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Abstract

Aims/hypothesis Type 2 diabetes and insulin resistance are
often associated with the co-occurrence of coronary athero-
sclerosis and cardiac dysfunction. The aim of this study was to
define the independent relationships between left ventricular
dysfunction or ischaemia and patterns of myocardial perfusion
and metabolism in type 2 diabetes.

Methods Twenty-four type 2 diabetic patients—12 with coro-
nary artery disease (CAD) and preserved left ventricular func-
tion and 12 with non-ischaemic heart failure (HF)—were
enrolled in a cross-sectional study. Positron emission tomogra-
phy (PET) was used to assess myocardial blood flow (MBF) at
rest, after pharmacological stress and under euglycaemic
hyperinsulinaemia. Insulin-mediated myocardial glucose dis-
posal was determined with 2-deoxy-2-['*F]fluoroglucose PET.
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Results There was no difference in myocardial glucose
uptake (MGU) between the healthy myocardium of
CAD patients and the dysfunctional myocardium of
HF patients. MGU was strongly influenced by levels
of systemic insulin resistance in both groups (CAD,
r=0.85, p=0.005; HF, »=0.77, p=0.01). In HF patients,
there was an inverse association between MGU and the
coronary flow reserve (r=—0.434, p=0.0115). A similar
relationship was observed in non-ischaemic segments of
CAD patients. Hyperinsulinaemia increased MBF to a similar
extent in the non-ischaemic myocardial of CAD and HF
patients.

Conclusions/interpretation In type 2 diabetes, similar met-
abolic and perfusion patterns can be detected in the non-
ischaemic regions of CAD patients with normal cardiac
function and in the dysfunctional non-ischaemic myocardi-
um of HF patients. This suggests that insulin resistance,
rather than diagnosis of ischaemia or left ventricular dys-
function, affects the metabolism and perfusion features of
patients with type 2 diabetes.

Keywords Coronary artery disease - Heart failure -
Myocardial metabolism - Type 2 diabetes

Abbreviations
CAD Coronary artery discase

CFR Coronary flow reserve

["*FIFDG  2-Deoxy-2-['*F]fluorodeoxyglucose
HF Heart failure

iCBF Insulin-stimulated coronary blood flow
LV Left ventricular

M Whole-body insulin-stimulated glucose uptake

MBF Myocardial blood flow
MGU Myocardial glucose uptake
PET Positron emission tomography



Diabetologia (2012) 55:2494-2500

2495

Introduction

Type 2 diabetes is associated with, and aggravates, the
prognosis of ischaemic and non-ischaemic cardiomyopa-
thy [1, 2]. The causal role of insulin resistance in non-
ischaemic heart failure (HF) is well defined. Animal mod-
els have repeatedly demonstrated the existence of an
insulin-resistant cardiomyopathy [3], which is characterised
by an inefficient energy metabolism [3, 4] and can be
reversed by improving energy (glucose) use [5]. In addition,
clinical studies in humans strongly suggest a link between
insulin resistance and non-ischaemic HF. Insulin resistance is
highly prevalent in the non-ischaemic HF population [6]. It
predates HF development [7], predicts the response to anti-
adrenergic therapy [8] and independently defines a worse
prognosis [9].

Despite such evidence, coronary artery disease (CAD) is
considered the most common aetiology of HF in insulin-
resistant diabetic patients [10]. It is thought that HF evolution
in these patients results from a progressive loss of myocardial
tissue due to the ischaemia, leading to the activation of several
compensatory pathways which, in the long term, may become
harmful for the heart [11]. Because diabetic patients are most
commonly affected by a combination of left ventricular (LV)
dysfunction and CAD, it is difficult to distinguish the
independent relationships, if any, between myocardial
insulin resistance and ischaemia or mechanical dysfunction/
cardiomyopathy. Therefore, little is known about the potential
role of myocardial dysmetabolism in the development of HF
in diabetic CAD patients.

