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Background-—Left ventricular (LV) energy supply-demand imbalance is postulated to cause “energy starvation” and contribute to
heart failure (HF) in nonischemic dilated cardiomyopathy (NIDCM). Using cardiac magnetic resonance (CMR) and [11C] acetate
positron emission tomography (PET), we evaluated LV perfusion and oxidative metabolism in NIDCM and the effects of
spironolactone on LV supply-demand relations.

Methods and Results-—Twelve patients with NIDCM underwent CMR and PET at baseline and after ≥6 months of spironolactone
therapy added to a standard HF regimen. The myocardial perfusion reserve index (MPRI) was calculated after gadolinium injection
during adenosine, as compared to rest. The monoexponential clearance rate of [11C] acetate (kmono) was used to calculate the work
metabolic index (WMI), an index of LV mechanical efficiency, and kmono/RPP (rate-pressure product), an index of energy supply/
demand. At baseline, the subendocardium was hypoperfused versus the subepicardium (median MPRI, 1.63 vs. 1.80; P<0.001), but
improved to 1.80 (P<0.001) after spironolactone. The WMI increased (P=0.001), as did kmono/RPP (P=0.003). These improvements
were associated with reverse remodeling, increased LV ejection fraction, and decreases in LV mass and systolic wall stress (all
P<0.002).

Conclusions-—NIDCM is associated with subendocardial hypoperfusion and impaired myocardial oxidative metabolism, consistent
with energy starvation. Antifailure therapy improves parameters of energy starvation and is associated with augmented LV
performance.

Clinical Trial Registration-—URL: http://www.clinicaltrials.gov/ Unique identifier: ID NCT00574119. ( J Am Heart Assoc.
2014;3:e000883 doi: 10.1161/JAHA.114.000883)
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A supply-demand energy imbalance, termed myocardial
“energy starvation,” may contribute to the pathophys-

iology of congestive heart failure (HF) which has significant

mortality.1–3 Left ventricular (LV) hypertrophy (LVH), hemo-
dynamic overload, and increased wall stress (WS)4 lead to
increased energy demand, whereas decreased capillary
density5 may reduce substrate supply. These factors may
produce excess energy demand, compared to supply, with
adverse metabolic consequences.2,6–8

Methods for quantifying subendocardial perfusion and LV
oxidative metabolism make it possible to evaluate energy
starvation in patients with nonischemic dilated cardiomyopa-
thy (NIDCM). Decreased transmural hyperemic flow is
observed with positron emission tomography (PET) in patients
with NIDCM,9–11 but cardiac magnetic resonance (CMR)
imaging has the spatial resolution to quantitate subendocardial
perfusion.12–15 The rate of [11C] acetate monoexponential
decay using PET imaging (kmono) correlates closely with energy
supply denoted by myocardial oxygen consumption,16–20 and
this method has shown an imbalance of energy supply versus
demand in NIDCM,21 with reduced LV pump efficiency.16,22

From the Division of Cardiovascular Medicine, Vanderbilt University School of
Medicine (S.P.B., D.W.A., M.A.L., H.O., D.B.S., M.W.K.) and Cardiology Section
(H.O., M.W.K.), VA Tennessee Valley Healthcare System, Nashville, TN;
Department of Biostatistics, Vanderbilt University Medical Center, Nashville,
TN (L.W.).

Accompanying Video S1 is available at http://jaha.ahajournals.org/content/
3/4/e000883/suppl/DC1

Correspondence to: Marvin W. Kronenberg, MD, Vanderbilt Heart and
Vascular Institute, Vanderbilt Medical Center East, Suite 5209, 1215 21st
Ave, South, Nashville, TN 37232. E-mail: marvin.w.kronenberg@vanderbilt.edu

Received February 12, 2014; accepted August 4, 2014.

ª 2014 The Authors. Published on behalf of the American Heart Association,
Inc., by Wiley Blackwell. This is an open access article under the terms of the
Creative Commons Attribution-NonCommercial License, which permits use,
distribution and reproduction in any medium, provided the original work is
properly cited and is not used for commercial purposes.

