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BACKGROUND: '3lodine-meta-iodobenzylguanidine scintigraphy is useful for assessing cardiac autonomic dysfunction and
predict outcomes in heart failure (HF). The relationship of cardiac sympathetic function with myocardial remodeling and diffuse
fibrosis remains largely unknown. We aimed to evaluate the cardiac sympathetic function of patients with HF and its relation
with myocardial remodeling and exercise capacity.

METHODS AND RESULTS: Prospectively enrolled patients with HF (New York Heart Association class lI-lll) were stratified into HF
with preserved left ventricular ejection fraction [LVEF] >45%) and reduced LVEF. Ventricular morphology/function and myo-
cardial extracellular volume (ECV) fraction were quantified by cardiovascular magnetic resonance, global longitudinal strain
by echocardiography, cardiac sympathetic function by heart-to-mediastinum ratio from '?3iodine-meta-iodobenzylguanidine
scintigraphy. All participants underwent cardiopulmonary exercise testing. The cohort included 33 patients with HF with pre-
served LVEF (LVEF, 60+10%; NT-proBNP [N-terminal pro-B-type natriuretic peptide], 248 [interquartile range, 79-574]pg/dL),
28 with HF with reduced LVEF (LVEF, 30+9%; NT-proBNP, 743 [interquartile range, 250-2054] pg/dL) and 20 controls (LVEF,
65+5%; NT-proBNP, 40 [interquartile range, 19-50]pg/dL). Delayed (4 hours) ?%iodine-meta-iodobenzylguanidine heart-to-
mediastinum ratio was lower in HF with preserved LVEF (1.59+0.25) and HF with reduced LVEF (1.45+0.16) versus controls
(1.92+0.24; P<0.001), and correlated negatively with diffuse fibrosis assessed by ECV (R=-0.34, P<0.01). ECV in segments
without LGE was increased in HF with preserved ejection fraction (0.32+0.05%) and HF with reduced left ventricular ejection
fraction (0.31+£0.04%) versus controls (0.28+0.04, P<0.05) and was associated with the age- and sex-adjusted maximum
oxygen consumption (peak oxygen consumption); (R=—0.41, P<0.01). Preliminary analysis indicates that cardiac sympathetic
function might potentially act as a mediator in the association between ECV and NT-proBNP levels.

CONCLUSIONS: Abnormally low cardiac sympathetic function in patients with HF with reduced and preserved LVEF is associ-
ated with extracellular volume expansion and decreased cardiopulmonary functional capacity.
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with high morbidity and mortality rates.? It is es- adults.® This public health burden is compounded by

H eart failure (HF) is a growing health care challenge affected by HF, corresponding to ~6.2 million American
timated that 21 in 1000 individuals aged =65 are  the limited advancements in the management of HF
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CLINICAL PERSPECTIVE
What Is New?

e Patients with heart failure (HF) with reduced
ejection fraction and preserved ejection frac-
tion exhibited abnormal cardiac sympathetic
function characterized by a lower heart-to-
mediastinum ratio on delayed (4 hours) "?%iodine-
meta-iodobenzylguanidine scintigraphy images
compared with controls.

e Sympathetic function, evaluated through
23jodine-meta-iodobenzylguanidine single-
photon emission computed tomography, was
significantly associated with several markers of
myocardial remodeling and left ventricular dys-
function, including left ventricular mass index
(R=-0.48) and left ventricular cardiomyocyte
mass index (R=-0.46), left ventricular end-
diastolic volume index (R=-0.44), global lon-
gitudinal strain (R=-0.54), and left ventricular
ejection fraction (R=0.41).

e Myocardial fibrosis, a hallmark of HF pathology
is negatively associated with reduced sympa-
thetic function, indicating that diffuse myocardial
fibrosis may reduce sympathetic nerve density.

What Are the Clinical Implications?

e The inverse correlation observed between
extracellular  volume and  '?%iodine-meta-
iodobenzylguanidine heart-to-mediastinum
ratio indicates that the build-up of diffuse inter-
stitial fibrosis and extracellular matrix expansion
reduces sympathetic innervation density in HF.

e Additional investigations are necessary to delve
into the wider mechanistic and therapeutic
ramifications of sympathetic function in patients
with HF with preserved ejection fraction and HF
with reduced ejection fraction.

Nonstandard Abbreviations and Acronyms

ADMIRE-HF  AdreView Myocardial Imaging for
Risk Evaluation in Heart Failure

123]-MIBG 23jodine-meta-iodobenzylguanidine

ECV extracellular volume

GLS global longitudinal strain

HFpEF heart failure with preserved
ejection fraction

HFrEF heart failure with reduced
ejection fraction

H/M heart-to-mediastinum

LGE late gadolinium enhancement

Vo, oxygen consumption

J Am Heart Assoc. 2024;13:e035264. DOI: 10.1161/JAHA.124.035264

Sympathetic Activity and Remodeling in HF

with preserved ejection fraction (HFpEF). Measurement
of NT-proBNP (N-terminal pro-B-type natriuretic pep-
tide) and cardiopulmonary exercise capacity play a piv-
otal role in many clinical guidelines for the diagnosis
of HF4® These important clinical tests provide prog-
nostically predictive measures of the impact of HF, but
therapeutic advances may require a better mechanis-
tic understanding of the relation between myocardial
pathophysiology and clinical markers of HF.