The myocardium normally responds to ischaemic injuries
by altering its substrate metabolism to increase energy
efficiency [12]. Insulin resistance prevents this adaptive
response and can lead to further injury by contributing to
lipotoxicity, sympathetic upregulation, inflammation, oxi-
dative stress and fibrosis [13]. Although these pathways
have been demonstrated in animal and in vitro studies, it
is unknown whether, in humans, myocardial insulin resis-
tance can affect cardiac metabolism in diabetic CAD
patients before the development of HF (possibly contrib-
uting to the more rapid and more adverse evolution of
CAD in these patients) or whether it is merely a conse-
quence of the progressive reduction in LV function. This
factor can have a crucial role in understanding mecha-
nisms of disease evolution, influencing at the same time
the treatment strategies to be undertaken in diabetic CAD
patients at the time of diagnosis, i.e. before the development
of contractile dysfunction.

In this study we selected well-controlled type 2 diabetic
patients with non-ischaemic HF as a model of LV systolic
dysfunction mediated by insulin resistance. We compared
the metabolic and vascular features of their myocardial
muscle with those of the non-ischaemic LV regions of

well-matched type 2 diabetic patients with CAD in whom
LV function was preserved. This study design allows inves-
tigation of whether early metabolic changes (similar to those
recorded in non-ischaemic HF) are detectable in the non-
ischaemic myocardium of patients with CAD and normal
systolic LV function, which would suggest a central role of
insulin resistance in the evolution of HF in individuals with
diabetes and CAD.

Methods
Population

A total of 24 type 2 diabetic men were recruited: 12 had a
diagnosis of CAD with normal LV systolic function and 12
had a diagnosis of non-ischaemic HF. Some data for the
CAD patients have been previously reported [14]; here, we
selected a very well-matched subgroup to target the com-
parison of CAD and HF. Patients in the non-ischaemic HF
group were recruited in the context of a clinical trial
(NCT00335465) from those with a diagnosis of dilated
cardiomyopathy (DCM), according to current guidelines
[15]; data collected during the baseline characterisation of
the study were used for comparison with the CAD group. In
both groups, significant co-morbid conditions (congenital,
valvular, hypertensive, alcoholic heart disease, myocarditis
and pericarditis as well as hepatic, endocrine—other than
diabetes—or other major systemic diseases) were excluded
using patients’ hospital records. Diagnosis of CAD was
confirmed or excluded by coronary angiography and stress
single-photon emission computed tomography (SPECT),
while type 2 diabetes was diagnosed according to the 2003
criteria of the ADA [16]. Patients with atrial fibrillation were
excluded because of the difficulty in obtaining reliable esti-
mates of LV ejection fraction and because of the potential
independent effects of arrhythmia on myocardial blood flow.
Furthermore, significant co-morbid conditions were excluded
using patients’ hospital records. The study was approved by
the local ethical committees and all individuals provided a
written informed consent before taking part in study
procedures.

Baseline characterisation

LV structure and function were determined by transthoracic
two-dimensional echocardiography and LV ejection fraction
was calculated from apical four-chamber and two-chamber
views by the biplane summation method [17]. Blood sam-
ples were collected to assess the metabolic and cardiovas-
cular risk profile. Electrocardiogram, systolic and diastolic
blood pressure (BP), heart rate, body weight and height of
each patient were recorded in resting conditions. Baseline
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systemic vascular resistances (SVRs) were calculated as
follows: SVR = MABP/(SV x HR), where MABP is the
mean arterial BP, SV is stroke volume and HR is heart rate
[18].

Positron emission tomography studies

All patients were studied in the absence of morning medical
therapy and after an overnight fasting period; caffeine, the-
ophylline and theophylline derivatives were withdrawn 24 h
before imaging. Positron emission tomography (PET)
examinations were performed in two different sessions.
During the first session (perfusion study), resting and stress
(adenosine) blood flow in the myocardium were evaluated.
Adenosine-stimulated coronary flow reserve (CFR) was
defined as the ratio of adenosine-stimulated to resting blood
flow values. During the second session (metabolic study),
insulin-mediated blood flow and glucose consumption in the
myocardium were evaluated during a hyperinsulinaemic—
euglycaemic clamp. To assess the effect of insulin infusion
on coronary blood flow the ratio between coronary blood
flow values recorded during the euglycaemic clamp and
those recorded at rest during the perfusion study was calcu-
lated (insulin-stimulated coronary blood flow [iCBF]).

