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THE PRESENT AND FUTURE
STATE-OF-THE-ART REVIEW

Implications of Underlying Mechanisms
for the Recognition and Management of
Diabetic Cardiomyopathy
Thomas H. Marwick, MBBS, PHD, MPH, Rebecca Ritchie, PHD, Jonathan E. Shaw, MBCHB, MD, David Kaye, MBBS, PHD

ABSTRACT
Heart failure is a complex clinical syndrome, the incidence and prevalence of which is increased in diabetes mellitus,
pre-diabetes, and obesity. Although this may arise from underlying coronary artery disease, it often occurs in the absence of
signiﬁcant major epicardial coronary disease, and most commonly manifests as heart failure with preserved ejection fraction.
Despite epidemiological evidence linking diabetes to heart failure incidence and outcome, the presence of a distinct primary
“diabetic” cardiomyopathy has been difﬁcult to prove, because the link between diabetes and heart failure is confounded by
hypertension, microvascular dysfunction, and autonomic neuropathy. Nonetheless, several mechanistic associations at
systemic, cardiac, and cellular/molecular levels explain different aspects of myocardial dysfunction, including impaired
cardiac relaxation, compliance, and contractility. This review seeks to describe recent advances and limitations pertinent
to integrating molecular mechanisms, clinical screening, and potential therapeutic avenues for this condition.
(J Am Coll Cardiol 2018;71:339–51) © 2018 by the American College of Cardiology Foundation.

D

iabetes mellitus (DM) may elicit symptoms

but both preclinical models of diabetes (3) and epide-

of primary cardiac disease through 3 major

miological evidence (4,5) provide robust support for

mechanisms:

DCM.

coronary

artery

disease

(CAD), cardiomyopathy, and cardiac autonomic neuropathy (1). Separately, DM can also contribute to

EPIDEMIOLOGY OF

other systemic cardiovascular symptoms through

DIABETES-ASSOCIATED HF

vascular

disease

and

autonomic

neuropathy.

Although heart failure (HF) may arise from CAD, the

Epidemiological evidence indicates a strong associa-

most common causes are nonischemic. The connec-

tion between DM and HF. The Framingham study

tion between DM and HF was observed about 150

documented a 2.4-fold increased incidence of HF in

years ago, but the proposal of a distinct “diabetic car-

diabetic men and a 5-fold increase of HF in diabetic

diomyopathy” (DCM) is more recent (2). The clinical

women (4). Indeed, in people with DM, HF is a more

detection of DCM as a separate entity from the other

common initial presentation of cardiovascular dis-

comorbidities of diabetes in the clinical context is

ease (CVD) than is myocardial infarction (6). Incident

confounded by hypertension and atherosclerosis,

HF has been studied in more than 8,000 patients with
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ABBREVIATIONS

DM in the Kaiser Permanente system. In type

CONTRIBUTING MECHANISMS TO

AND ACRONYMS

2 DM, new-onset HF occurred in 30.9 per

DIABETES-ASSOCIATED HF

1,000 person-years in subjects with DM and

DCM = diabetic
cardiomyopathy

DD = diastolic dysfunction

12.4 per 1,000 in control subjects over 6 years

Diabetic heart disease is a complex entity associated

of follow-up (5). The lower reported annual

with multiple contributing mechanisms and conse-

incidence of HF (0.2 per thousand) (7) and

quent manifestations (Central Illustration). These are

myocardial dysfunction (1 per 1,000) in type 1

evident at the systemic, cardiac, and cellular/molec-

DM (8) likely reﬂects the study of these in

ular levels (Table 1) (3,17–19). Each of these de-

younger age groups. Nonetheless, subclinical

rangements predispose the diabetic heart to defects

preserved ejection fraction

evidence of diastolic dysfunction is observed

in myocardial function, including impairments in

O-GlcNAc = b-N-

in both types 1 and 2 diabetes, even in the

cardiac relaxation, compliance, and contractility.

acetylglucosamine

absence of other comorbidities such as hy-

HYPERGLYCEMIA. Both preclinical and clinical evi-

ROS = reactive oxygen species

pertension (9,10).

dence point to a causal role for hyperglycemia in

DM = diabetes mellitus
GLS = global longitudinal
strain

HFpEF = heart failure with

Insulin-resistant states, including obesity

SGLT2 = sodium/glucose

and pre-diabetes, have a 20% to 70% risk

cotransporter 2

diabetes-associated HF (20). Diastolic dysfunction is
correlated

with

the

degree

of

hyperglycemia;

increment of HF (11). Most of these patients have

furthermore, the

heart

blunts diabetes-induced diastolic dysfunction with

failure

with

preserved

ejection

fraction

amelioration

of

hyperglycemia

(HFpEF), although there are groups with a prepon-

concomitant

derance of heart failure with reduced ejection frac-

(18,20).

tion (HFrEF) (12). The myocardial changes associated

each 1% increase in hemoglobin A1c (HbA1c) confers

with

obesity

are

independent

of

attenuation

Epidemiological

of

its

known

evidence

triggers

indicates

that

hypertension,

an 8% increased risk of HF (21). This association of

obstructive sleep apnea, and CAD. The roles of

hyperglycemia with HF is biologically plausible, as

metabolic disturbances, activation of the renin-

levels of glucose metabolites are associated with

angiotensin-aldosterone and sympathetic nervous

glucose-mediated modiﬁcations that affect cardiac

systems, and myocardial remodeling are similar to

pathology

the mechanisms of LV dysfunction in DM (13).

glycation end-products as a result of nonenzymatic

(17,22).