Derangement of cardiac sympathetic function
is a distinct characteristic of the clinical syndrome
of HF. Myocardial scintigraphy with '?%jodine-meta-
iodobenzylguanidine (?3I-MIBG) could play an im-
portant role as a prognostic tool in the evaluation of
cardiac sympathetic dysfunction in HF. The heart-to-
mediastinum (H/M) ratio from delayed (=4 hours after
injection) '?%I-MIBG images is a predictor of sudden
death and cardiac events in patients with HF.%" There
remain important gaps in our understanding of how
myocardial sympathetic function is related to myo-
cardial tissue remodeling in patients with HF, and to
standard clinical measures of HF severity like cardio-
pulmonary exercise capacity.

Cardiac magnetic resonance (CMR) imaging, and
specifically mapping of the T1 relaxation in the myocar-
dium, can provide important insights on adverse tissue
remodeling, such as the expansion of the extracellular
volume (ECV). ECV has been evaluated as a biomarker
of diffuse tissue fibrosis in HF and was associated with
adverse outcomes, including hospitalization for HF and
death.® We hypothesized that the expansion of the ECV
may be associated with reduced sympathetic function
because of lower sympathetic nerve density. Whether
diffuse fibrosis and reduced myocardial sympathetic
activity are independent predictors of cardiopulmonary
exercise capacity and HF severity also remains largely
unknown.

The aim of the current study was to evaluate cardiac
sympathetic activity through '23-MIBG scintigraphy in
patients with both HFrEF and HFpEF, to analyze its as-
sociation with ECV expansion, and to determine the
effects of ECV and cardiac sympathetic activity on NT-
proBNP and cardiopulmonary exercise capacity.

METHODS

The data underlying this article will be shared on rea-
sonable request to the corresponding author.

Study Participants

Patients with HF were required to be aged >18years,
present functional limitations due to HF symptoms
(New York Heart Association class >ll) according
to the established Framingham criteria,® as well as
the recently published universal definition for HF,'°
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be euvolemic under optimized treatment for HF, and
have a previous transthoracic echocardiogram re-
port confirming structural abnormalities or systolic
dysfunction. Patients with HF with claustrophobia,
pacemaker, Chagas disease, recent acute coronary
syndrome (within 6 months), hypertrophic cardiomyo-
pathy, infiltrative heart disease, significant valvular dis-
ease, or any impediment to exercise were excluded.
Additionally, patients with documented or suspected
hereditary cardiomyopathies, hemochromatosis, and
cardiac amyloidosis were excluded. Upon enrollment,
patients underwent echocardiography, which was
then employed to classify patients as having either
HFrEF (left ventricular ejection fraction [LVEF] <45%) or
HFPEF (LVEF 245%). The H,FPEF(heavy, hypertensive,
atrial fibrillation, pulmonary hypertension, elder, filing
pressure) score, a validated instrument for the assess-
ment of patients with HFpEF, was used to corroborate
the diagnosis of HFpEF."

Patients with  HF and healthy controls under-
went ?3-MIBG, CMR, echocardiography, laboratory
testing, serum biomarker assessment, and cardio-
pulmonary exercise testing within 45days of enroll-
ment, from February 2017 until April 2019 (Figure 1).
All procedures were conducted in a blinded manner
with respect to clinical information or subject groups
(control, HFrEF, or HFpEF). This study was per-
formed in line with the principles of the Declaration
of Helsinki. All participants provided written informed
consent, and approval was granted by the Ethics
Committee of the State University of Campinas (CAAE
63097016.5.2011.54.04).

Echocardiography

Two-dimensional echocardiographic evaluation
(Vivid-S70, GE Healthcare, Milwaukee, WI) using a 3.5-
MHz transducer was carried out with patients placed
in the left lateral decubitus position, as recommended
by current guidelines of the American Society of
Echocardiography.’? The E/A ratio was obtained with
pulsed Doppler by averaging values from 3 consecu-
tive cardiac cycles in 3 different alignments at closure
of the mitral valve leaflets, with an acoustic window
in the 4-chamber apical axis. To obtain systolic strain
index, diastolic strain index, and mean longitudinal
strain (%), 2-dimensional analysis of myocardial strain
was performed by acquiring basal, medium, and api-
cal axial images in short axis and 4- and 2-chamber
views.

123]odine-Meta-lodobenzylguanidine

To assess cardiac sympathetic autonomic nervous
system function, planar imaging and single-photon
emission computed tomography/computed tomogra-
phy) were performed using a 2-channel single-photon
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emission computed tomography/computed to-
mography scanner (Symbia T, Siemens, Erlangen,
Germany). For thyroid protection, patients received
10mL of potassium iodide syrup (corresponding to
200mg) 30 minutes before the injection of 23-MIBG
and were encouraged to drink large volumes of fluids
in the 48 hours following the exam for excretion of the
radiopharmaceutical. '3I-MIBG, diluted with saline,
was slowly infused through a peripheral vein over 1
to 2minutes, totaling 5mCi to 10mCi of 2%-MIBG
in 5mL of solution. Planar and single-photon emis-
sion computed tomography /single-photon emission
computed tomography imaging was performed at
15minutes (“early”) and 4 hours (“delayed”) following
the injection of 23-MIBG, with the patient in supine
position with arms raised above the head. To obtain
anterior planar images of the thorax, a low-energy,
high-resolution collimator was positioned as closely
as possible to the heart. Images were acquired for
10 minutesinthe anterior view and stored in a 256x256
matrix for 2500 kcounts (10 minutes). Detectors were
kept in a 90° configuration, and the images, acquired
over 30 seconds per projection, were stored in a ma-
trix of 128x128.'3 The 23|-MIBG, early (at 15 minutes),
and delayed (at 4 hours) H/M ratios, as well as the
washout rate, were obtained following established
protocols.'® All 23]-MIBG data were analyzed blinded
to any clinical information, using a dedicated post-
processing software (SyngoVia, Siemens, Erlangen,
Germany).