Perfusion study In patients with non-ischaemic HF, myocar-
dial blood flow was evaluated with the use of ['*°NJammonia;
['*O]water was used in the CAD group. The procedure for
blood flow measurements at rest and during pharmacological-
ly induced stress has been previously described [14]. Open-
access software was used to analyse the final images (Carimas
2.0, Turku, Finland). The reconstructed transaxial images
were reoriented into short-axis views of the left ventricle.
For each patient, values of myocardial blood flow (MBF)
were computed in the whole left ventricle as well as in three
different LV regions, corresponding to the vascular beds of the
three main coronary arteries. Ischaemic or non-ischaemic
vascular beds were defined according to results obtained
during stress single-photon emission tomography, further con-
firmed by coronary angiography. To allow comparison of the
relative changes in coronary blood flow between resting and
stimulated states, MBF values obtained with both ['*N]am-
monia and [ *O]water were referred to the average myocardial
perfusion in each region of interest (either the whole LV
myocardium or the myocardium subtending each vascular
bed). Therefore, in CAD patients the final values of MBF
obtained with ['*O]water were not normalised to the perfus-
able tissue fraction (normalisation that is not possible for ['*N]
ammonia and leads to greater values of blood flow).

Metabolic study Patients were positioned on the bed of the

tomograph and a baseline blood sample was obtained for
the measurement of glucose, insulin and NEFA. Serum
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insulin was then acutely raised using a primed-continuous
(1 mU kg' min") infusion of regular human insulin.
Normoglycaemia was based on plasma glucose measure-
ments performed every 5 min on arterialised blood, and
whole-body insulin-stimulated glucose uptake (M value)
was calculated from the glucose infusion rate during the
period of PET scanning, and expressed per kg body
weight (umol kg ' min™"), according to the clamp tech-
nique, as previously described [19]. Plasma samples were
collected every 30 min for the determination of NEFA and
insulin levels. In the first hour of the clamp, a bolus of
['*N]ammonia or ['°O]water was injected, and a dynamic
PET scan was performed, according to the perfusion study
protocol, to evaluate blood flow in the myocardium. After
decay of the residual tracer, a 2-deoxy-2-['*F]fluorodeoxy-
glucose (['®F]FDG) bolus of ~185 MBq was administered
over <l min, and a dynamic scan was started immediately
to evaluate insulin-stimulated glucose uptake in myocardium.

["®F]FDG image analysis was performed using the Car-
imas software. Myocardial glucose fractional uptake rates
were estimated using Patlak graphical analysis [20], and
multiplied by plasma glucose levels to obtain myocardial
glucose uptake (MGU). A lumped constant of 1.0 was
assumed [21]. The same LV segmentation reported in the
perfusion study was used to compute the glucose uptake
in the whole left ventricle as well as in each coronary
vascular bed.

Blood samples

Plasma glucose, total serum cholesterol, triacylglycerols and
HDL-cholesterol levels were assessed using standard proce-
dures while LDL-cholesterol levels were calculated according
to the Friedewald formula [22]. Glycosylated haemoglobin
was assayed by high performance liquid chromatography.
Insulin levels were measured by immunoenzymatic assay,
and plasma glucose was measured by the glucose oxidase
reaction (Beckman Glucose Analyser, Fullerton, CA, USA).
NEFA were determined spectrophotometrically (NEFA-C kit,
Wako Chemicals, Neuss, Germany).

Statistical analysis

Results were analysed using SPSS (version 17) statistical
software package. Data are presented as mean + SD. Analysis
of variance or unpaired and paired ¢ tests were used to identify
significant between-group or within-group differences, respec-
tively. Regression analyses were performed by standard meth-
ods. As two different tracers were used to measure myocardial
perfusion, comparisons were only made within the same group
and between the relative changes induced by adenosine and
insulin over baseline MBF. The average value of MGU in non-
ischaemic vascular beds of the CAD group was used in
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the comparison with the non-ischaemic myocardium of
the HF group. A p value <0.05 was considered to be
statistically significant.

