudinal strain but not ejection fraction
(31). Our findings are also in agreement
with a limited number of available studies
showing that a longer duration of diabe-
tes is associated with measures of left
ventricular diastolic function (7,32).
These results suggest that long-term di-
abetes during adulthood may lead to
overt left ventricular dysfunction in later
life.
To our knowledge, the current study

represents thefirst comprehensive report
on the characterization of the cumulative
effects of a longer duration of prediabe-
tes. It is important to note that associa-
tionswith prediabeteswere generally of a

moremodestmagnitudewhen compared
with the duration of diabetes. However,
given the sizeable and growing percent-
age of adults who have prediabetes in the
U.S. (3), a small increase in risk assuming a
causal relationship between prediabetes
and subclinical CVD might still translate
into a substantial number of adults devel-
oping subclinical or clinical CVD. Further-
more, it has been estimated that only 2%
of those with prediabetes progress to
diabetes per year, suggesting that a con-
siderable number of individuals are ex-
posed to long-term glycemic elevations
that do not reach the level of diabetes
(33). A recent meta-analysis of .50 pro-
spective cohort studies found that pre-
diabetes was associated with a higher
risk of heart disease, stroke, and all-cause
mortality (34). Other studies have shown
thatpersonswithprediabeteshaveahigher
prevalence of subclinical atherosclerosis
(35,36). Our results confirm thesefindings
and suggest that a longer cumulative ex-
posure to prediabetes may lead to the
development of subclinical atherosclero-
sis and cardiac dysfunction independent
of any time spent with diabetes.

Our findings suggest either a direct ef-
fect of long-term glycemic elevations
and/or an indirect effect due to the mul-
tiple metabolic abnormalities associated
with diabetes and prediabetes. Impor-
tantly, we have shown that both predia-
betes and diabetes may contribute to
future target organ damage. Atheroscle-
rosis and left ventricular dysfunction, in
the setting of prolonged diabetes or pre-
diabetes, may share common antece-
dents. Autopsy studies have shown an
association of diabetes duration and the
extent of atherosclerosis and myocardial
lesions (37). Extended exposure to hyper-
glycemia leads to the nonenzymatic gly-
cosylation of proteins in the arterial wall
and myocardium (38,39). Other potential
mechanisms for atherosclerosis or cardiac
dysfunction include autonomic dysfunc-
tion, interstitial fibrosis, impaired calcium
homeostasis, upregulation of the renin-
angiotensin system, endothelial dysfunc-
tion, increased oxidative stress, altered
substrate metabolism, LDL cholesterol,
and mitochondrial dysfunction (39,40).

Strengths of the current study include a
population-based sampling method; a bi-
racial cohort; serial screening of multiple
measures of glycemic status, which al-
lowed for the identification and mutual
adjustment of diabetes and prediabetes

duration over 25 years; extensive data on
potential confounders measured concur-
rently with the diagnosis of diabetes and
prediabetes; a large sample size well bal-
anced with respect to race and sex that
increased precision and permitted adjust-
ment and stratification; a high retention
rate; and the standardized data collection
protocols and rigorous quality control of
the CARDIA Study. Nevertheless, our es-
timation of the duration of diabetes and
prediabetes during follow-up was based
on the measurement of fasting glucose
and other measures of glycemia every
3-7 years. It is likely that a more frequent
number of assessments would have led
to a more accurate estimation of the du-
ration of diabetes and prediabetes during
follow-up; however, to the extent that
there was random misclassification as a
result of this assessment schedule, we
may have underestimated the true asso-
ciation between the duration of diabetes
and prediabetes and subclinical CVD in
our cohort. In addition, 2-h glucose and
HbA1c levels were not available at base-
line, although our findings were similar
when fasting glucose only was used to
define diabetes and prediabetes.

In conclusion, both the duration of di-
abetes and the duration of prediabetes
during adulthood are associated with
CAC and left ventricular systolic and dia-
stolic dysfunction in later life, suggesting
that the cumulative exposure to chronic
hyperglycemia even in the prediabetes
rangemay lead to increased risk of athero-
sclerosis and impaired cardiac function.
These data emphasize the importance of
early identification and management of
those at risk for diabetes and prediabetes
in order to limit exposure to the adverse
cardiovascular effects of a longer duration
of these conditions.
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