Formation

of

advanced

Just as HF is common in DM, DM is highly preva-

glycation of proteins, lipids, and nucleic acids

lent in the large trials of HF that deﬁned the current

initiates inﬂammation with consequent apoptosis

management algorithm, being reported in 25% to 40%

and ﬁbrosis (17,23). Distinct from this process,

of patients with HF (14). One-third of patients

the

admitted with HF in the absence of a previous diag-

(O-GlcNAc) (generated by the hexosamine biosyn-

nosis of DM demonstrate DM or impaired glucose

thesis pathway) attaches to a multitude of proteins

tolerance (14). Most of these published data do not

(at serine and threonine residues, likely competing

distinguish HFpEF from HFrEF. Insulin resistance is

with phosphorylation at the same site on affected

glucose

metabolite

b -N-acetylglucosamine

common in HF, with DM documented in 30% of pa-

proteins) to alter their function (22,24). Although a

tients with HFpEF.

multitude of proteins (likely >1,000) are susceptible

In addition to HF being among the most common

to O-GlcNAc modiﬁcation, several speciﬁc examples

complications of DM, it is also among the most

are likely key to the functional impairments in the

serious. In a prospective study from the mid-1990s,

diabetic heart. This includes O-GlcNAc modiﬁcation

the 1-year mortality of HF was 30% in people with

of

DM, about 1.5-fold greater than in those without DM

(CaMKII), phospholamban and the myoﬁlaments

(15). In the CHARM (Candesartan in Heart failure:

(22), which negatively affect cardiac contractility

Assessment of Reduction in Mortality and morbidity)

and relaxation. Moreover, multiple mitochondrial

trial, DM associated with HFrEF had a mortality rate

proteins are also highly susceptible to O-GlcNAc

Ca2þ/calmodulin-dependent

protein

kinase

II

of 119 per 1,000 patient-years, compared with 59 per

modiﬁcation (25), which is likely detrimental to

1,000 patient-years in HFpEF (16), with respective HF

both mitochondrial metabolism and subsequently to

admission rates of 155 and 117 per 1,000 person-years.

cardiac

Although HFpEF has a slightly more favorable prog-

Advanced

nosis than HFrEF, the degree of this differential may

O-GlcNAc modiﬁcation of proteins are both detri-

be because an ischemic etiology is more common in

mental routes of glucose metabolism in diabetes

HFrEF, and the excess risk for mortality associated

(17,18,22,24,25), incurring epigenetic changes and

with diabetes is greater when HF is ischemic than

mitochondrial damage and, consequently, myocar-

when HF is nonischemic.

dial dysfunction.

function

in

glycation

the

context

end-product

of

diabetes.

and

sustained
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C ENTR AL I LL UST RA TI ON Diabetic Heart Failure: Interactions of Systemic, Myocardial, and Cellular Manifestations

Marwick, T.H. et al. J Am Coll Cardiol. 2018;71(3):339–51.

The glycemic effects (glucose handling, insulin resistance) contribute to a variety of systemic effects as well as effects on the cardiomyocyte including disturbances of
glucose and fatty acid utilization, mitochondrial function, and excitation contraction (EC) coupling. Other systemic effects (autonomic dysfunction, oxidative stress,
and its consequences) lead to coronary artery disease (CAD) and other myocardial and cardiomyocyte effects. The consequent disturbances of myocardial function
result in the systemic consequence of diabetic heart failure.

OXIDATIVE STRESS. Oxidative stress is the imbalance

to peripheral disease progression (29–31). A diabetes-

resulting from increased generation of reactive

driven cardiac phenotype of macrophage inﬁltration

oxygen species (ROS) and/or a reduced antioxidant

and up-regulated inﬂammatory signaling suggests

defense; both contribute to diabetic cardiomyopathy

that inﬂammatory signaling is likely also implicated

(17,18). Oxidative stress associated with hyperglyce-

in the cardiac complications of diabetes, analogous to

mia is considered to play a central role in both

the known contribution of inﬂammation cells to other

noncardiac

HF etiologies (20,32).

including

and

cardiac

cardiac

diabetes

remodeling,

complications,
impaired

car-

diomyocyte calcium handling, and reduced cardiac

AUTONOMIC

DYSFUNCTION. Autonomic

dysfunc-

tion inﬂuences systemic and coronary vascular func-

contractility and relaxation (18,26,27). Downstream

tion (33), as well as myocardial performance, and may

pathways

stress–induced

emerge earlier in patients with diabetes than often

cardiac injury include increased myocardial inﬂamma-

realized. Impaired glucose control and insulin resis-

tion (Central Illustration), countered by down-regulation

tance in diabetic patients are likely drivers of exces-

of cardioprotective physiological signaling (26,28).