Cardiac Magnetic Resonance Imaging

CMR imaging was performed with a 3-Tesla sys-
tem (Achieva, Philips Medical Systems, Best, The
Netherlands), with the patient in the supine position,
and using a 6-element phased-array surface coil.
ECG-triggered cine imaging with steady-state free
precession was used to assess cardiac morphology
and function from short- and long-axis views for field
of view, 300mm; echo time, 1.5ms; repetition time,
3ms; flip angle, 50°; 256x196 matrix; 8-mm slice, and
in-plane spatial resolution, 1.5mm. Late gadolinium
enhancement (LGE) images were obtained at ~10min-
utes after a cumulative gadolinium dose of 0.2 mmol/
kg (Gadoterate-meglumine; Dotarem, Guerbet,
Aulnay-sous-Bois, France) using a segmented, phase-
sensitive inversion recovery—prepared gradient-echo
acquisition, triggered every other heartbeat. LGE was
quantified in the phase-sensitive inversion recovery—
prepared images as percentage of total left ventricu-
lar (LV) mass using a 5SD criterion. T2 mapping was
acquired before contrast administration in a single
short-axis slice using a multiecho gradient-spin-echo
sequence as previously described.”* T1 mapping was
performed using a Modified Look-Locker Imaging
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Figure 1. Study overview.

Patients with HF stratified by LVEF and controls underwent CMR, cardiopulmonary exercise testing (CPET), and cardiac ?*|I-MIBG
scintigraphy. While '2%-MIBG H/M was significantly lower among HF individuals, ECV—a marker of interstitial fibrosis—was elevated
and demonstrated an indirect effect mediated by the myocardial '23I-MIBG H/M on NT-proBNP. CMR indicates cardiac magnetic
resonance; ECV, expanded extracellular volume; HF, heart failure; HFpEF, heart failure with preserved ejection fraction; HFrEF, heart
failure with reduced ejection fraction; H/M, heart-to-mediastinum; '2%I-MIBG, '**iodine-meta-iodobenzylguanidine; and LVEF, left
ventricular ejection fraction.

sequence before and 4 times after contrast administra- ~ blood sample drawn at the time of CMR. Both a global

tion,'® using a 5s(3s)3s Modified Look-Locker imaging
acquisition scheme for native T1, and 4s(1s)3s(1s)2s for
postcontrast T1. The postcontrast acquisitions were
conducted at intervals of 10minutes after contrast ad-
ministration, starting 5minutes after its introduction,
for ECV quantification, asperously described.'®'” ECV
was estimated by linear regression of myocardial R1
against blood R1 and using the blood hematocrit of a
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LV average of ECV and an average using only LV seg-
ments without LGE were calculated for each patient.
Unless stated otherwise, ECV in this article refers to
the LV average with exclusion of segments with LGE.
LV cardiomyocyte mass was estimated as the product
of (1-ECV) and total LV mass, respectively. The MASS
CMR software (Mass Research, Leiden University
Medical Center, Leiden, Netherlands) was used for
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all CMR image analysis, which was conducted in a
blinded fashion to any clinical data.

Cardiopulmonary Exercise Testing
Cardiopulmonary exercise testing was performed
using interface analysis of respiratory gases through
an ergo spirometer (MedGraphics, St. Paul, MN). A
maximum ramp protocol was performed with an in-
crease of 5 to 15W/min in workload until exhaustion.
Oxygen consumption (Vo,), carbon dioxide production,
and respiratory exchange ratio were calculated using
the breath-to-breath technique. Peak Vo, was defined
as the highest consumption of O,, obtained by aver-
aging data from the last 30seconds of peak effort.'®
A resting 12-lead ECG was recorded using standard
techniques immediately before the initiation of the car-
diopulmonary exercise testing.

Blood Sampling and Measurement of
Biomarkers

Blood samples were obtained after 12-hour fasting for
the following laboratory parameters and biomarkers:
hematocrit, renal function, lipid profile, glucose, glyco-
sylated hemoglobin, C-reactive protein, high-sensitivity
cardiac troponin T (hs-cTnT), and NT-proBNP. These
laboratory tests followed standard techniques per-
formed with commercially available kits (Roche
Diagnostics, Germany).

Statistical Analysis

Results are presented as mean and SD or error (SE),
or median with interquartile range (IQR) if not normally
distributed. Variables were compared using the Mann—
Whitney U testing or t tests. Continuous variables were
compared between groups (HFrEF, HFpEF, and con-
trols) by pairwise t tests or Wilcoxon signed-rank tests,
with adjustment of P values for multiple testing by
Holm’s method. Statistical significance was defined as
P<0.05. Correlations were assessed using Pearson’s
method. Mediation analysis was used to determine the
direct effect of ECV on NT-proBNP, and its indirect ef-
fect mediated by sympathetic innervation assessed by
the 23-MIBG H/M ratio. Mediation analysis was per-
formed with the “lavaan” package (https://cran.r-proje
ct.org/web/packages/lavaan/index.html) for structural
equation modeling, and confidence intervals for the
model coefficients were generated by the bootstrap
method. The residual root mean square error of ap-
proximation, afit statistic of the average of standardized
residuals between the observed and the hypothesized
covariance, was used to assess fit quality. A root mean
square error of approximation value <0.05 is consid-
ered to indicate good convergence of the fit to the data.
Principal component analysis was used to identify the
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main characteristics of HFrEF and HFpEF phenotypes,
other than LVEF through the following variables: NT-
proBNP (log-transformed), hs-cInT (log-transformed),
LV LGE, QRS duration, the diastolic function index E/e’
from echocardiography, mean LV ECV for all segments
without LGE, delayed ™3-MIBG H/M ratio, and LV
mass-to-end-diastolic-volume ratio. Statistical analysis
was performed with the R program version 4.3.2 (R
Foundation for Statistical Computing, Vienna, Austria;
URL: https://www.R-project.org/).