DOI: 10.1161/JAHA.114.000883 Journal of the American Heart Association 1

ORIGINAL RESEARCH

http://www.clinicaltrials.gov/
info:doi/10.1161/JAHA.114.000883
http://jaha.ahajournals.org/content/3/4/e000883/suppl/DC1
http://jaha.ahajournals.org/content/3/4/e000883/suppl/DC1
http://creativecommons.org/licenses/by-nc/3.0/


Aldosterone affects the pathophysiology of HF by produc-
ing cardiac fibroblast growth and collagen accumulation,23–25

marked perivascular fibrosis, endothelial dysfunction,
LVH,23,26 and reducing large artery compliance.27 Blockade
of aldosterone reduced mortality from HF in several clinical
trials of patients with ischemic and NIDCM.28–31

With a possible reduction of perivascular fibrosis, myocar-
dial perfusion may improve with attendant metabolic and
hemodynamic benefits. We employed CMR and PET to assess
the hypothesis that long-term aldosterone blockade plus
standard HF therapy in patients with NIDCM would improve
parameters of energy starvation, including subendocardial
perfusion reserve, oxidative metabolism, and LV pump
efficiency.

Methods

Study Design and Participants
Twelve patients diagnosed with NIDCM were recruited from
the Vanderbilt University Medical Center (Nashville, TN) and
the Nashville Veterans Affairs Medical Center (Nashville, TN)
from 2008 to 2010 after screening approximately 250 HF
patient records. Eligible participants were 18 to 80 years old,
of any ethnic background and either sex, and New York Heart
Association functional class II to IV HF, with a clinically
indicated echocardiogram that measured LV ejection fraction
(LVEF) of ≤35% and serum potassium level less than 5.0 while
on standard therapy for HF, including stable beta-adrenergic
blockade and an angiotensin converting-enzyme inhibitor
(ACE-I) or angiotensin receptor blocking (ARB) drug for
≥3 months. Exclusion criteria were potentially reversible
causes of HF, such as myocarditis and peripartum cardiomy-
opathy, need for an implantable cardioverter-defibrillator,
myocardial infarction on electrocardiogram (ECG), a positive
stress test or angiographic coronary artery stenosis ≥50% in a
major artery, severe chronic obstructive airway disease
precluding adenosine use, creatinine >2.5 mg/dL, glomerular
filtration rate <30 mL/min per 1.73 m2, uncontrolled atrial
fibrillation, current spironolactone therapy, and physician
preference.

The patients took spironolactone for 5 days to assess
tolerability. Then, the drug was stopped, and they were
studied at baseline and after ≥6 months of spironolactone
therapy added to standard treatment. Each patient underwent
CMR followed by [11C] acetate PET imaging within 2 hours
and then completed a 6-minute walk test and the Minnesota
Living with Heart Failure questionnaire.32 Patients took
spironolactone 25 mg daily, uptitrated to 50 mg daily, if
possible, for ≥6 months. Seven patients took 50 mg, and 5
took 25 mg, averaging 39.6 mg among the 12 patients. The
doses of ACE-I or ARB drug and beta-blocker remained

constant. After ≥6 months, the above tests were repeated.
This study was approved by the Vanderbilt University and
Nashville Veterans Affairs Institutional Review Boards, and all
patients provided written informed consent.

PET Data Acquisition and Analysis
The patient lay supine in a hybrid PET/CT (computed
tomgraphy) scanner (GE Discovery STE; GE Health Care,
Waukesha, WI). The heart rate (HR) and systemic blood
pressure were recorded at baseline and every 5 minutes
during data acquisition. A low-dose CT scan was obtained for
attenuation correction, followed by intravenous bolus admin-
istration of [11C] acetate (0.286 mCi/Kg). ECG-gated list
mode images were acquired and processed as previously
described, and the LV oxidative metabolic rate, kmono, was
determined by least squares fitting of the linear portion of the
time-activity curve.21 The HR and arterial blood pressure were
averaged during data acquisition.