Results

Table 1 reports the baseline characteristics in the study
groups. The two groups were fully matched for age, sex
and metabolic and cardiovascular risk factors. As per study
design, cardiac variables were significantly different, with
individuals in the CAD group displaying normal LV systolic
function and end-diastolic diameters. During the euglycae-
mic insulin clamp, serum NEFA concentrations decreased
significantly (p<0.001) from baseline as expected. Plasma

glucose was normalised and maintained within euglycaemic
levels similarly in the two groups.

Adenosine infusion significantly increased resting MBF
in both groups (p<0.001 for both; CFR in CAD: 1.65+0.27;
CFR in HF: 1.80+0.18). Similarly, insulin infusion during
the clamp significantly increased MBF from baseline levels
in the CAD group (p<0.001, iCBF=1.40+0.48) as well as
in the HF group (p<0.01, iCBF=1.26%0.52). The increase
in coronary flow recorded during the clamp did not differ
between non-ischaemic regions of the CAD group and the
myocardium of the HF group (Fig. 1), whereas it tended to
be higher in ischaemic than non-ischaemic vascular beds
(»=0.04). The only variable predicting the overall increase
in blood flow during the clamp was the value of peripheral
vascular resistance (¥=—0.47, p=0.027). The stimulation of

Table 1 Anthropometric,

biochemical and cardiac Characteristic CAD group HF group p value
characteristics of the population
Age (years) 65+5 65+5 NS
Systolic BP (mmHg) 149+21 13714 NS
Diastolic BP (mmHg) 81+7 79+7 NS
Heart rate (bpm) 61£8 69+9 0.044
BMI (kg/m?) 28.6+4.7 29.0+4.1 NS
LV ejection fraction (%) 65+5 42+10 <0.001
LV end diastolic diameter (mm) 53+2 62+8 0.002
Cardiac output (ml/min) 6,283+1,191 5,280+1,235 0.067
Baseline variables
Fasting plasma glucose (mmol/l) 74+1.4 7.9+2.7 NS
Glycated haemoglobin (%) 7.2+0.5 7.3£2.1 NS
Total cholesterol (mmol/l) 4.2+40.5 4.540.7 NS
HDL-cholesterol (mmol/l) 1.1£0.2 1.0£0.3 NS
LDL-cholesterol (mmol/l) 2.4+0.5 2.8+0.8 NS
Triacylglycerols (mmol/I) 1.7£0.8 1.8+£0.9 NS
NEFA (mmol/l) 0.73+0.32 0.88+0.51 NS
Creatinine (umol/l) 87+13.5 105+29.5 NS
Glomerular filtration rate (ml/s)* 1.58+0.36 1.35+0.36 NS
Clamp variables
Plasma glucose (mmol/l) 5.1+0.35" 5.6+2.5" NS
NEFA (mmol/l) 0.16+0.08" 0.32+0.20" 0.017
M value (umol kg™ min™") 11.1143.70 14.55+7.40 NS
Pharmacological treatment”
Data are presented as mean + SD Diabetic medications
*Estimated by Cockcroft-Gault Diet 2/12 10/12 -
formula Oral glucose-lowering agents 10/12 1/12 -
®Absolute number of treated Insulin 0/12 1/12 _
patients/total number of patients Cardiac medications
in the group
*»<0.05 vs baseline -Blocker 9/12 11/12 -
ACEL ACEI/ARB 4/12 12/12 -
angiotensin-converting enzyme Diuretic 0/12 8/12 -
inhibitor; ARB, angiotensin ASA/anticoagulant 9/12 10/12 -
receptor blocker; ASA, Statin 7/12 3/12 _

acetylsalicylic acid
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Fig. 1 MGU, insulin-stimulated blood flow (iCBF) and adenosine-
stimulated coronary blood flow (CFR, coronary flow reserve) in
groups with non-ischaemic HF (white bars) and non-ischaemic vascu-
lar beds of CAD (black bars). Data are presented as mean = SD. There
were no statistically significant differences between the two groups

MBF by hyperinsulinaemia was not associated with any
change in the rate—pressure product between the two PET
sessions.

There was no difference in MGU between non-ischaemic
vascular beds of the CAD group and the myocardium of the
HF group (Fig. 1).