RESULTS

Clinical Characteristics and Serum
Biomarkers

Sixty-one patients with symptomatic HF (33 with
HFpEF, 28 with HFrEF) were recruited from the HF out-
patient clinic of a tertiary university hospital (Hospital
Clinics of the University of Campinas, Campinas, Sao
Paulo, Brazil), as well as 20 healthy controls. Their
demographic and clinical characteristics are listed in
Table 1. All enrolled patients with HF were sympto-
matic, though following guidelines for medical ther-
apy in HF and regular patient follow-up. Notably, a
majority of HFpEF patients were classified as New
York Heart Association functional class lll (57.6%),
while the predominant New York Heart Association
class for patients with HFrEF was class Il (60.8%;
Table 1). In terms of pathogenesis, no significant dif-
ferences were observed within HF phenotypes, as
evidenced by a comparable proportion of individuals
presenting with ischemic and nonischemic patho-
genesis among the recruited groups (Table 1). The
mean H,FPEF score among patients with HFpEF was
equal to 4.5 (1-8).

Patients with HFpEF were older (HFpEF, 62 [IQR,
50-70]; HFrEF, 53 [IQR, 47-62]; controls, 41 [IQR,
31-52]years, control versus HFpEF or HFpEF; P<0.01;
Table 1). Both HF groups had comorbidities, such as
hypertension, diabetes, and dyslipidemia, but the prev-
alence of diabetes (69%) and hypertension (91%) were
higher in the HFpEF group. Patients with HFrEF were
undergoing guideline-recommended pharmacother-
apy characterized by 100% use of angiotensin recep-
tor-neprilysin inhibitor, angiotensin-converting enzyme
inhibitors, or angiotensin receptor blockers, 8 block-
ers, and diuretics, and 68% use of aldosterone antag-
onists (Table 1). In contrast, patients diagnosed with
HFpEF were predominantly receiving diuretics (75%)
to manage hypervolemia/congestion and medications
to directly control comorbidities such as hypertension,
diabetes, and dyslipidemia (Table 1).

HFrEF patients had higher levels of NT-proBNP
compared with both patients with HFpEF and con-
trols (HFpEF, 248 [IQR, 79-574], HFEF, 743 [IQR,
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Table 1. Patient Demographic and Clinical Characteristics
Summary statistics P values (Holm adj.)
Control HFpEF Control vs Control vs HFpEF vs
Variables N=20* N=33* HFrEF N=28* HFpEF HFrEF HFrEF
Female, n (%) 12 (60) 18 (55) 16 (57) 1.00 1.00 1.00
Age, y 41 (31-52) 62 (50-70) 53 (47-62) <0.01 <0.01 0.05
Height, cm 165 (8) 162 (8) 163 (8) 0.25 0.40 0.24
Weight, kg 66 (10) 82 (15) 80 (12) <0.01 <0.01 0.56
Body surface area 1.73 (0.15) 1.87 (0.18) 1.86 (0.14) <0.01 0.013 0.78
Body mass index, kg/m? 241 (3.3) 31.2 (.9 30.2 (5.2) <0.01 <0.01 0.49
Hemodynamic data
Resting heart rate, bpm 80 (12) 70 (12) 80 (14) 0.01 0.27 0.01
Systolic blood pressure, mmHg 110 (19) 140 (17) 130 (23) <0.01 0.15 <0.01
Diastolic blood pressure, mmHg 80 (8) 90 (11) 80 (12) <0.01 0.34 <0.01
NYHA functional class
Class Il 0 (0) 14 (42.4) 17 (60.8)
Class Il 0(0) 19 (57.6) 11 (39.2)
Comorbidities
Hypertension 0(0) 29 (91) 21 (75) <0.01 <0.01 0.20
Diabetes 0(0) 22 (69) 12 (43) <0.01 <0.01 0.08
Dyslipidemia 0(0) 24 (75) 21 (75) <0.01 <0.01 0.9
Smoking 0(0) 8 (25) 7(25) 0.07 0.07 1.00
History of myocardial infarction 0(0) 3(9) 4 (14) 0.47 0.50 0.31
History of atrial fibrillation (permanent or 0(0) 10 (80) 3(11) 0.05 0.36 0.18
paroxysmal)
History of prior revascularization (PCl or CABG) 0(0) 6 (18.2) 2 (7.1) 0.34 0.63 0.56
Heart failure pathogenesis
Ischemic 0(0) 10 (31) 9(32) <0.01 0.16 0.06
Not ischemic 0(0) 23 (69) 19 (67) <0.01 <0.01 0.06
H,FPEF score (points) 0 (0) 4.5 (1-8)
Heart failure pharmacotherapy
f Blocker 0(0) 26 (81) 28 (100) <0.01 <0.01 0.05
ARNI/ACEI/ARB 0(0) 29 (87) 28 (100) <0.01 <0.01 0.42
ARNI 0(0) 2(6.1) 16 (57) 0.71 <0.01 <0.01
ACEI 0(0) 9 (27) 3 (1) 0.09 0.36 0.29
ARB 0(0) 18 (55) 9(32) <0.01 0.02 0.13
Diuretics 0(0) 24 (75) 28 (100) <0.01 <0.01 0.01
Aldosterone antagonist 0(0) 11 (34) 19 (68) 0.01 <0.01 0.02
Aspirin 0(0) 11 (34) 7 (25) 0.03 0.07 0.61
Statins 0(0) 24 (75) 21 (75) <0.01 <0.01 1.00
Oral hypoglycemic agent 0(0) 22 (69) 11 (39) <0.01 <0.01 0.04
Insulin 0(0) 6 (18) 6 (21) 017 0.17 1.00
Warfarin 0(0) 10 (30) 3(11) 0.05 0.36 0.18
Biomarkers
High-sensitive troponin T, ng/dL 3 (3-6) 10 (7-16) 13 (7-19) <0.01 <0.01 0.37
NT-proBNP, pg/mL 40 (19-50) 248 (79-574) 743 (250-2054) <0.01 <0.01 <0.01
Laboratory testing
Hemoglobin, mg/dL 14.27 (1.37) 13.63 (1.28) 13.69 (1.33) 0.28 0.28 0.86
Hematocrit, mg/dL 42.4 (4.5) 40.8 (3.5) 40.7 (3.4) 0.34 0.34 0.87
Creatinine, mg/dL 0.83 (0.15) 0.94 (0.30) 1.02 (0.35) 0.36 0.09 0.36
(Continued)
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Table 1. Continued

