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OBJECTIVE

We assessed whether poor glycemic control is associated with an increase in
myocardial fibrosis among adults with diabetes.

RESEARCH DESIGN AND METHODS

We studied 47 adults with type 2 diabetes and stratified them into three groups
according to their hemoglobin A1c (HbA1c) level: <6.5% (group 1; n = 12), 6.5–7.5%
(group 2; n = 20), and >7.5% (group 3; n = 15). Left ventricular (LV) mass was as-
sessed using cardiac MRI. The extracellular volume fraction (ECVF), an index of
myocardial fibrosis, was measured by using myocardial T1 mapping before and
after the administration of a gadolinium-based contrast agent.

RESULTS

MeanHbA1cwas 5.846 0.16%, 6.896 0.14%, and 8.576 0.2% in groups 1, 2, and 3,
respectively. LV mass was not significantly different between the groups. The
myocardial ECVF was significantly greater in groups 2 (mean 27.6% [95% CI
24.8–30.3]) and 3 (27.6% [24.4–30.8]) than in group 1 (21.1% [17.5–24.7]; P =
0.015). After adjusting for age, sex, BMI, blood pressure, and estimated glomerular
filtration rate, the myocardial ECVF was significantly greater in groups 2 (27.4%
[24.4–30.4]) and 3 (28% [24.5–31.5]) than in group 1 (20.9% [17.1–24.6]; P = 0.0156,
ANCOVA).

CONCLUSIONS

An increased myocardial ECVF, suggesting myocardial fibrosis, is independently
associatedwith poor glycemic control amongadultswithdiabetes. Further research
should assess whether tight glycemic control can revert fibrosis to healthy myo-
cardium or ameliorate it and its adverse clinical consequences.

Individuals with diabetes are at high risk of developing cardiovascular events,
including heart failure, myocardial infarction, and death. Prior studies have dem-
onstrated that poor glycemic control can increase the risk of cardiovascular
complications and hospitalizations for heart failure (1,2). However, the mechanistic
pathways that contribute to this elevated risk are complex and not well understood.
Previous studies have shown the presence of myocardial fibrosis in subjects with
diabetes (3–5). Although elevations in HbA1c are associated with early left ventricular
(LV) dysfunction in subjects with diabetes (5), the relation between glycemic control
and the extent of myocardial fibrosis is unknown.
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Cardiac MRI allows precise measure-
ments of LV structure and function (6).
MRI can also accurately measure diffuse
myocardial fibrosis, which causes extra-
cellular matrix expansion (7). The latter
can be assessed on the basis of myocar-
dial extracellular volume fraction (ECVF),
which is the proportion of tissue volume
that corresponds to extracellular, rather
than intracellular, space. High ECVF in-
dicates myocardial interstitial fibrosis (7).
In this study we investigated the as-

sociation between glycemic control and
measures of macroscopic LV remodeling
(LV mass) and myocardial fibrosis, mea-
sured with cardiac MRI, among adults
with diabetes. We hypothesized that
poor glycemic control is associated with
increases in myocardial fibrosis and ex-
tracellular volume.

RESEARCH DESIGN AND METHODS

Study Population
We prospectively enrolled a conve-
nience sample of 47 adults with type 2 di-
abetes at the Corporal Michael J. Crescenz
Veterans Affairs (VA) Medical Center (Phil-
adelphia, PA). The protocol was approved
by the Philadelphia VA Medical Center In-
stitutional Review Board, and all subjects
provided written informed consent.
Key exclusion criteria were 1) claus-

trophobia; 2) presence of metallic ob-
jects or medical devices implanted in the
body; 3) atrial fibrillation; 4) LV ejection
fraction (EF) ,50%; 5) congestive heart
failure; 6) conditions that would make
the studymeasurements less accurate or
unreliable (e.g., arrhythmia affecting car-
diac gating, inability to adequately hold
breath during cardiac MRI); and 7) known
infiltrative or hypertrophic cardiomyop-
athy, or a history of extracardiac amy-
loidosis or sarcoidosis. The presence of
ischemic heart disease (in the absence
of a low EF or congestive heart failure)
was not an exclusion criterion.