The rate-pressure product (RPP) was calculated as
HR9systolic blood pressure (beats per minute9mm Hg).
kmono/RPP was calculated as an index of energy supply to
demand. The work metabolic index (WMI), a measurement of
LV efficiency, was calculated as: (LVSVI9SBP9HR)/kmono,
where LVSVI is LV stroke volume index (stroke volume/m2).16

CMR
CMR was performed using a commercially available 1.5-T
Siemens Magentom Avanto scanner (Siemens AG, Erlangen,
Germany). Patients were scanned using a phased-array torso
receiver coil. The imaging protocol consisted of 3 parts: cine
imaging for ventricular volume and function; contrast-
enhanced first-pass imaging for myocardial perfusion; and
myocardial late gadolinium enhancement imaging. Following
localizer images to identify the location of the heart within the
thorax, cine imaging was first performed aligned to the
horizontal and vertical long axis of the heart, from which a
stack of contiguous short-axis cine images of the LV were
acquired. Typical acquisition parameters for cine images were:
field of view (FOV) 300 9 340 mm; matrix 156 9 192; slice
thickness (SL) 8 mm; flip angle (FA) 80 degrees and adjusted
downward depending on the specific absorption rate; echo
time (TE) 1.1 ms; bandwidth (BW) 930 Hz/pixel; and usually
30 phases per cardiac cycle to maintain repetition time (TR)
below 50 ms. Parallel imaging was employed using the
generalized autocalibrating partially parallel acquisition
(GRAPPA) technique with an acceleration factor of 2. The
typical scan time was <15 seconds per slice. After cine
imaging, myocardial perfusion imaging was performed during
the peak hyperemic effect of adenosine and under resting
conditions. Adenosine (140 lg/kg/min) was infused
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intravenously over 4 to 6 minutes. At 4 minutes into the
adenosine infusion, 0.1 mmol/kg gadolinium-diethylenetri-
amine pentaacetic acid (Gd-DTPA; Magnevist, Bayer Health-
Care Pharmaceuticals, Wayne, IN) was injected intravenously.
First-pass imaging of the wash-in of Gd-DTPA through the LV
myocardium was performed in 3 short-axis imaging planes
positioned in mid-myocardial segments of the LV using a
saturation-recovery turbo fast low angle shot gradient echo
sequence. All 3 short-axis images were acquired with each R-
R interval over 50 consecutive heart beats starting with the
injection of Gd-DTPA in order to capture the initial wash-in of
Gd-DTPA through the myocardium. Typical acquisition param-
eters for first-pass images were: FOV 320 9 400 mm; matrix
116 9 192; SL 8 mm; slice gap 8 mm; FA 12 degrees; TE
1.1 ms; TR 160 to 190 ms; BW 930 Hz/pixel; and GRAPPA
acceleration factor 2. After a 5-minutes delay, contrast-
enhanced first-pass imaging was repeated under resting
conditions with a second intravenous injection of 0.1 mmol/
kg of Gd-DTPA (total combined dose, 0.2 mmol/kg of Gd-
DTPA). Ten minutes after the initial injection of Gd-DTPA,
short-axis myocardial late gadolinium enhancement imaging
was performed using both single-shot inversion recovery (IR)
and phase-sensitive inversion recovery (PSIR) true fast imag-
ing with steady-state precession imaging. Typical acquisition
parameters for first-pass images were: FOV 270 9 360 mm;
matrix 108 9 192; SL 8 mm; FA 50 degrees; TE 1.1 ms; TR
700 ms; and BW 1200 Hz/pixel. IR and PSIR images were
acquired every other cardiac cycle. To properly select the
optimal inversion time (TI) delay, a TI “scout” sequence
acquired at the 10-minute mark in a single short-axis imaging
plane using the above parameters and with progressively
longer TI times. The optimal TI was visually determined as the
time delay when the myocardium appeared darkest. The
average TI for IR imaging was 220 to 280 ms. PSIR imaging is
less sensitive to TI, and the TI was set to 300 ms for all PSIR
acquisitions.

The LV end diastolic volume, end systolic volume, stroke
volume, LVEF, LV mass and mass index ([g]/body surface area
[m2]), and RPP were calculated using standard equations, and
LV mean systolic WS was calculated as shown here using a
previously described method33:

WS ¼ P

Vlumþ Vmyo

Vlum

h i2=3
�1

where Vlum is ventricular inner volume, Vmyo is ventricular
myocardial wall volume, and P is systolic arterial pressure.