sive sympathetic activity and consequent myocardial

implicated

in

oxidative

INFLAMMATION. Inﬂammation is recognized as a key

hypertrophy, ﬁbrosis, and dysfunction, facilitating

mechanism of diabetes progression and its systemic

progression to HF (34,35).

complications; its likely contribution to diabetes-

DISTURBANCES

induced HF is now also clearly emerging. Systemic

Disturbances in myocardial glucose and fatty acid

inﬂammation is unmistakably present in diabetic

utilization, as well as in mitochondrial energetics,

patients, and is considered a contributing mechanism

have been implicated as important contributors to

OF

MYOCARDIAL

METABOLISM.
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T A B L E 1 Potential Mechanisms Underlying Diabetic Cardiomyopathy and Their Consequences on Cardiac Function

Level

Manifestation

Systemic

Innervation
Cardiac

Cardiomyocyte

Mechanism

Consequence

Hyperglycemia

Protein modiﬁcation (AGE,
N-acetylglucosamine)
Epigenetic changes, mitochondrial damage

Myocardial dysfunction

Oxidative stress

Impaired cardiomyocyte calcium handling

Reduced cardiac contractility and
relaxation

Inﬂammation

Up-regulated inﬂammatory signaling

Macrophage inﬁltration

Autonomic dysfunction

Systemic and coronary vascular function
Myocardial performance

Myocardial hypertrophy, ﬁbrosis
Myocardial dysfunction

Disturbed insulin signaling

Myocardial energetics, substrate utilization

Myocardial dysfunction

Disturbed renin-angiotensin-aldosterone
system

Cardiac remodeling

Cardiac stiffness, ﬁbrosis

Small- and large-vessel disease

Impaired perfusion

Myocardial dysfunction, ﬁbrosis

Cytosolic calcium trafﬁcking

Excitation-contraction coupling

cardiomyocyte contraction, relaxation

Gene expression, signaling
AGE ¼ advanced glycation end-product.

diabetic cardiac complications (18,36,37). Several

diabetic myocardium also exhibits up-regulation of

components of insulin signaling are suppressed in the

the local renin-angiotensin and endothelin systems,

diabetic heart, including insulin receptor substrate,

which further contribute to cardiac remodeling

(p110a ),

protein

(17,18,40,46,47). Interestingly, diastolic dysfunction

kinase B (also known as Akt), with detrimental con-

persists in isolated diabetic cardiomyocytes ex vivo,

sequences (26,38,39). The consequences of these

consistent with a functional abnormality indepen-

changes in cardiac insulin signaling include car-

dent of cardiac remodeling (27).

diomyocyte hypertrophy, mitochondrial uncoupling,

PERFUSION ABNORMALITIES IN DIABETES. Multi-

oxidative

as

ple components of metabolic syndrome, across insu-

abnormal calcium handling (27,40). Obesity per se

lin resistance, obesity, hypertension, as well as

increases circulating levels of glucose and free fatty

diabetes per se, are contributors to macrovascular

acids. The resulting myocardial deposition of lipids

disease, increasing arterial load. Perfusion abnor-

and their metabolites leads to cell damage, inﬂam-

malities (predominantly in small myocardial rather

mation,

features

than the epicardial coronary vessels) are implicated in

attributed to lipotoxicity (41,42). Mitochondria play a

diabetic cardiomyopathy (48). Endothelial dysfunc-

central role in integrating cellular energy metabolism

tion and abnormal nitric oxide metabolism, as well as

and cell survival during normal physiology (43). In

structural changes in small vessels, limit the capacity

phosphoinositide

stress

and

3-kinase

and

diastolic

inﬂammation,

and

as

dysfunction—the

well

type 2 diabetes, mitochondrial function is impaired,

for vasodilation in diabetes (49). Impairments in

and mitochondria become a signiﬁcant source of ROS,

microvascular perfusion in diabetes can also result

further contributing to type 2 diabetes–induced

from coronary capillary rarefaction (50), which is it-

myocardial dysfunction (44,45). Importantly, the

self sufﬁcient for development of cardiac ﬁbrosis and

extent of both the mitochondrial dysfunction and

diastolic dysfunction (51). The contribution of vessel

concomitant myocardial dysfunction are markedly

disease to diabetes-induced HF, relative to other

worse in patients affected by type 2 diabetes than

contributing mechanisms discussed in the previous

with obesity alone (44).

text, remains undeﬁned.