A strong and positive association was found between MGU
and whole-body insulin-stimulated glucose uptake (»=0.71,
p<0.001; Fig. 2). A similar association was also detected
within each group (CAD, r=0.85, p=0.005; HF, r=0.77,
p=0.01), as well as in ischaemic and non-ischaemic vascular
beds alone (ischaemic, »=0.81, p=0.007; non-ischaemic,
r=0.79, p<0.001). In the HF group, MGU was negatively
associated with values of CFR (r=—0.434, p=0.0115). A
similar relationship was found in non-ischaemic vascular beds
of the CAD group (r=-0.538, p=0.026), but not in the
ischaemic segments. Instead, across ischaemic but not non-
ischaemic segments, there was a strong and negative associa-
tion between the increase in myocardial blood flow induced
by insulin and MGU (r=-0.670, p=0.002).

1.2 1
1.01 @)
0.8
0.6 1

0.4

(umol g1 min-1)

0.2

Myocardial glucose uptake

0 5 1IO 1|5 2IO 2I5
Whole-body glucose uptake
(umol kg! minT)

Fig. 2 Regression plot. There was a strong relationship (p<0.001;
r=0.71) between whole-body and myocardial insulin-stimulated glucose
uptake in the whole population. Black circles, CAD patients; white
circles, HF patients
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The similar patterns of myocardial perfusion and metab-
olism detected in non-ischaemic regions of CAD and HF
patients were unlikely to be due to pharmacological treat-
ments, as Table 1 shows that patient medications were
significantly different between the two groups (Table 1).

As the degree of NEFA suppression during clamp differed
between groups and NEFA levels are known potentially to
influence MGU and MBF, we adjusted our statistical analyses
for baseline and clamp-induced NEFA concentrations, as well
as for the magnitude of NEFA suppression obtained with
insulin infusion; results were not materially affected.

Discussion

To the best of our knowledge, there are no previous studies
in which patterns of myocardial metabolism and perfusion
in type 2 diabetic patients with non-ischaemic HF has been
compared with that of type 2 diabetic patients with CAD
and normal systolic LV function. Notably, the two groups
were carefully matched for all metabolic and cardiovascular
risk factors so as to leave only their cardiac disease to
account for any differences. In addition, the absence of HF
in CAD patients and vice versa eliminated the confounding
overlap of coronary obstruction and mechanical cardiac
dysfunction usually seen in diabetic patients with heart
disease. Our key finding is that similar characteristics of
MGU and perfusion can be detected in the non-ischaemic
vascular beds of patients with CAD but normal LV func-
tion and those of patients with non-ischaemic HF. This is
primarily due to the strong influence of insulin resistance
on myocardial metabolism observed in both groups. In-
deed, we found that levels of insulin resistance are likely
to set the magnitude of LV MGU, though the relative
distribution of MGU among different LV regions seems
to be influenced by the local values of coronary flow
reserve. Additionally, euglycaemic hyperinsulinaemia signif-
icantly raises resting myocardial blood flow in non-ischaemic
HF patients as well as in CAD patients with normal LV
function. This effect was observed in both ischaemic and
non-ischaemic LV regions. Interestingly, the magnitude of
the insulin-mediated increase in blood flow was similar in
non-ischaemic segments of CAD and HF groups.

There is epidemiological evidence that insulin resistance
precedes HF rather than occurring as its consequence [7,
23]. The pathophysiological mechanism commonly advo-
cated to explain this finding assumes that reduced myocar-
dial sensitivity to the insulin signal would prevent the shift
from NEFA to glucose consumption that is necessary to
preserve contractile efficiency under stress or ischaemic
conditions [13]. Current data strongly substantiate this hy-
pothesis by revealing a strong dependency of MGU on
insulin resistance. We further observed that, in healthy
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myocardial regions of patients with CAD, the distribution of
LV metabolism is influenced by the CFR. This suggests that
blood flow remains an important determinant of the regional
MGU, independent of the global levels of myocardial insu-
lin resistance.