The myocardial perfusion index (MPI) was quantitated
using commercial software (CMR Tools; Cardiovascular Imag-
ing Solutions, London, UK),15 as the maximum slope of the
time-intensity curve of myocardial enhancement of Gd-DTPA
according to the following equation:

MPI ¼ maximum slope ðmyocardiumÞ=
maximum slope ðLV cavityÞ

The subendocardial and -epicardial borders were manually
drawn for each frame to avoid inclusion of LV blood pool. Each
of 6 LV segments was divided into subendocardial and
-epicardial regions. The MPI was calculated for the transmural
myocardium, subendocardium, and subepicardium at rest and
during adenosine infusion and specifically for the anterior
segment, an optimal region resulting from the absence of
artifact. The ratio of MPI during adenosine compared to rest
was calculated as the myocardial perfusion reserve index
(MPRI):

Table 1. Characteristics and Hemodynamics of NIDCM
Patients at Baseline (N=12)

Baseline Median (IQR) or % N

Sex (female) 33% 12

Age, y 52 (45 to 54) 12

Medications

Beta-blockers 100% 12

ACE-I/ARB 100% 12

Diuretics 100% 12

Body surface area, m2 2.1 (1.9 to 2.3) 12

Creatinine, mg/dL 0.96 (0.84 to 1.25) 12

NYHA class

Class 2 42% 5

Class 3 58% 7

Mean right atrial pressure, mm Hg 7 (6.5 to 9.5) 7

Systolic PAP, mm Hg 33 (30 to 46) 7

Diastolic PAP, mm Hg 19 (15 to 27) 7

Mean PAP, mm Hg 21 to 36) 7

PCWP, mm Hg 18 (10 to 26) 7

Cardiac output*, L/min 4.0 (3.6 to 5.5) 6

Cardiac index*, L/min per m2 2.1 (1.8 to 3.5) 7

LVSP, mm Hg 103 (95 to 105) 7

LVEDP or PCWP, mm Hg 26 (14 to 28) 11

EF by contrast ventriculography, %) 24 (17 to 31) 9

Coronary angiography findings

No significant coronary
artery disease**

10

ACE-I indicates angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor
blocking drug; EF, ejection fraction; IQR, interquartile range; LVEDP, left ventricular end
diastolic pressure; LVSP, left ventricular systolic pressure; NIDCM, nonischemic dilated
cardiomyopathy; NYHA, New York Heart Association; PAP, pulmonary artery pressure;
PCWP, pulmonary capillary wedge pressure.
*Cardiac output and index was measured using the thermal dilution method during right
heart catheterization; **no lesions greater than 50% luminal diameter reduction in any
vessel.
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MPRI ¼ MPI ðadenosineÞ=MPI ðrestÞ

The reproducibility of acquiring contrast-enhanced first-
pass imaging of gadolinium for MPI and MPRI was tested in 6
patients by repeating the CMR protocol on 2 separate days.

The transmural stress and rest MPI showed high reproduc-
ibility, with intraclass correlation coefficients of 0.96 and
0.99, respectively.

Statistical Analysis
We expressed the median and interquartile range (IQR) for
continuous variables, and frequency and percentage for
categorical variables. Before-and-after spironolactone com-
parisons used the Wilcoxon’s signed-rank test, with linear
regression for correlation between kmono/RPP and MPRI.
All tests were 2 tailed with a significance level of 0.05.
All analyses were performed using SPSS (version 18.0;
SPSS, Inc., Chicago, IL) and the statistical programming
language, R (version 2.15.1; R Development Core Team,
Vienna, Austria).

Results
Twelve patients with NIDCM (8 males and 4 females)
completed the study, with baseline characteristics shown in
Table 1. The median age was 52 years, and all took both a
beta-blocker and either an ACE-I or ARB drug. Before study
entry, the median duration of taking any of these therapies
was 21 weeks, and the median duration on stable doses of
beta-blocker was 16 weeks. There was a median of 10 weeks
(IQR, 6 to 16) between the initial clinical echocardiogram that
met inclusion criteria and the baseline CMR study. Eleven
patients had cardiac catheterization, with right heart hemo-
dynamics in 7. The mean pulmonary capillary wedge or LV end
diastolic pressures were elevated. The contrast ventriculo-
graphic LVEF was severely depressed, similar to the echo-
cardiographic results. There was no significant coronary
atherosclerosis in 10 of 10 catheterized patients, and the
remaining 2 had no ischemia or infarction on nuclear stress
perfusion imaging.