Urea, mg/dL 32 (8) 41 (12) 41 (15) 0.06 0.06 0.93
Glucose, mg/dL 84 (4) 135 (77) 118 (48) 0.01 0.01 0.28
Serum potassium, mEg/L 4.30 (0.26) 4.50 (0.36) 4.38 (0.26) 0.10 0.38 0.32
Glycated hemoglobin, % 5.16 (0.3) 6.67 (1.9) 6.73 (2.4) <0.01 <0.01 0.89
Total cholesterol, mg/dL 215 (41) 167 (43) 165 (47) <0.01 <0.01 0.85
High-density lipoprotein cholesterol, mg/dL 59 (13) 41 (10) 40 (13) <0.01 <0.01 0.86
Triglycerides, mg/dL 128 (113) 194 (138) 162 (97) 0.19 0.62 0.62
Resting ECG findings
Atrial fibrillation 0 (0%) 6 (20%) 9 (32%) 0.45 0.39 0.45
LV hypertrophy (ECG) 0 (0%) 6 (20%) 9 (32%) 0.45 0.39 0.45
T inversion 6 (40%) 11 (33%) 8 (29%) 0.90 0.90 0.90
ST deviation 6 (40%) 5 (15%) 1(3.6%) 0.19 0.02 0.28
QRS duration, ms 68 (18) 82 (20) 127 (50) 0.26 <0.01 <0.01
QT duration, ms 330 (54) 366 (46) 395 (72) 0.1 <0.01 0.11
Premature ventricular complex 0(0) 1(3.2 0(0) 1.00 1.00 1.00
Premature atrial complex 0 (0) 3(9.1) 12 (43) 0.69 0.038 0.02
Left-bundle branch block 3 (25) 0(0) 1(3.6) 0.07 0.20 0.93
Right-bundle branch block 0(0) 6 (20) 9 (32 0.4 0.39 0.45

ACEl indicates angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; ARNI, angiotensin receptor-neprilysin inhibitor; CABG, coronary
artery bypass graft surgery; H,FPEF, heavy, hypertensive, atrial fibrillation, pulmonary hypertension, elder, filling pressure; HFpEF, heart failure with preserved
ejection fraction; HFrEF, heart failure with reduced ejection fraction; hs-cTnT, high-sensitivity cardiac troponin T; IQR, interquartile range; LV, left ventricular; NT-
proBNP, N-terminal pro-B-type natriuretic peptide; NYHA, New York Heart Association; and PCI, percutaneous coronary intervention.

*n (%); median (IQR); mean (SD).

250-2054]; controls, 4 [IQR, 19-50] pg/mL; Table 1).
Hs-cTnT (HFpEF, 10 [IQR, 7- 16]; HFrEF, 13 [IQR, 7-19];
controls, 3 [IQR, 3-6]ng/dL; Table 1), and glycated he-
moglobin (HFpEF, 6.67+1.3; HFrEF, 6.73+2.4; controls,
5.16+0.3%; Table 1) were higher in patients with HF
compared with controls (all P<0.01), fasting glucose lev-
els (HFpEF, 135+77; HFrEF, 118+48; controls, 84+4 mg/
dL; Table 1) were markedly increased in patients with
HFpEF compared with controls (P=0.01). Patients with
HF, regardless of phenotype, exhibited lower levels
of total cholesterol compared with controls (HFpEF,
167+43; HFrEF, 165+47 mg/dL; controls, 215+41; con-
trols versus HFpEF or HFrEF, P<0.01; Table 1). This ob-
servation is likely associated with the increased use of

statins among patients with HF, with 75% (n=24) in the
HFpEF group and 75% (n=21) in the HFrEF group.