CARDIAC REMODELING. Both cardiac hypertrophy

CARDIOMYOCYTE MECHANISMS OF CARDIOMYOPATHY.

and ﬁbrosis are common structural hallmarks of pa-

Defects in excitation-contraction coupling at the car-

tients with diabetes, with resultant cardiac stiffness

diomyocyte level also contribute to the impairments

providing a mechanical link between aberrations in

in myocardial function as the diabetic heart pro-

myocardial tissue structure and impaired cardiac

gresses toward HF (27). This includes impairment in

function (17–19). Diabetes-induced cardiac remodel-

cardiomyocyte contraction, relaxation, and cytosolic

ing is considered to result from many of the previ-

calcium trafﬁcking (as a result of decreases in activity

ously

(hyperglycemia,

of sarco[endo]plasmic reticulum calcium-ATPase,

oxidative stress, inﬂammation, and so on), both at a

ryanodine receptors, and other calcium-handling

systemic level and in the myocardium itself. The

proteins) (3,18), as well as epigenetic mechanisms

mentioned

mechanisms
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(19). Compromised mitochondrial calcium dynamics

stretch, with other evidence pointing toward an atri-

and enhanced mitochondrial ROS generation further

opathy (58). It is important to consider the time

deplete the cardiomyocyte of energy and impair car-

course of developing abnormalities of myocardial

diac efﬁciency (3,18).

relaxation and ﬁbrosis—the latter appears to be a
marker of more advanced disease (59).

SCREENING FOR
DIABETIC CARDIOMYOPATHY

Although these entities occur in the context of
normal EF, DD is not usually isolated, and occurs in
the presence of systolic dysfunction that is detectable

THE SYMPTOMATIC PATIENT. Impaired functional

by more sensitive tools than EF, such as tissue ve-

capacity is commonly found in apparently asymp-

locity and strain. However, systolic and diastolic

tomatic individuals with DM. These symptoms are

function do not necessarily deteriorate in parallel

nonspeciﬁc and may be due to peripheral rather than

(Figures 1 and 2). LV hypertrophy and concentric

central causes. In this setting, the challenges are to

remodeling are recognized as risk factors in the

determine if myocardial dysfunction is present, and if

development of HF in the wider context. The modest

so, to deﬁne its etiology.

level of accuracy of conventional echocardiography

I m a g i n g o f c a r d i a c s t r u c t u r e a n d f u n c t i o n . There

for the recognition of LVH is improved by the use of

are 3 myocardial signals of diabetic heart disease:

3-dimensional imaging (60). LV concentric remodel-

abnormal LV systolic function, diastolic dysfunction,

ing represents an early change in myocardial struc-

and changes in LV geometry.

ture, which has been associated with abnormal

Although impaired EF is recognized as conﬁrma-

function and energetics (61). Hypertrophy represents

tory of HF in patients with suggestive symptoms,

an increase in the myocardium, but a component is

most HF patients now present with preserved EF.

attributable to increased extracellular volume (62),

Abnormal global longitudinal strain (GLS) is a sensi-

reﬂecting collagen deposition and ﬁbrosis, which in

tive marker of systolic dysfunction, identifying

turn is linked to outcome (63). Myocyte hypertrophy

abnormalities of longitudinal deformation when the

is

EF is still preserved. Impairment of GLS is also

hyperinsulinemia due to insulin resistance has been

commonly seen in asymptomatic individuals with

shown to cause this in the setting of increased after-

DM, albeit less frequently than diastolic dysfunction

load (64).

commonly

attributable

to

hypertension,

but

(52). Abnormal GLS is associated with the develop-

Hypertension is another potential cause of LV

ment of HF and mortality, as well as the development

dysfunction, and the relative contributions of this

of LV remodeling (53). Reduced strain rate is a marker

and DM to LV dysfunction have been debated. In

of reduced contractility, the underlying causes of

apparently healthy people with HF risk factors, DD is

which include altered insulin signaling, loss of con-

associated with non-DM factors, such as age, hyper-

tractile cells due to apoptosis and necrosis, and stress

tension, and body mass index, while abnormal GLS

to the endoplasmic reticulum (17).

(documented in about a third of the same group) is

LV diastolic dysfunction (DD) is very common in

most associated with diabetes and sex. Abnormal GLS

asymptomatic, apparently healthy patients with DM,

is identiﬁed in 28% of patients with normal diastolic

being present in at least 50% of this population (54);

function (53). The heterogeneity of patients with

thus, if DD is mild (delayed relaxation), the concern is

asymptomatic myocardial dysfunction and diabetes

that this ﬁnding is coincidental. However, although

may have important implications for therapy. A

delayed myocardial relaxation is only weakly associ-

recent analysis has shown 3 patterns in this popula-

ated with prognosis, progression of DD to an incre-

tion: 1) a group with systolic and diastolic function

ment of LV ﬁlling pressure (approximated by the ratio

that is less impaired than the remainder (mainly men)

of transmitral ﬂow and myocardial relaxation [E/eʹ])

associated with a favorable prognosis; 2) patients

at rest is associated with adverse outcomes (55), and

with

is usually deemed responsible in a symptomatic pa-

dysfunction (mostly women); and 3) a cluster with LV

tient. Moreover, although these individuals have ab-

hypertrophy and systolic dysfunction (mainly men);

normalities documented at rest, patients presumed to

the latter 2 groups have a similar and less favorable

be have an earlier stage of the disease may manifest

prognosis (Figure 3) (65).