A B C D

Figure 1. Selected mid-ventricular short-axis images during the first-pass transit of contrast through the heart. A, Before contrast arrival. B,
Contrast arrival within the right ventricle. C, Contrast arrival within the left ventricle. D, Delayed endocardial contrast arrival (arrows).
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Figure 2. Mid-ventricular short-axis images of NIDCM patient. A,
Peak arrival of Gd-DTPA within myocardium during adenosine
infusion. B, LV segmented by software and anterior segment of mid-
ventricular short-axis image selected for comparison, divided into
endocardium (green) and epicardium (red). C, Signal intensity-time
curves for LV (black), subendocardium, and supepicardium, as
above. The LV curve shows earlier arrival and greater peak signal
intensity than the myocardial segments. Gd-DTPA indicates gadolin-
ium-diethylenetriamine pentaacetic acid; LV, left ventricular; NIDCM,
nonischemic dilated cardiomyopathy.

DOI: 10.1161/JAHA.114.000883 Journal of the American Heart Association 4

Spironolactone Improves NIDCM Bell et al
O
R
IG

IN
A
L
R
E
S
E
A
R
C
H



The sequential appearance of contrast through a mid-
ventricular short-axis slice after a venous contrast bolus
injection is illustrated in Figure 1 (also, Video S1). Before
contrast arrival, ventricular blood pool and myocardial signal
are hypointense (Figure 1A). During the first-pass transit of
contrast, contrast first appears within the right ventricle
(Figure 1B), then the left ventricle (Figure 1C), and eventually
within the myocardium (Figure 1D). Figure 1D further dem-
onstrates a circumferential endocardial perfusion defect
(arrows) that persists as the LV blood pool signal is fading.
The perfusion defect is compatible with the concept of energy
starvation and the quantitative abnormalities in MPI outlined
below.

There was no late gadolinium myocardial enhancement
consistent with macroscopic fibrosis or active myocarditis in

any of the participants’ images. Figure 2 shows the method of
dividing the LV into 6 regions, with subendocardial and
-epicardial halves, plus the signal intensity-time curves of Gd-
DTPA in the LV blood pool and the anterior wall.

The baseline CMR data were consistent with NIDCM
(Table 2). After ≥6 months of spironolactone therapy (med-
ian, 45 weeks; IQR, 27 to 74), CMR showed evidence for
reverse remodeling, with significant reductions in LV mass
index, LV wall stress, and LV end diastolic and end systolic
volume, associated with an increase in stroke volume and
LVEF (all P≤0.002). Before and after spironolactone, the
median quality-of-life score improved from 54 (IQR, 26 to 71)
to 22 (IQR, 20 to 44; P=0.008), and the 6-minute walk test
distance increased from 521 m (IQR, 468 to 530) to 542 m
(IQR, 523 to 604; P=0.01). There was no significant change in

Table 2. CMR Measurements Before and After Spironolactone (N=12)

Baseline Median (IQR)

After >6 Months of
Spironolactone
Median (IQR)

Mean
Difference (SD) P Value*

Ejection fraction, % 24 (16 to 28) 47 (41 to 53) 925 (10.2) 0.002

LV mass, g 169 (154 to 200) 150 (142 to 186) 14.3 (14.3) 0.005

LV mass index, g/m2 83 (74.3 to 91.5) 73 (65.5 to 80.8) 7.7 (8.7) 0.002

LV wall stress, kPA 163 (147 to 186) 116 (100 to 137) 36.1 (40.1) <0.001

LVEDV, mL 168 (146 to 191) 146 (131 to 170) 20.2 (13.7) 0.001

LVESV, mL 130 (115 to 163) 71 (66 to 106) 89.6 (42.5) 0.002

Stroke volume, mL 38 (28 to 47) 68 (60 to 82) 32.7 (18.3) <0.001

CMR indicates cardiac magnetic resonance imaging; IQR, interquartile range; LV, left ventricular; LVEDV, LV end diastolic volume; LVESV, LV end systolic volume.
*Wilcoxon’s signed-rank test.