123]odine-Meta-lodobenzylguanidine

Cardiac sympathetic function was evaluated by myo-
cardial scintigraphy with 23-MIBG, which revealed
significant differences between study groups in terms
of both the delayed (4 hours) H/M ratio and washout
rate (Table 2 and Figure 2A). The delayed H/M ratio
was significantly lower in patients with HF, especially
among HFrEF, when compared with HFpEF or con-
trols (HFpEF, 1.59+0.25; HFrEF, 1.45+0.16; controls,
1.92+0.24; all comparison P<0.01; Figure 2A, Table 2).

Table 2. Myocardial Scintigraphy With '2°I-MIBG of Study Participants

Early H/M ratio (15 min) 1.78 (0.16) 1.63 (0.20) 1.58 (0.12) <0.01 <0.01 0.26
Delayed H/M ratio (4h) 1.92 (0.24) 1.59 (0.25) 1.45 (0.16) <0.01 <0.01 0.01
Washout rate 3 (29) 30 (18) 36 (14) <0.01 <0.01 0.22

HFpEF indicates heart failure with preserved ejection fraction; HFrEF, heart failure, and H/M, heart-to-mediastinum.

*n (%); median (IQR); mean (SD).
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Figure 2. '2%|-MIBG H/M, CMR-ECV, and CPET results across study groups.

A, "2%1-MIBG H/M at 4 h was significantly diminished in HFrEF and HFpEF compared with healthy controls, with HFrEF showing a more
pronounced reduction in sympathetic function than HFpEF. B, The extracellular volume (ECV) fraction, a marker of diffuse interstitial
fibrosis was significantly higher in HF patients compared with healthy controls, but there was no significant ECV difference between
patients with HF with and without reduced ejection fraction. C, The myocardial ECV correlated inversely with '2%|-MIBG H/M at 4h
(Spearman r=-0.34, P=0.0029), suggesting that ECV expansion reduces sympathetic innervation density, leading to a reduced
231-MIBG H/M. D, The adjusted peak Vo, was inversely correlated with 23|-MIBG H/M at 4h. CMR indicates cardiac magnetic
resonance; CPET, cardiopulmonary exercise capacity; HF, heart failure; HFpEF, heart failure with preserved ejection fraction;
HFrEF, heart failure with reduced ejection fraction; H/M, heart-to-mediastinum; '?%I-MIBG, '?iodine-meta-iodobenzylguanidine;

Vo,, oxygen consumption.
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The washout rate was higher among patients with HF
(HFpEF, 30+18; HFrEF, 36+14; controls, 3+29; controls
versus HFpEF or HFrEF, P<0.01; Table 2).

Echocardiography

The parameters obtained through echocardiographic
examination are summarized in Table S1. As expected,
patients with HFrEF had a significantly reduced LVEF
compared with both patients with HFpEF and controls
(HFpEF, 59+8%; HFrEF, 33+9%; controls, 65+7%; all
comparisons, P<0.01; Table S1).

Furthermore, patients with HFrEF and those with
HFpEF manifested distinct patterns of LV remodeling.
Patients with HFpEF exhibited significantly smaller LV
mass and volumes in comparison with patients with
HFrEF (Table S1). Additionally, end-diastolic relative
wall thickness was larger in HFpEF patients com-
pared with HFrEF (HFpEF, 0.34+0.04 versus HFrEF,
0.27+0.07; P<0.01; Table S1) and the indexed dia-
stolic and systolic LV volumes were smaller in HFpEF
versus HFrEF (Table S1). Finally, global longitudi-
nal strain (GLS) was markedly reduced in both HF
groups compared with controls and, as expected,

Table 3. CMR Characteristics of Study Participants

Sympathetic Activity and Remodeling in HF

more so in HFrEF compared with HFpEF (HFpEF,
—16.2+4%; HFrEF, —8.1+3.6%; controls, —19.5+2.9%;
all comparisons, P<0.01).

CMR Imaging Assessment

Parameters obtained through CMR are shown in
Table 3. Patients with HFrEF had a significantly re-
duced LVEF compared with both patients with HFpEF
and controls (HFrEF, 30+9%; HFpEF, 60+10%; con-
trols, 65+5%). Patients with HF had a higher LV mass
index. The LV cardiomyocyte mass, calculated as LV
mass index*(1-ECV), was higher in both HF pheno-
types compared with the control group (HFrEF, 53
[IQR, 42-78]; HFpEF, 41 [IQR, 31-48]; controls, 32
[IQR, 28-37] g/m?; all comparisons, P<0.02; Table 3).
The right ventricular mass index was similar in all sub-
groups, but right ventricular ejection fraction was sig-
nificantly lower in patients with HFrEF compared with
controls (Table 3). Patients with HF, regardless of phe-
notype, had an expanded ECV compared with con-
trols, indicating a higher burden of interstitial fibrosis
and adverse tissue remodeling, and ECV was similar
between the HF subgroups (ECV, HFpEF 0.32+0.05%