Measurement of LV Mass
Participants underwent cardiac MRI to
assess LV structure and function; we
used a 1.5-Tesla whole-body MRI scanner
(Avanto or Espree; Siemens, Malvern, PA)
equipped with a phased-array cardiac coil.
LV volume and EF were determined us-
ing balanced steady-state, free-precession
cine imaging. Typical parameters were
repetition time 30.6 ms, echo time 1.3 ms,
30 phases, 8-mm slice thickness, ma-
trix size 192 3 192, and an integrated

parallel imaging technique (iPAT) fac-
tor of 2. Short-axis stack cine images
of the LV were manually traced at end
diastole and end systole using CMR42
software (Circle CVI, Calgary, Alberta,
Canada). LV mass was computed as the
difference between epicardial and en-
docardial volumes, multiplied by myo-
cardial density (1.06 g/mL). LV mass
was normalized for 1) body surface area
(BSA) and 2) body height (meters raised
to the allometric power of 1.7) (8).

Assessment of ECVF
We assessed ECVF (an index of myocar-
dial fibrosis) with cardiac MRI. We used
modified Look-Locker inversion recovery
(MOLLI) (9), which can assess T1 times
in amidventricular short-axis slice before
and after intravenous administration of
gadolinium contrast (gadopentetate dim-
eglumine 0.15 mmol/kg or equivalent).
Scan parameters for the MOLLI protocol
included field of view ;340 mm, matrix
size 144 3 192, 6-mm slice thickness,
repetition time 24.9 ms, echo time 1.18
ms, and flip angle 30 degrees. MOLLI
was performed with two inversions and
a 5-3-3 schema (five inversion times after
inversion 1, three T1 recovery heartbeats,
and three inversion times after inversion
2). Myocardial T1 measurements were
performed before and ;6–10, 15, 20,
25, and 30–40 min after gadolinium ad-
ministration. While determining myocar-
dial regions of interest in MOLLI images,
we avoided areas that were immediately
adjacent to the blood-endocardium inter-
face in order to avoid potential partial
volume effects. Themyocardium-blood
partition coefficient (l) was computed
as the slope of the blood 1/T1 change to
themyocardial 1/T1 change, as computed
with linear regression using all available
measurements, as previously described
(10). Hematocrit was measured from ve-
nous blood the day of the MRI scan. The
myocardial ECVF was computed as l 3
(12 hematocrit). LV extracellular volume
was computed as LVwall volume3 ECVF.
LV cellular volume was computed as LV
wall volume3 (12 ECVF). In addition, in-
dexed extracellular volume and cellular
volume were computed by dividing the
respective volumes by BSA, as previously
described (11).

Statistical Analysis
Continuous variables are presented as
the mean (95% CI). Categorical variables

are shown as total counts with percen-
tages and were compared using the x2

test or the Fisher exact test. Continuous
variables were compared between the
groups with the use of ANOVA. Adjusted
comparisons of ECVF and other LV mea-
sures between subjects (categorized by
HbA1c strata) were made with ANCOVA.
Analyses were adjusted for age, sex, and
BMI. Additional adjustments were per-
formed for systolic and diastolic blood
pressures, history of hypertension, cor-
onary artery disease, ACE inhibitor use,
spironolactone use, angiotensin recep-
tor blocker use, and estimated glomer-
ular filtration rate (eGFR) because these
variables may themselves influence myo-
cardial fibrosis. Post hoc pairwise com-
parisons were made and Bonferroni
correction for a error was applied. Sta-
tistical significance was defined as a two-
tailed P, 0.05. Analyses were performed
using SPSS version 24 for Mac (IBM,
Chicago, IL) and the Statistics and Ma-
chine Learning Toolbox in MATLAB ver-
sion 2016b (TheMathworks, Inc., Natick,
MA).