Table 3. Hemodynamics During CMR at Rest and During Adenosine at Baseline and After Spironolactone (N=12)

Baseline Median (IQR)

After >6 Months of
Spironolactone
Median (IQR)

Mean
Difference (SD) P Value*

Rest

SBP, mm Hg 120 (115 to 124) 122 (114 to 131) 2 (11) 0.5

DBP, mm Hg 66 (64 to 72) 72 (66 to 77) 5 (9) 0.065

HR, beats/min 67 (58 to 71) 72 (65 to 75) 6 (7) 0.023

RPP, beats/min per mm Hg 8235 (6683 to 8542) 9080 (7936 to 9644) 892 (1141) 0.021

Adenosine

SBP, mm Hg 124 (116 to 128) 124 (114 to 140) 4 (15) 0.48

DBP, mm Hg 68 (61 to 74) 70 (68 to 83) 7 (10) 0.023

HR, beats/min 84 (80 to 93) 86 (80 to 96) 4 (12) 0.25

RPP, beats min/mm Hg 9963 (9248 to 11 244) 11 592 (9758 to 12 570) 945 (2220) 0.129

Change in RPP from rest to
adenosine, beats/min per mm Hg

1980 (1399 to 2659) 2460 (1633 to 3104) 53 (2263) 0.301

DBP indicates diastolic blood pressure; HR, heart rate; IQR, interquartile range; RPP, rate pressure product (systolic blood pressure9heart rate); SBP, systolic blood pressure.
*Wilcoxon’s signed-rank test.
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median nT-proBNP (608 vs. 508 pg/mL; P=0.158), creatinine
(1.00 vs. 0.96 mg/dL; P=0.48), body mass index (31 vs.
31 kg/m²) or weight (91 vs. 91.5 kg) from baseline to follow-
up. There was a small increase in blood urea nitrogen from a
median of 12 mg/dL at baseline to 16 mg/dL at follow-up
(P=0.031). Table 3 shows the hemodynamics during CMR at
baseline and after spironolactone. After spironolactone, the
resting HR increased, causing a slight increase in the resting
RPP. However, HR and RPP during adenosine were not
different before and after treatment. There was also no
significant difference in the increase in RPP during adenosine
infusion at baseline versus 6 months.

At baseline, the transmural, subendocardial, and subepi-
cardial MPI increased with adenosine (Table 4; all P<0.001).
The transmural MPRI at baseline was 1.72, comparable to the
results of PET studies in NIDCM9–11; however, CMR was able
to show relative subendocardial hypoperfusion with an MPRI
of 1.63 (IQR, 1.47 to 1.72), as compared to 1.83 (IQR, 1.67 to
1.98) in the subepicardium (P=0.008).

After spironolactone, the transmural MPI during adenosine
increased slightly, but significantly, from 0.13 to 0.14
(P=0.012). Importantly, the cause was an increase in the
subendocardial MPI from 0.13 (IQR, 0.11 to 0.14) to 0.15
(IQR, 0.13 to 0.17; P<0.001; Figure 3). The subendocardial
MPRI increased from 1.63 (IQR, 1.47 to 1.72) at baseline to
1.80 (IQR, 1.72 to 1.89) after 6 months (P<0.001; Figure 4A).

There were no significant changes in MPI at rest in the
transmural, subendocardial, or subepicardial layers, or in the
subepicardium during adenosine infusion.

Eleven of 12 patients completed both PET studies
(Table 5). There was no significant difference in RPP between
baseline and ≥6 months. The kmono increased slightly from
0.041 per minute at baseline to 0.042 per minute after
spironolactone, whereas kmono/RPP and WMI also increased
sharply (each P≤0.003). The individual increases in WMI are
shown in Figure 4B. In the anterior subendocardial layer
shown in Figure 2, a region with fewest artifacts, there was a
significant, positive relationship between kmono/RPP, as an
index of energy supply versus demand, and the MPRI both at
baseline and after >6 months’ treatment. The findings held
true in all 6 subendocardial regions, except in 2 patients who
had imaging artifacts inferiorly. At baseline, kmono/
RPP=4.2910�6+(2.7910�8)9MPRI, R=0.63, P=0.002. After
>6 months of treatment, kmono/RPP=3.1910�6+(3.2910�8)
9MPRI, R=0.60, P=0.038.