Summary statistics P values (Holm adj.)
Control, Control vs Control vs HFpEF vs

Variables N=20* HFpEF, N=33* HFrEF, N=28* HFpEF HFrEF HFrEF
LV mass index, g/m? 44 (8) 62 (22) 87 (44) 0.05 <0.01 <0.01
LVEDV index, mL/m? 68 (11) 73 (29) 151 (81) 0.75 <0.01 <0.01
LVESV index, mL/m? 24 (5) 30 (19) 112 (74) 0.61 <0.01 <0.01
LVSV index, mL/m? 44 (8) 42 (4) 40 (9) 0.58 0.18 0.57
LVEF, % 65 (5) 60 (10) 30 (9) 0.03 <0.01 <0.01
LAVI, mL/m? 25 (8) 36 (17) 39 (20) 0.06 0.02 0.48
LV/RV mass ratio 0.67 (0.12) 0.93 (0.34) 0.60 (0.16) <0.01 0.36 <0.01
RV mass index, g/m? 15 (4) 14 (5) 17 (4) 0.15 0.10 0.12
RVEDV index, mL/m? 70 (11) 60 (2) 68 (25) <0.01 0.29 0.18
RVESV index, mL/m? 33 (5) 30 (1) 38 (20) 0.07 0.34 0.08
RVSV index, mL/m? 40 (6) 30 (9) 30 (8) 0.01 0.50 0.08
RVEF, % 53 (2) 49 (9) 45 (10) 0.03 <0.01 0.14
Native T2, ms 53 (9) 56 (8) 58 (9) 0.58 0.32 0.58
Native T1, ms 1210 (84) 1259 (67) 1269 (71) 0.05 0.03 0.62
ECV, % 0.276 (0.04) 0.319 (0.06) 0.309 (0.05) 0.01 0.06 0.48
ECV (no LGE), % 0.276 (0.04) 0.317 (0.05) 0.306 (0.04) <0.01 0.02 0.43
LV cardiomyocyte mass, g/m? (IQR) 32 (28, 37) 41 (31, 48) 53 (42, 78) 0.02 <0.01 0.01
Presence of LGE 0(0) 16 (50) 19 (70) <0.01 <0.01 0.19
LGE typical for coronary artery disease 0(0,0) 4 (11.8) 1(3.6) <0.01 <0.01 0.27
LGE mass, g/m? 0 10.5 (6, 16) 10.7 (6, 21) <0.01 <0.01 0.91

ECV indicates extracellular volume; HFpEF, heart failure with preserved ejection fraction; HFrEF, heart failure with reduced ejection fraction; IQR, interquartile
range; LAV, left atrial volume index; LGE, late gadolinium enhancement; LV, left ventricular; LVEDV, left ventricular end-diastolic volume; LVEF, left ventricular
ejection fraction; LVESV, left ventricular end-systolic volume; LVSV, left ventricular stroke volume; RV, right ventricular; RVEDV, right ventricular end-diastolic
volume; RVEF, right ventricular ejection fraction; RVESV, right ventricular end-systolic volume; RVSV, right ventricular stroke volume.

*n (%); median (IQR); mean (SD).
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versus HFrEF 0.31+£0.04; P=0.43; Figure 2B, Table 3;
native T1, HFpEF, 1259+67 versus HFrEF, 1269+71 ms;
P=0.62). ECV did not exhibit a significant correlation
with systolic performance in both HFpEF and HFrEF,
but correlated with the diastolic function indexes, E/A
(R=0.45, P=0.03) and E/e’ (R=0.43, P=0.03) among
HFrEF (Figure S1C and S1D).

Cardiopulmonary Exercise Testing
Assessment of cardiopulmonary exercise capacity,
measured by maximum oxygen uptake during exercise
(peak Vo,; Table S2), indicated that all patients with HF
had a considerable degree of exercise limitation, which
was more noticeable in the HFrEF group (HFpEF, 19+6;
HFrEF, 18+4; controls, 3010 mL/min per kg, Table S2).
The exercise capacity, assessed through the adjusted
peak Vo,, exhibited a notable association with the
delayed H/M ratio ?3-MIBG H/M (R=0.41, P<0.01,
Figure 2D) and ECV (R=-0.34, P<0.01; Figure 20).

Cardiac Sympathetic Activity in HFpEF
and HFrEF

Both HFrEF and HFpEF patients had a decreased
early H/M ratio (HFpEF, 1.63+0.20; HFrEF, 1.58+0.12;
controls; 1.78+0.16; Table 2) and H/M ratio (HFpEF,
1.59+0.25; HFrEF, 1.45+0.16; controls, 1.92+0.24; all
comparison, P<0.01; Figure 2A, Table 2). The washout
rate was abnormally high in both HFpEF and HFrEF
groups (HFpEF, 30+18; HFrEF, 36+14; controls, 3+29;
controls versus HFpEF or HFrEF, P<0.01; Table 2).

Cardiac Sympathetic Function,
Myocardial Remodeling, and Biomarkers
(NT-proBNP and hs-cTnT)
In patients with HFrEF, LVEF exhibited a significant
correlation (R=0.41, P<0.04) with "3-MIBG H/M ratio,
whereas no such correlation was observed in patients
with HFpEF (Figure S1A). Furthermore, within the co-
hort of patients with HFrEF, there was an observed
trend correlation between the diastolic function index
E/e’ and the '?%|-MIBG H/M ratio (R=—0.34, P=0.08).
Patients with HF showed an inverse association be-
tween delayed H/M ratio and makers of unfavorable
myocardial remodeling as assessed through echocar-
diogram and CMR, indicating that the greater the car-
diac remodeling, the lower the uptake of '?3|-MIBG by
sympathetic receptors. Figure S2 presents an overview
of the correlations between 12%|-MIBG data and several
imaging variables of interest for all study participants.
Study participants with reduced GLS generally had a
lower delayed 23-MIBG H/M ratio (R=-0.54, P<0.01;
Figure S2). Notably, the inverse correlation between
GLS and the delayed H/M ratio, when assessed inde-
pendently for each HF phenotype, was only significant
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in HFrEF and not in HFpEF (HFrEF, R=—0.53, P=0.0037
HFpEF, R=-0.036, P=0.85; Figure S1). Similarly, ele-
vated interstitial fibrosis assessed by “remote” ECV (ie,
ECV average with exclusion of segments with LGE) was
associated with a lower late H/M (R=-0.34, P<0.01;
Figure 2C and Figure S2). Additionally, NT-proBNP,
an important diagnostic and prognostic marker for
HF, showed a negative correlation with delayed H/M
(R=-0.59, P<0.01; Figure S2).