RESULTS

General characteristics of study subjects
are summarized in Table 1. Our study
included 12 subjects with HbA1c ,6.5%
(48 mmol/mol; group 1), 20 subjects with
HbA1c between 6.5% and 7.5% (48–58
mmol/mol; group 2), and 15 subjects
with HbA1c .7.5% (.58 mmol/mol;
group 3). Mean age was 66, 67, and
64 years in subjects in groups 1, 2 and
3, respectively (P = 0.69); mean BMI was
29.1, 33.2, and 32.7 kg/m2, respectively
(P = 0.91). The population comprised
predominantly men, and no significant
gender differences existed between the
groups. No significant differences in sys-
tolic blood pressure, antihypertensive
medication use, eGFR, HDL-cholesterol,
or LDL-cholesterol existed between the
groups. Insulin was used significantly
more frequently with higher HbA1c levels
(17%, 32%, and 80% in groups 1, 2, and 3,
respectively; P = 0.002). Diastolic blood
pressure was slightly but significantly
higher among subjects with HbA1c .7.5%
(P = 0.047).

Figure 1 and Table 2 show comparisons
of various parameters of LV remodeling
and fibrosis between subjects stratified
according to HbA1c level; the compari-
sons are adjusted for age, sex, and BMI.
The gadolinium partition coefficient (l)
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was significantly higher in group 2 (mean
0.45 [95% CI 0.40–0.49]) and group
3 (0.46 [0.41–0.51]) than in group
1 (0.35 [0.29–0.40]; P = 0.0085, ANCOVA).
The myocardial ECVF was significan-
tly greater in groups 2 (mean 27.6%
[95% CI 24.8–30.3]) and 3 (27.6%
[24.4–30.8]) than in group 1 (21.1%
[17.5–24.7]; P = 0.0155). LV mass was

not significantly different between the
groups. Extracellular volume, however,
was significantly larger in group 2 (mean
41.4 mL [95% CI 34.3–48.5]) and group
3 (39.3 mL [31.7–46.9]) than in group
1 (24.7 mL [19.3–30.2]; P , 0.001,
ANCOVA), with no significant differences
in cellular volume. Similar to LV mass,
cellular volume indexed to BSA was

not significantly different between the
groups (P = 0.52), whereas indexed extra-
cellular volume was significantly lower in
group 1 (mean 13 mL/m2 [95% CI 9.6–
16.3]) than in group 2 (20.4 mL/m2 [17.7–
23.1]; P = 0.006, ANCOVA).

After further adjustment for systolic
and diastolic blood pressures and eGFR
(Table 3), the gadolinium partition co-
efficient (l) was significantly higher in
group 2 (mean 0.44 [95% CI 0.39–0.48])
and group 3 (0.47 [0.42–0.52]) than in
group 1 (0.34 [0.29–0.40]; P = 0.005,
ANCOVA). The myocardial ECVF also
was significantly greater in groups 2
(mean 27.4% [95% CI 24.4–30.4]) and
3 (28% [24.5–31.5]) than in group 1
(20.9% [17.1–24.6]; P = 0.0156, ANCOVA),
as was extracellular volume: mean 42.8
mL (95% CI 34.9–50.7) in group 2 and
40.7 mL (32–49.5) in group 3 versus
26.1 mL (20–32.1) in group 1 (P = 0.0021,
ANCOVA); we found no significant dif-
ferences in cellular volume. Finally,
indexed extracellular volume was sig-
nificantly larger in group 2 than in group
1 (Table 3), without significant differ-
ences in indexed cellular volume.

Only four participants demonstrated
at least one area of focal myocardial
delayed enhancement (three consistent
with focal infarcts and one with a non-
ischemic, nonspecific midwall pattern).
The results were not appreciably dif-
ferent after these participants were
excluded. The ECVF was significantly
greater in group 2 (mean 28.4% [95%
CI 25.4–31.5]) and group 3 (27.5% [24.4–
30.6]) than ingroup1 (20.9%[17.3–24.4];
P = 0.0087, ANCOVA).