obesity

and

hypertension

with

diastolic

increased E/eʹ during stress, which is also associated

B i o m a r k e r s . The use of biomarkers for the identiﬁ-

with an adverse outcome (56). DD is often associated

cation of LV dysfunction (66) remains controversial.

with left atrial enlargement, and atrial ﬁbrillation is

Natriuretic peptides are released in response to

an important complication of diabetes (57), attribut-

increased transmural wall stress, which is uncommon

able to increased LV ﬁlling pressure and left atrial

in patients with subclinical dysfunction, who have
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F I G U R E 1 Predominant Diastolic Dysfunction

Diastolic dysfunction is evidenced by increased left atrial volume (A), predominant passive transmitral ﬂow (E velocity) (B) in the setting of reduced tissue velocity
(eʹ velocity) (C and D), with pulmonary hypertension (E), with normal regional (F to H) and average global longitudinal strain (22%) (I). This discordance between
systolic and diastolic parameters in asymptomatic patients with preserved ejection fraction is more frequent when the dominant problem is hypertensive heart disease.
ALAX ¼ apical long axis; LAVi ¼ left atrial volume index; RVSP ¼ right ventricular systolic pressure; Vmax ¼ peak Doppler velocity.

normally sized ventricles and often have a degree of

stress echocardiography, and the highest sensitivity

LV hypertrophy (66). Moreover, obesity has been

from scintigraphy. Even in the setting of a normal

associated with lower levels of natriuretic peptides

stress test, it is hard to characterize patients with DM

than might be expected in the failing heart, and this

as being at low risk, so the reliability (and perhaps the

may compromise the sensitivity of this test. None-

duration) of the “warranty” of a negative stress test

theless, a natriuretic peptide–based screening strat-

should be considered with caution (69).

egy, based on low cutoff levels, is effective for

I m a g i n g o f o t h e r p r o c e s s e s . As detailed in the

detecting moderate diastolic dysfunction (66). Other

previous text, disturbances of both the microcircula-

potential biomarkers for diabetes-induced impair-

tion and the function of large arteries are potential

ments

been

contributors to diabetic heart disease, and might

reported, including circulating microribonucleic acids

provide imaging targets to identify either the disease

(18,67) and glucose metabolites (e.g., O-GlcNAc)

entity or those at risk. Direct assessment of myocar-

detected in circulating erythrocytes (68). However,

dial metabolism (using positron emission tomography

no clear consensus has yet been reached on the clin-

or magnetic resonance spectroscopy), quantiﬁcation

in

myocardial

function

have

also

ical role of any of these putative biomarkers.

of ﬁbrosis (by mapping the T 1 relaxation proﬁle), or

E x c l u s i o n o f i s c h e m i a . Because ischemia is often

perfusion (using positron emission tomography or

silent in DM, nonspeciﬁc symptoms (including dys-

magnetic resonance imaging) are of research interest,

pnea) may be angina equivalent. Accordingly, diag-

but this level of speciﬁcity about the underlying

nostic testing for CAD should be considered. Allowing

mechanism of cardiomyopathy lacks clinical impli-

for the effects of higher pre-test probability on posi-

cations at present.

tive and negative predictive value, and the higher

THE ASYMPTOMATIC PATIENT. The burden of CVD in

pre-test risk of DM subjects, the hierarchy of diag-

DM has led a number of investigators to consider the

nostic tests for CAD follows a similar pattern to

value of screening strategies, especially for the

non-DM subjects—with limited accuracy from the

detection of CAD. Fifty years ago, the World Health

stress electrocardiogram alone, high speciﬁcity from

Organization adopted a series of criteria from the
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F I G U R E 2 Predominant Systolic Dysfunction

In this setting, despite normal EF, systolic function is very abnormal with reduced regional longitudinal strain (F to H), providing an average GLS <12%. In contrast,
diastolic dysfunction is subtler, with normal left atrial volume (A), equal passive and active components of transmitral ﬂow (B), mildly reduced tissue velocity (C and D),
and no pulmonary hypertension (E). This type of presentation seems more frequent when the dominant problem is diabetes mellitus. Abbreviations as in Figure 1.

work of Wilson and Jugner (Table 2), which have

infarction was 0.6%/year, with no difference between

evolved on the basis of the intervening experience

usual care or screening with adenosine-stress radio-

(Table 3) (70).

nuclide myocardial perfusion imaging (71). In addi-

C o r o n a r y a r t e r y d i s e a s e . Although imaging tests

tion to the low overall risk, only 33 patients had

for CAD have prognostic value in patients with DM,

moderate or large perfusion defects—and although

the screening process assumes that this risk is

associated with events, these were uncommon and

amenable (and responsive) to intervention. The

had a positive predictive value of only 12%. In addi-

application of the World Health Organization criteria

tion to the low risk being a barrier to screening, the

to coronary disease screening is summarized in

low rate of coronary revascularization in this trial

Table 2. Clearly, CAD is an important health problem

suggests that the ﬁndings are difﬁcult to integrate

in DM, for which medical therapy and revasculariza-

with

tion may offer prognostic beneﬁt. The testing mo-

screening.

clinical

decisions—another

expectation

of

dalities are well accepted in the clinical community,

During the course of the DIAD trial, there was a

facilities are readily available for the detection of

signiﬁcant increase in primary prevention (71).

early disease, and ongoing case ﬁnding is feasible.