Previous evidence demonstrated that the prognostic im-
pact of insulin resistance in HF patients is independent of
values of LV ejection fraction [9]. Our results confirm this
epidemiological finding and provide possible mechanistic
explanations. Indeed, the occurrence of similar metabolic
and vascular characteristics in non-ischaemic beds of CAD
and HF patients suggests that in type 2 diabetes the impact
of insulin resistance on cardiac metabolism/perfusion is
independent of LV function. Moreover, in HF patients the
reduced values of CFR and the relative increase in MGU
observed in regions with a more pronounced reduction in
CFR suggest that a metabolic response typical of the ischae-
mic myocardium occurs also in patients without coronary
disease. In this specific situation, insulin resistance might
play a crucial role in the evolution of LV systolic dysfunc-
tion, by opposing the metabolic adaptation of the failing
myocardium, further reducing its contractile efficiency.

The ability of an acute insulin infusion to induce an
increase in myocardial blood flow has been previously
reported in healthy individuals as well as in type 2 diabetic
patients with and without CAD [14, 24, 25]. We now de-
scribe a similar effect in patients with type 2 diabetes and
non-ischaemic HF. In humans, the mechanisms accounting
for the vasodilatory actions of insulin have been primarily
studied in peripheral vessels and comprise a spatially and
temporally heterogeneous process that occurs in distinct
stages [26]. First, dilation of terminal arterioles increases
the number of perfused capillaries (capillary recruitment)
within a few minutes without concomitant changes in total
blood flow. At high doses of insulin infusion this is followed
by relaxation of larger resistance vessels, which increases
overall local blood flow [27]. While we cannot provide
direct evidence for these mechanisms, our current data sup-
port the possibility that similar pathways are operating in the
hearts of diabetic patients. Indeed, peripheral vascular resis-
tance was the only predictor of MBF response to insulin
infusion.

The current study has strengths and limitations. The use of
PET allows in vivo investigation of regional cardiac metabo-
lism, avoiding the assumption that systemic insulin resistance
extends to the myocardium. The direct measurement of the
interaction between systemic and myocardial metabolism pro-
vides quantitative proof and estimation of the above concept
and a mechanistic explanation of previous epidemiological
findings. Furthermore, the use of gold-standard techniques
to assess myocardial and whole-body insulin resistance
increases the robustness of our results and conclusions. Final-
ly, the selection of patients with non-ischaemic HF allows the

independent relationship between LV systolic function and
cardiac perfusion/metabolism to be studied in patients with
type 2 diabetes, removing the confounding effect of CAD.
Likewise, the selection of patients with CAD and normal LV
function allows the independent impact of coronary obstruc-
tion to be addressed, without the additive effect of a distur-
bance in the mechanical cardiac performance.

The lack of longitudinal data represents the main limita-
tion of the current report and prevents us from making
definitive conclusions regarding the impact of metabolic
patterns on HF evolution. Because different tracers were
used to study myocardial perfusion, the inter-group analyses
had to be restricted to the comparable variables (MGU and
adenosine- and insulin-mediated changes in flow). Instead,
absolute values of cardiac perfusion could be used in testing
the correlations between blood flow and metabolism within
the same patient. The estimation of MGU by PET does not
provide information related on the intracellular pathways of
glucose use. In CAD, the accumulation of intracellular
lactate contributes to reduce contractile function in ischae-
mic vascular beds [28], while similar mechanisms remain
unexplored in non-ischaemic HF. Therefore, our results
cannot exclude that different intracellular metabolic process-
es may underlie similar patterns of MGU.

Conclusion

In patients with type 2 diabetes, metabolic patterns of sub-
clinical ischaemia and insulin resistance can be detected in
individuals with CAD and normal ventricular function as
well as in those with non-ischaemic HF. This suggests that
in type 2 diabetic patients MGU is mostly under the control
of insulin-mediated signals, whereas the presence of LV
systolic dysfunction or coronary obstruction only marginal-
ly affects the regional distribution of myocardial metabo-
lism. Therapies aimed at improving myocardial insulin
sensitivity (e.g. pioglitazone) offer the most rational ap-
proach for type 2 diabetic patients. In a manner similar to
that in healthy and CAD individuals with type 2 diabetes,
insulin increases coronary blood flow in patients with non-
ischaemic HF. Further studies are needed to examine if the
beneficial effects of insulin on the myocardium extend from
an acute infusion to a chronic regimen, potentially represent-
ing a treatment choice in patients with HF.
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