CONCLUSIONS

In this study we demonstrateddto our
knowledge for the first timedthat poor
glycemic control is independently asso-
ciated with increased ECVF (suggesting
myocardial fibrosis) in adults with type 2
diabetes. We demonstrated, using non-
invasive quantification of LV mass (with
cine MRI) and ECVF (with myocardial
T1 mapping, a well-validated technique
for characterizing tissue) (11,12), that
poor glycemic control is associated
with increased ECVF and extracellular
volume (indicative of myocardial fibro-
sis), but not with cellular volume. These
findings increase our understanding of
the implications of poor glycemic control
for the myocardium.

Table 1—General characteristics of study subjects stratified by HbA1c level

HbA1c (%)

P value,6.5 (n = 12) 6.5–7.5 (n = 20) .7.5 (n = 15)

Age, years 66 (61–72) 67 (62–71) 64 (59–69) 0.69

Male sex 11 (92) 18 (90) 13 (87) 0.91

BMI, kg/m2 29.1 (24.2–34) 33.2 (28.9–37.4) 32.7 (27.8–37.5) 0.41

BSA, m2 2.08 (1.89–2.26) 2.28 (2.12–2.44) 2.26 (2.08–2.45) 0.21

SBP, mmHg 142 (131–154) 145 (136–153) 149 (139–160) 0.62

DBP, mmHg 81 (76–87) 80 (76–85) 89 (83–94) 0.047

History of hypertension 11 (91.67) 18 (90.00) 15 (100.00) 0.46

Coronary artery disease 3 (25.00) 5 (25.00) 6 (40.00) 0.58

Medication use
b-Blockers 3 (25.00) 11 (55.00) 9 (60.00) 0.15
Aspirin 5 (42.00) 15 (75.00) 11 (73.00) 0.12
ACE inhibitors 8 (67.00) 16 (80.00) 8 (53.00) 0.24
Spironolactone 0 (0.00) 1 (5.00) 0 (0.00) 0.50
Calcium channel

blockers 4 (33.00) 8 (40.00) 7 (47.00) 0.78
Insulin 2 (17.00) 6 (32.00) 12 (80.00) 0.002
Metformin 7 (58.33) 10 (50.00) 9 (64.29) 0.70
Sulfonylureas 1 (8.33) 8 (40.00) 3 (21.43) 0.13
Thiazolidinediones 0 (0.00) 2 (10.00) 1 (7.14) 0.54
GLP-1 agonists 0 (0.00) 1 (5.00) 0 (0.00) 0.51
DPP-4 inhibitors 1 (8.33) 2 (10.00) 1 (7.14) 0.96

eGFR, mL/min/1.73 m2 87.5 (69.9–105.1) 71.3 (60.4–82.2) 85.4 (70.2–100.6) 0.14

HbA1c, % 5.84 (5.53–6.15) 6.89 (6.6–7.17) 8.57 (8.16–8.98) d

HbA1c, mmol/mol 40 (37–44) 52 (49–54) 70 (66–73)

HDL-cholesterol, mg/dL 49.3 (39.3–59.3) 42 (35.8–48.2) 38.1 (31.5–44.6) 0.13

LDL-cholesterol, mg/dL 39.6 (0–86.9) 61.5 (22.8–100.1) 71.4 (18.8–123.9) 0.49

Data are the mean (95% CI) or n (%) of subjects. No subjects were receiving meglitinides,
a-glucosidase inhibitors, or sodium–glucose cotransporter 2 inhibitors. DBP, diastolic blood
pressure; DPP-4, dipeptidyl peptidase 4; GLP-1, glucagon-like peptide 1; SBP, systolic blood
pressure.