Indeed, another perspective of CAD screening in DM

Both pharmacological stress testing and coronary

is that it could be linked to more effective prevention,

computed tomography are suitable, but problems

which would suggest that the endpoint should be

arise with agreement about how best to treat patients

reduction of incident CAD rather than reduction of

with detected disease. The aim of detection of pre-

CAD complications. In general, the use of statins, and

clinical coronary disease has previously been focused

possibly aspirin, are less widely used in DM than

on the recognition of asymptomatic advanced dis-

might be desirable (72), and the detection of un-

ease. In the DIAD (Detection of Ischemia in Asymp-

identiﬁed disease may provide a means to overcome

tomatic Diabetics) trial, which randomized 1,123

this problem.

asymptomatic participants with DM, the annualized
rate

of

cardiac

death

or

nonfatal

myocardial

The negative result of the DIAD trial suggests that,
were a screening strategy to be adopted, some
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F I G U R E 3 Phenotypic Variation of Myocardial Findings in Asymptomatic Subjects With Diabetes Mellitus

A

B

e’ lateral

e’ septal

-Strain

E/A ratio

LVMi

30

Patients with Event (%)

346

20

10

Log-rank p-value = 0.049

0
0

E/e’ ratio

1

Number at risk(events)
LVEDVi

-LVEF

LA volume

LA area

LVESVi

2
3
4
5
6
Time Since Enrollment (Years)

7

8

Cluster 1

214 (1) 200 (1) 180 (1) 156 (1) 125 (3) 102 (1)

Cluster 2

168 (1) 165 (2) 162 (4) 155 (5) 140 (5) 131 (5) 112 (5) 84 (0) 42

79 (2) 45 (0) 16

Cluster 3

139 (0) 133 (3) 125 (1) 114 (3) 95 (1)

84 (5) 54 (2) 35

(1)

6

Phenotypic clustering of cardiac function and remodeling in DM
Cluster 1 = Men with preserved systolic and diastolic function
Cluster 2 = Obese and hypertensive women with diastolic dysfunction
Cluster 3 = Men with LV hypertrophy and systolic dysfunction

Cluster analysis (A) shows 3 groups: one with a male predominance with preserved systolic and diastolic function (cluster 1), a group with obesity and
hypertension with diastolic dysfunction (mainly women, cluster 2) and a group with LV hypertrophy and systolic dysfunction (mainly men, cluster 3). The
latter 2 have similar event rates (B) in contrast to cluster 1, who follow a benign course. E/e0 ¼ ratio of passive LV ﬁlling and relaxation; LA ¼ left atrial;
LV ¼ left ventricular; LVEDVI ¼ LV end-diastolic volume index; LVEF ¼ left ventricular ejection fraction; LVESVI ¼ LV end-systolic volume index;
LVMI ¼ LV mass index. Reprinted with permission from Ernande et al. (65).

selection of the highest-risk patients would be pru-

symptoms, as well as being of prognostic value

dent. In the BARDOT (Basel Asymptomatic High-Risk

(Table 2). However, no favorable efﬁcacy study has

Diabetics’ Outcome Trial) of 400 patients, those

been reported to date, and the practical consider-

achieving $6 metabolic equivalents were at low risk

ations in Table 3 need to be addressed.

of major cardiac events (myocardial infarction and/or

At present, screening of asymptomatic people with

cardiac death) over 2-year follow-up (73). Major car-

DM for features of HF does not satisfy criteria for

diac events occurred in 3% of patients requiring

screening. However, were such a strategy to be

pharmacological stress (which was associated with

adopted, careful selection of patients would be crit-

obesity and peripheral arterial disease), only 1% of

ical. Patients with DM are more likely to develop HF

those undergoing physical stress (p ¼ 0.03), and only

in the presence of a variety of other social, behav-

0.4% among those exercising for >6 metabolic

ioral, and medical entities, including the presence of

equivalents (p ¼ 0.01). Likewise, focusing screening

various biomarkers. These features have been inte-

on those with peripheral arterial disease, multiple

grated into a variety of risk scores. The ARIC

risk factors, long-standing disease, and resting elec-

(Atherosclerosis Risk In Communities) HF score (75)

trocardiography abnormalities will identify a group

performs slightly better as well as being more parsi-

most likely to have signiﬁcant pre-test risk (Table 3).

monious than alternative clinical scores. Evidence of

M y o c a r d i a l d i s e a s e . The rationale for HF screening

microvascular

is that HF is preceded by 2 asymptomatic phases,

macro-albuminuria, is associated with increased risk

stage A (HF risk factors), and stage B (characterized by

of HF, and in type 1 DM, diabetic cardiomyopathy

structural or functional evidence of myocardial dis-

may be limited to this group (8). Reduced functional

ease) (74). As with CAD, HF is an important health

capacity (e.g., measured by the 6-min walk), is also

problem in DM, and cardioprotective therapy has an

associated with the progression of stage B HF to

established role in the prevention of incident HF.