Discussion
We combined CMR and [11C] acetate PET imaging to study the
hypothesis of energy starvation in patients with NIDCM. We
found that: (1) Patients with NIDCM have decreased suben-
docardial perfusion reserve associated with impaired oxidative

Table 4. Myocardial Perfusion Index in NIDCM Before and After Spironolactone (N=12)

Baseline Median (IQR)
After >6 Months of
Spironolactone Median (IQR) Mean Difference (SD) P Value*

Transmural

Rest 0.072 (0.069 to 0.079) 0.073 (0.071 to 0.080) 0.009 (0.002) 0.91

Adenosine infusion 0.13 (0.12 to 0.14) 0.14 (0.13 to 0.15) 0.008 (0.006) 0.012

P value <0.001 <0.001

Endocardium

Rest 0.077 (0.066 to 0.094) 0.078 (0.067 to 0.096) 0.009 (0.003) 0.52

Adenosine infusion 0.13 (0.11 to 0.14) 0.15 (0.13 to 0.17) 0.019 (0.017) <0.001

P value <0.001 <0.001

Epicardium

Rest 0.075 (0.063 to 0.086) 0.076 (0.063 to 0.086) 0.001 (0.003) 0.092

Adenosine infusion 0.14 (0.11 to 0.16) 0.14 (0.11 to 0.16) 0.003 (0.006) 0.077

P value <0.001 <0.001

MPRI

Transmural 1.72 (1.67 to 1.87) 1.80 (1.76 to 1.92) 0.078 (0.07) 0.005

Endocardium 1.63 (1.47 to 1.72) 1.80 (1.72 to 1.89) 0.19 (0.09) <0.001

Epicardium 1.83 (1.67 to 1.98) 1.83 (1.69 to 2.00) 0.008 (0.02) 0.677

IQR indicates interquartile range; MPRI, myocardial perfusion reserve index; NIDCM, nonischemic dilated cardiomyopathy.
*Wilcoxon signed-rank test.
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metabolism versus demand and and (2) aldosterone blockade
plus standard HF therapy improved subendocardial perfusion
and the supply-demand energy imbalance. These improve-
ments were associated both with reverse LV remodeling and
clinical improvements. To our knowledge, this is the first
published work to use the superior resolution of CMR to
differentiate subendocardial from transmural myocardial per-
fusion in patients with NIDCM.

According to the energy starvation hypothesis, LVH,
fibrosis, and probable subendocardial ischemia34–36 produce
metabolic stress,1,2 leading to reduced contractility, progres-
sive LV dysfunction, elevated LV end diastolic pressure and
adverse molecular consequences.2,8 In this study, we found,
at baseline, LVH, LV chamber dilatation, and excess LV WS,
consistent with HF. There was no visible late gadolinium
enhancement (that would be consistent with fibrosis),
suggesting that participants were relatively early in the
disease process. This finding may be partly responsible for
the consistently good response to antifailure therapy
observed. After ≥6 months of spironolactone, there was
significant reverse remodeling, with reduction in LV volumes,

LV mass index and WS, plus increased LV stroke volume and
LVEF.

At baseline, there was relative subendocardial hypoperfu-
sion and a blunted subendocardial MPRI, compared to the
epicardium. This attenuated hyperemic response may be
related to reports of endothelial dysfunction preceding the
onset of HF in dogs,37 microvascular remodeling in rats,38

fibrosis with severe impairment of subendocardial perfusion
reserve in a canine HF model,34,35,39 and impaired dilation of
coronary microvasculature in patients.40,41 After spironolac-
tone, we found marked improvement in the subendocardial
MPI during hyperemia, an improved MPRI, and significant
reverse remodeling. Such an improvement in perfusion could
be the cause of the hemodynamic and clinical benefits in
these patients.