Figure 1—Gadolinium partition coefficient (Lambda) and extracellular volume coefficient (ECVF)
in subjects stratified according to HbA1c level, adjusted for age, sex, and BMI.
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LV mass has been reported to be
higher in subjects with diabetes than
in those without diabetes (13), although
large studies found concentric remodel-
ing of the LV, rather than LV hypertrophy
(i.e., increased LV mass), to be indepen-
dently associated with insulin resistance
(14,15). It is interesting to note that
among subjects with diabetes LV mass
was not associated with HbA1c, whereas
ECVF (i.e., the fraction of myocardial
tissue corresponding to the extracellular
compartment) and the total extracellular
volume (i.e., the extracellular volume in
the LV wall, expressed in milliliters) were
significantly associated with poor glyce-
mic control. In contrast, cellular volume
was not associated with glycemic con-
trol. This indicates that expansion of
the extracellular compartment is a key
component of the adverse myocardial
remodeling associated with poor glyce-
mic control in diabetes. Furthermore,

our findings indicate that assessments
of the extracellular and intracellular com-
partments (via T1 mapping) provide ad-
ditional information to that provided
by simple measurements of macroscopic
hypertrophy (e.g., LV mass).

Myocardial fibrosis occurs in patients
with diabetes more often than in control
subjects without diabetes, and does so
independently of coronary atherosclero-
sis or other cardiac risk factors (16,17).
Myocardial fibrosis also has been well
documented in animal models of type 1
and type 2 diabetes (18–22), and it was
confirmed through the use of myocardial
biopsies from patients with diabetes (23).
Diabetes with suboptimal glycemic con-
trol (HbA1c$6.5%) has been shown to be
associated with diastolic dysfunction,
aortic stiffness, and the development
of heart failure (13,24,25). Hyperglyce-
mia also has been associated with cir-
cumferential myocardial dysfunction in

young adults with type 1 diabetes (5) and
with subclinical LV diastolic dysfunction,
an early manifestation of heart disease in
diabetes (26–29). However, the association
between glycemic control and myocar-
dial fibrosis in adults with diabetes has
not, to our knowledge, been previously
investigated. We showed that subjects
with diabetes who exhibit poor glycemic
control demonstrate increased myocardial
fibrosis, independent of various confound-
ers, compared with subjects with diabetes
who exhibit tight glycemic control.

Insulin resistance with hyperinsuline-
mia (either endogenous or from exoge-
nous administration) and hyperglycemia/
glucotoxicity may be involved in the ob-
served associations between HbA1c level
and ECVF (30,31). These collective met-
abolic disturbances can promote cardiac
remodeling, fibrosis, andmyocardial dys-
function. Impaired insulin signaling via
the mammalian target of rapamycin–S6

Table 2—Comparison of various parameters of LV remodeling between subjects stratified according to HbA1c level adjusted for
age, sex, and BMI

HbA1c (%)

P value#6.5 (Group 1) 6.5–7.5 (Group 2) .7.5 (Group 3)

LV mass, g 131 (114–149) 158 (141–174) 152 (134–170) 0.08

LV mass index
By BSA, g/m2 62.5 (54.1–70.9) 74.3 (67.6–80.9) 68 (60.6–75.5) 0.12
By height, g/m1.7 52.5 (45.1–59.9) 61.6 (55.7–67.4) 58.7 (52.1–65.3) 0.19

Gadolinium partition coefficient (l) 0.35 (0.29–0.4) 0.45 (0.40–0.49) 0.46 (0.41–0.51) 0.009*,#

ECVF 21.1 (17.5–24.7) 27.6 (24.8–30.3) 27.6 (24.4–30.8) 0.016*,#

Cellular volume, mL 102 (86–117) 113 (101–125) 107 (94–121) 0.5472

Extracellular volume, mL 24.7 (19.3–30.2) 41.4 (34.3–48.5) 39.3 (31.7–46.9) ,0.001*,#

Indexed cellular volume, mL/BSA (m2) 47.2 (40.8–53.5) 51 (46–56) 47.1 (41.5–52.7) 0.52

Indexed extracellular volume, mL/BSA (m2) 13 (9.6–16.3) 20.4 (17.7–23.1) 18.3 (15.4–21.3) 0.006*

Data are mean (95% CI). *Pairwise comparison between groups 1 and 2 (significant at P , 0.05). #Pairwise comparison between groups 1 and
3 (significant at P , 0.05).