symptomatic HF (76).

disease,

particularly

micro-

and

Echocardiography and biomarkers are widely avail-

The optimal age for HF screening in DM is unde-

able, and changes in myocardial structure and func-

ﬁned, but as HF is a disease of older age groups,

tion may be detected long before the onset of HF

investigation of patients >65 years of age is likely to
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enrich the number of individuals with documented
LV dysfunction, without missing many younger patients with subclinical HF. However, there are both
regional and social gradients that inﬂuence the
development of HF, which may develop in early
middle age in disadvantaged and indigenous groups
(6). HF risk may be greater among patients with a long
rather than a short duration of DM. Diabetes duration
is a difﬁcult parameter, because the delay before the
recognition of DM can be a number of years, and
because duration of DM is also linked to older age.
Nonetheless, abnormal LV function appears to be
more common in individuals with DM duration >10
years.

THERAPEUTIC STRATEGIES FOR
DIABETES-ASSOCIATED HF
SYMPTOMATIC HF. The conventional approach is

that therapy for established HF is the same, whether
or not the patient has DM. Insulin resistance is an
important feature of HF, and there is current interest
in trials of metformin in HF without DM (77). Recent
data with sodium/glucose cotransporter 2 (SGLT2)

T A B L E 2 Classic Criteria for Screening

Classic Screening Criteria

Coronary Artery Disease

Heart Failure

Yes

Yes

1. The condition sought should be an
important health problem.
2. There should be an accepted
treatment for patients with
recognized disease.

Medical therapy,
revascularization

Cardioprotection

3. Facilities for diagnosis and treatment
should be available.

Yes

Yes

4. There should be a recognizable latent
or early symptomatic stage.

Yes

Yes

5. There should be a suitable test or
examination.

Pharmacological
stress or CT

Imaging or biomarker?

6. The test should be acceptable to the
population.

Yes

Yes

7. The natural history of the condition,
including development from latent to
declared disease, should be
adequately understood.

Yes

Transition of HF stage B
to C is not well
understood

8. There should be an agreed policy on
whom to treat as patients.

Undeﬁned

Undeﬁned

9. The cost of case-ﬁnding (including
diagnosis and treatment of patients
diagnosed) should be economically
balanced in relation to possible
expenditure on medical care as a
whole.

Unproven—no favorable
efﬁcacy study has
been published to
date

Unproven—no
favorable efﬁcacy
study has been
published to date

10. Case-ﬁnding should be a continuing
process and not a “once and for all”
project.

Feasible

Feasible

inhibitors have led to interest in these agents in HF
management.
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This table summarizes the application of World Health Organization criteria for a good screening test.
CT ¼ computed tomography; HF ¼ heart failure.

HF PREVENTION. Preventive approaches may be

divided into those targeting the systemic consequences of diabetes, related to myocardial meta-

large differential in HF. A data linkage study in

bolism, and those speciﬁc to myocardial function.

Scotland showed a U-shaped relationship between

L i f e s t y l e i n t e r v e n t i o n s . As in type 2 DM in general,

HbA1c and HF in 8,683 people with DM, 701 of whom

attention to modiﬁable risk factors, including diet

developed HF over 5.5 years of follow-up (81).

and exercise, is important. Excessive time spent in

Keeping in mind the risks of intensive glycemic

sedentary behavior is associated with a risk of

control reported in the ACCORD (Action to Control

developing type 2 DM, and reducing sedentary time

Cardiovascular Risk in Diabetes) trial, improved

can improve glycemic control (78). In combination

glycemic control should reduce glycation of proteins

with moderate-intense activity, this may help control

and lipids that have effects on contraction, as well

visceral adiposity, inﬂammation, and insulin resis-

as other effects on the myocyte. Insulin resistance is

tance, although the favorable effect on these inter-

an important pathway in DCM, but also in HF

mediate endpoints has generally not translated to

generally.

changes in outcome. Interestingly, in the LOOK

Attempts to address the problem of diabetes-

AHEAD (Action for HEAlth in Diabetes) trial, an

associated LV dysfunction through substrate manipu-

intensive lifestyle intervention in type 2 DM was

lation may be constrained by the complexity of the

associated with a 20% reduction in HF events,

processes. For example, although glucose transporter-1

although this result, like all other cardiovascular

expression is increased in obesity, so that fat

outcomes in the trial, was nonsigniﬁcant (79).

oxidation can be reduced by glucose delivery, this

Metabolic therapies. Glycemic control (as measured by

intervention is associated with deterioration of

HbA1c) has been associated with HF risk, with both

myocardial function (82). Ketone bodies enter the

an 8% increment of HF per 1% increase of HbA1c and

myocyte independent of insulin (83), but the extent to

a 16% fall for each 1% decrement of this marker. In

which this might be exploited as a therapeutic option

the long-term (30-year) follow-up of the DCCT (Dia-

may be limited. Intensive insulin therapy and/or

betes Control and Complication Trial), intensive

incretin-based therapies have, however, not been

glucose-lowering therapy was associated with a 30%

shown to consistently improve diastolic function or

decrement in the incidence of CVD (80), including a

reduce HF risk in patients with type 2 diabetes (84).
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of myocardial function beyond its properties is yet to