LV efficiency measured by WMI improves in patients with
HF treated with beta-adrenergic-blocking drugs42 and exer-
cise training.11 We found an increase in WMI of 58% after
spironolactone plus a standard HF regimen, predominantly
from a marked 79% increase in stroke volume (Tables 2 and
3), a greater percentage improvement in WMI than previously

Figure 3. Comparison of myocardial perfusion index (MPI) in NIDCM at rest and during adenosine
infusion for each subject at baseline and after ≥6 months of spironolactone therapy. NIDCM indicates
nonischemic dilated cardiomyopathy.
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reported. We previously showed that oxidative metabolism
was inadequate to meet oxygen demands in NIDCM versus
healthy subjects.21 In the present study, patients with NIDCM
at baseline had similar results to our previous work with
median kmono/RPP 5.5910�6, mean 5.9910�6. Both kmono/
RPP and WMI increase with spironolactone therapy, support-
ing both an improvement in LV oxygen supply-demand
relations and LV efficiency. The small increase in kmono with
similar RPP (Table 5) may be interpreted as a reduction in LV
anaerobic metabolism in NIDCM. De Marco et al. reported
transcardiac lactate production in a portion of patients with
NIDCM, consistent with anaerobic metabolism.43

Last, the subendocardial vasodilator reserve (MPRI)
showed a significant positive correlation with LV metabolic
supply-demand relations shown by kmono/RPP. We cannot
solely attribute the marked improvement in WMI to the
improvements in kmono/RPP and MPRI, but we believe these

to be contributory. Aldosterone increases collagen formation
in cultured rat fibroblasts44 and causes marked perivascular
fibrosis in the intact rat heart.23 Aldosterone blockade seems
additive to the beneficial remodeling by standard antifailure
drugs. In animal models, spironolactone added to enalapril
reduces LV cavity area, and when added to metoprolol further
reduces LV cavity area and collagen density.45,46 In studies of
patients with NIDCM, aldosterone blockade is associated with
beneficial LV remodeling31,47 and remodeling when markers
of collagen turnover decrease.31,48 Such remodeling is
associated with clinical improvements in patients with mild
symptoms of HF,30,47 similar to our patients.

Despite class I recommendation for adding an aldosterone
antagonist to therapies for stage C systolic HF, less than one
third of eligible patients receive aldosterone blockade after
hospitalization for HF.49,50 Our data and other earlier
data30,31,47,48 support this recommendation.

Study Limitations
There are several possible limitations. (1) Our patients
received stable doses of HF medications before adding
spironolactone (ACE-I or ARB drug, median 14 weeks, beta-
blocker 16 weeks, and on either therapy 21 weeks). We do
not fully ascribe the total improvements to spironolactone
alone, given that these medications may have a synergistic
role. (2) We had no control group, but because of the nature
of the repeated measures, the patients serve as their own
control group. (3) The patients had relatively mild LV
remodeling at study entry, but they had already been treated
with ACE-I or ARB drug and beta-blocking therapies. (4) There
were relatively few patients, but nevertheless, the results
were highly statistically significant and physiologically plau-
sible. Possibly, even greater effects on LV reverse remodeling
and the energy supply-demand relations might have been
found if the patients had been studied before any HF
treatment. (5) The CMR software automatically divided the
myocardium into subendocardial and -epicardial halves.
Visibly, the rim of hypoperfusion is smaller than the software
modeled, including some better-perfused myocardium in the
subendocardial zone. Nevertheless, the perfusion results
were significant and may underestimate the extent of the
finding.

Conclusions
This combination of CMR and [11C] actetate PET imaging
demonstrated perfusion and metabolic components of HF that
were compatible with the hypothesis of energy starvation.
After adding spironolactone to the standard HF regimen,
these components of energy starvation improved and were
also associated with clinical improvement.

A

B

Figure 4. Comparison of subendocardial MPRI (A) and WMI (B)
for each subject at baseline and after spironolactone therapy. The
MPRI and WMI increased in 11 of 12 patients and decreased in
none. MPRI indicates myocardial perfusion reserve index; WMI,
work metabolic index.
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