Table 3—Comparison of various parameters of LV remodeling between subjects stratified according to HbA1c level adjusted
for age, sex, BMI, systolic and diastolic blood pressures, and eGFR

HbA1c (%)

P value#6.5 (Group 1) 6.5–7.5 (Group 2) .7.5 (Group 3)

LV mass, g 134 (116–152) 156 (139–173) 151 (132–170) 0.1815

LV mass index
By BSA, g/m2 64 (55.5–72.5) 74 (67.1–80.9) 67.2 (59.3–75.1) 0.1987
By height, g/m1.7 53.6 (46–61.2) 61 (54.8–67.2) 58.5 (51.4–65.6) 0.3466

Gadolinium partition coefficient (l) 0.34 (0.29–0.40) 0.44 (0.39–0.48) 0.47 (0.42–0.52) 0.0050*,#

ECVF 20.9 (17.1–24.6) 27.4 (24.4–30.4) 28 (24.5–31.5) 0.0156*,#

Cellular volume, mL 109 (93–125) 117 (103–130) 110 (95–125) 0.7417

Extracellular volume, mL 26.1 (20–32.1) 42.8 (34.9–50.7) 40.7 (32–49.5) 0.0021*,#

Indexed cellular volume, mL/BSA (m2) 50.3 (43.7–56.9) 53 (47.6–58.4) 48.1 (41.9–54.3) 0.5421

Indexed extracellular volume, mL/BSA (m2) 13.7 (10.1–17.3) 21 (18.1–24) 19.1 (15.8–22.5) 0.0131*

Data are mean (95% CI). *Pairwise comparison between groups 1 and 2 (significant at P , 0.05). #Pairwise comparison between groups 1 and
3 (significant at P , 0.05).
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kinase 1 pathway can impair nitric pro-
duction and promote profibrotic re-
sponses (30–32).
Hyperglycemia and glucotoxicity can

also exert profibrotic effects. Hyper-
glycemia induces nonenzymatic glycosyl-
ation of lipids, lipoproteins, and amino
acids, leading to increased amounts
of advanced glycation end products
(AGEs). AGE deposition contributes to
increased connective tissue crosslinking
and fibrosis, with increased resistance
to enzymatic proteolysis in connec-
tive tissues (30,31). AGEs may also bind
to the cell surface receptor for AGE
(RAGE), thereby inducing increased ma-
trix protein expression via the mitogen-
activated protein kinase and Janus kinase
pathways in vascular and cardiac tissues.
AGEs may also promote the formation
of reactive oxygen species, which can
promote fibrosis. In a mouse model of
type 1 diabetes, administration of a
RAGE antagonist prevented AGEs and
RAGE signaling–mediated increases in
myocardial fibrosis (33). Finally, activation
of both the systemic renin-angiotensin-
aldosterone system and that in cardiac
tissue, which occurs in states of insulin
resistance and hyperglycemia, also con-
tributes to profibrotic responses (30–32).
The relative role of hyperglycemia and
hyperinsulinemia (endogenous or exog-
enous) in myocardial fibrosis in human
diabetes remains to be assessed in future
studies with larger sample sizes and/or
experimental designs. In particular, stud-
ies should investigate whether exogenous
insulin use (which is intimately associ-
ated with poor glycemic control in current
clinical practice) has an impact on myo-
cardial fibrosis.
Myocardial fibrosis has important con-

sequences for ventricular function. LV
dysfunction, including impaired ventric-
ular relaxation and stiffness, is linked to
collagen accumulation in the myocar-
dium (34,35). Myocardial fibrosis can
also lead to coronary microvascular
dysfunction (36). Increased myocar-
dial stiffness, diastolic dysfunction, and
microvascular dysfunction are thought
to play important roles in heart failure
with preserved EF, an epidemic condition
for which no effective pharmacologic
therapies are currently available and
for which diabetes is an important risk
factor (37). Whether myocardial fibrosis
predicts risk of future heart failure
with preserved EF among subjects with

diabetes remains to be assessed in future
studies. It is clear that further studies are
needed to assess the relation between
glycemic control, extracellular volume,
myocardial function, and outcomes.