T A B L E 3 Evolving Criteria for Screening

Emerging World Health Organization
Criteria

Coronary Artery Disease

emerge.
Heart Failure

Oxidative stress may be a target for intervention
(87), perhaps using carotenoids, ﬂavonoids, or nebi-

1. The screening program should
respond to a recognized need.

Major complication of DM

Major complication of
DM

2. The objectives of screening should
be deﬁned at the outset.

Reduction of incident CAD and
CAD complications in DM

Reduction of incident
HF in DM

3. There should be a deﬁned target
population.

Reduced functional capacity,
PAD, ECG changes, DM
duration

Age, microvascular
disease

4. There should be scientiﬁc
evidence of screening program
effectiveness.

Inadequate

Inadequate

5. The program should integrate
education, testing, clinical
services, and program
management.

Undeﬁned

Undeﬁned

6. There should be quality
assurance, with mechanisms to
minimize potential risks of
screening.

Undeﬁned

7. The program should ensure
informed choice, conﬁdentiality,
and respect for autonomy.

Undeﬁned

Undeﬁned

8. The program should promote
equity and access to screening
for the entire target population.

Undeﬁned

Undeﬁned

value of mineralocorticoid antagonism in treatment

9. Program evaluation should be
planned from the outset.

Undeﬁned

Undeﬁned

further study. The most appropriate intervention for

10. The overall beneﬁts of screening
should outweigh the harm.

Undeﬁned

Undeﬁned

volol (88). Better antioxidant approaches, such as
coenzyme Q10 supplementation (89), MitoQ (90),
and/or pharmacological inhibition of nicotinamide
adenine

dinucleotide

phosphate

oxidase

(e.g.,

GKT831) (91), may well offer promise for managing
diabetes-induced cardiac complications, as has been
suggested from preclinical and noncardiac early-stage
clinical studies. Appropriately designed, prospective,
randomized, double-blinded clinical trials in the
speciﬁc contact of diabetic HF are clearly warranted.
Undeﬁned

Myocardial

f u n c t i o n . Blockade

angiotensin-aldosterone

system

of
is

an

the

renin-

important

aspect of managing HF and LV dysfunction. Although
angiotensin-converting enzyme (ACE) inhibition is
part of routine care in many people with DM, the
of ﬁbrosis as a component of early disease warrants
autonomic dysfunction problem is unclear. Vagal
stimulation may rebalance parasympathetic and
sympathetic activity (92).

This table summarizes the application of World Health Organization criteria for a good screening test.
CAD ¼ coronary artery disease; DM ¼ diabetes mellitus; ECG ¼ electrocardiogram; HF ¼ heart failure;
PAD ¼ peripheral artery disease.

CONCLUSIONS
The symptoms of HF are nonspeciﬁc, and reduced
exercise capacity is common in DM. In DM patients

Inhibition of the sodium-glucose cotransporter

with symptoms suggesting the diagnosis of HF, sen-

SGLT2 has been shown to have beneﬁcial effects on

sitive new imaging techniques may facilitate the

CVD endpoints—including a reduction in HF hospi-

identiﬁcation of LV dysfunction and improve the

talizations—in clinical trials (85). At present, however,

detection of this problem. In asymptomatic in-

these observations pertain to relatively short-term

dividuals,

follow-up, most of the patients have had a cardiac

(impaired systolic or diastolic function or LV hyper-

history, and there is a high prevalence of CAD.

trophy)

Nonetheless, a “real-world” study (86) has linked

Although it seems rational to initiate cardioprotective

medical claims and national registries from the

therapy in people with these ﬁndings (as is recom-

United States and several countries in northern

mended in the context of myocardial toxicity arising

Europe, using propensity score matching to compare

from chemotherapy), the merits of this approach are

154,528 patients initiated on SGLT2 inhibitors and

unproven. However, any screening process carries a

the same number of matched control subjects. HF

risk of labeling otherwise healthy individuals as

hospitalization had an incidence rate of 0.51/100

having a potentially serious disease, with important

is

evidence

of

associated

myocardial
with

adverse

dysfunction
outcomes.

person-years, and the use of SGLT2 inhibitors

social, personal, and ﬁnancial consequences (93).

reduced this (hazard ratio: 0.61 [95% conﬁdence in-

Therefore, the expansion of imaging of asymptomatic

terval: 0.51 to 0.73]; p < 0.001). The mortality rate was

individuals with DM will be dependent on the

1.38/100 person-years, and this was also reduced by

development of evidence that a process of targeting

treatment (hazard ratio: 0.49 [95% conﬁdence inter-

earlier disease may prevent progression.

val: 0.41 to 0.57]; p < 0.001). The mechanisms of this
favorable effect are unproven—glycosuria may lead to
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reduced intravascular volume, and this is perhaps
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