The duration of diabetes and HbA1c
level are important predictors of heart
failure development in subjects with di-
abetes (38). Our findings bring up the
possibility that myocardial fibrosis (a
known pathologic process contributing
to heart failure) may at least partially
mediate the association between HbA1c
and heart failure risk. Parry et al. (39)
found that, among subjects with type 2
diabetes, HbA1c ,6% or .7% was as-
sociated with an increased number
of hospitalizations for heart failure,
creating a U-shaped relationship be-
tween HbA1c level and the risk of heart
failure–related hospital admissions. The
relation between tight diabetes control
and heart failure might be explained
by 1) frequent episodes of hypoglycemia,
which were previously found to consti-
tute an independent cardiovascular risk
factor (40), or 2) the effects of oral anti-
diabetes medications (i.e., high-dose
sulfonylureas [41] and thiazolidinediones
[42]), which might be linked to the
development of heart failure indepen-
dent of glycemic control per se. Heart
failure risk likely develops differently
between subjects with tight glycemic
control and those with poor glycemic
control. Whether the institution of tight
glycemic control can revert fibrosis to
healthymyocardium or ameliorate it and
its adverse clinical consequences in pa-
tients with diabetes remains to be as-
sessed in future intervention studies. In a
similar way, extracellular volumemeasure-
ments may help stratify risk in patients
with diabetes and identify those who
may benefit from novel antifibrotic strat-
egies, which should be the focus of future
research.

The observation that increased cellular
volume was not related to HbA1c level
may have several explanations. First, our
sample size may have been too limited
to detect subtle increases in intracellu-
lar volume. Second, the pathologic pro-
cesses associated with insulin resistance
and hypoglycemia may lead to myocar-
dial cell loss. For instance, myocardial
lipid accumulation and lipotoxicity,
which occur in states of insulin resis-
tance, may promote cardiomyocyte ap-
optosis via increased production of

reactive oxygen species and endoplas-
mic reticulum stress (30,31).

Our study should be interpreted in the
context of its strengths and limitations.
Strengths include the use of cardiac MRI
to measure LV mass and ECVF and to
derive cellular and extracellular volumes.
Our groups matched relatively well with
regard to characteristics that may con-
found myocardial fibrosis measurements;
furthermore, we performed compre-
hensive adjustments in our compari-
sons, which adds confidence to our
findings. Our study also has limitations:
It used a convenience sample of par-
ticipants at a VA Medical Center. Most
participants were middle-aged or elderly
men, and our results might not be gen-
eralizable to women and younger co-
horts. HbA1c only reflects recent glucose
control, whereas myocardial changes
probably result from longer periods
of altered metabolic states that are not
well characterized by this measurement.
ECVF is affected not only by fibrosis but
also by edema and amyloid deposition.
In this clinical context, however, it is rea-
sonable to assume that the variability
in ECVF represents myocardial fibrosis,
rather than edema or amyloid deposits.
Our cross-sectional study cannot address
causality, and therefore the associations
between poor glycemic control and myo-
cardial fibrosis need to be interpreted
cautiously and in the context of other
available evidence. Finally, residual con-
founding from unmeasured factors can-
not be ruled out.

In conclusion, diffuse myocardial fibro-
sis quantified by cardiac MRI is inde-
pendently associated with poor glycemic
control in subjects with diabetes. In
contrast, poor glycemic control is not
associated with increases in LV mass or
expansion of myocardial cellular volume.
Further studies are needed to investigate
the causal role of glycemic control in the
development of fibrosis and the molec-
ular mechanisms behind this associa-
tion. It is important that experimental
trials be conducted to assess whether
tight glycemic control represents a ther-
apeutic strategy to ameliorate myo-
cardial fibrosis, and its adverse clinical
consequences, in human diabetes.
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