Hs-cTnT levels were elevated in patients with HF
compared with controls (HF, 10.5 [IQR, 6.8-18.1]; con-
trols, 3.2 [IQR, 3.0-6.1]; P<0.001). Within the HF group,
patients with HFrEF had only nominally higher hs-cTnT
(HFpEF, 10.3 [IQR, 6.6-15.8]; HFrEF, 13.5 [IQR, 7.2—
19.1]; P=0.4). Hs-cTnT exhibited significant correlations
with various imaging variables of interest, including late
H/M 23-MIBG (R=-0.5, P<0.01), "??-MIBG washout
(R=0.35, P<0.01), GLS (R=0.57, P<0.01), E/e’ (R=0.51,
P<0.01), ECV remote (R=0.23, P<0.01), LV mass
index (R=0.51, P<0.05), LV end-diastolic volume index
(R=0.4, P<0.05), LVEF (R=-0.48, P<0.01), LV mass/
end-diastolic volume (R=0.21, P<0.01), and native T2
(R=0.32, P<0.01), as shown in Figure S2.

Mediation Analysis

A mediation model illustrated by the path diagram in
Figure S3 was built to investigate to what degree 23|-
MIBG H/M mediated the effect of ECV on NT-proBNP.
The analysis with this model suggested the absence
of a direct effect of ECV on NT-proBNP (direct effect
of ECV, 4.93+5.14; P=0.34), and a significant media-
tion effect by '2%I-MIBG H/M (indirect effect, 9.49+3.41;
P<0.01, root mean square error of approximation
<0.01). This mediation effect of the delayed H/M ratio
suggests that ECV expansion contributes to a reduced
sympathetic innervation density, with ECV expan-
sion evident in HF compared with control subjects
(Figure S3).

DISCUSSION

The present study of patients with HF with preserved
and reduced ejection fraction shows for the first time
how cardiac sympathetic function is associated with
myocardial extracellular matrix expansion assessed by
CMR-based measurements of the ECV. “Sympathetic
function” assessed by ™3-MIBG single-photon emis-
sion computed tomography encompasses the effects
of several factors relevant to functional and anatomic
denervation in HF, such as sympathetic nerve den-
sity, neuronal integrity, sympathetic nerve activity, and
sympathetic tone.”® Autonomic innervation density
is adversely affected by myocardial interstitial fibro-
sis. ECV determined by CMR T1-mapping is a well-
established imaging biomarker of interstitial fibrosis.
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The observation in this study of a negative correlation
between ECV expansion and sympathetic function
suggests that nerve density plays a prominent role in
the impairment of sympathetic function in HF and this
manifests by a decrease of the H/M ratio on delayed
231-MIBG images. Furthermore, in our investigation,
the delayed H/M from ™23-MIBG exhibited notable cor-
relations with several indicators of ventricular remode-
ling and dysfunction, including LV end-diastolic volume
index, LV mass index, and LV cardiomyocyte mass
index, global longitudinal strain and diastolic function
(E/e’ from echocardiography) as shown in Figure S3.
Additionally, the delayed H/M ratio correlated with
NT-proBNP and hs-cTnT, both of which are powerful
predictors of cardiovascular death. The signs of the
correlations suggest that compromised cardiac sym-
pathetic dysfunction, manifested by a reduced H/M
ratio, is linked to LV hypertrophy, diastolic dysfunction,
reduced ventricular strain, and myocardial damage as-
sessed by an hs-cTnT test.

Activation of the sympathetic nervous system has
long been recognized as a distinct characteristic of
the clinical syndrome of HF(21), which would entail
higher sympathetic nerve activity, while ECV expan-
sion, commonly seen in HF, would reduce innervation
density. Sympathetic nervous system hyperactivity
is an initial compensatory mechanism in HF to stim-
ulate contractility and maintain cardiac output but
ultimately leads to lower B-adrenergic receptor re-
sponsiveness and density. This desensitization of
myocardial g-adrenergic receptors can reflect an im-
pairment of the norepinephrine neuronal uptake func-
tion, which can be evaluated by '23-MIBG, and also
an increase in circulating norepinephrine concentra-
tions. In this study, cardiac sympathetic function was
most impaired in HFrEF, and in this subgroup, there
was a significant correlation between sympathetic
function and systolic performance assessed by LVEF
and GLS (Figure S1). Sympathetic function was lower
in HFpEF compared with controls (Figure 1A), with-
out a significant association with systolic and diastolic
performance, suggesting that f-adrenergic receptor
responsiveness and sympathetic function are partially
preserved in the early stages of HF or when LVEF is
preserved or marginally depressed.?® The mediation
analysis provided (Figure S2) does not suggest that
autonomic dysfunction, as assessed by the '23-MIBG
H/M ratio, is the exclusive mediator in the impact of
ECV or NT-proBNP on HF severity. Instead, our aim
was to highlight that autonomic dysfunction plays a
mediating role, acknowledging the potential involve-
ment of other mediators as well.

Previous studies have shown that there is a strong
correlation between cardiac scintigraphy with 123]-
MIBG and norepinephrine levels, given that 23I-MIBG is
a norepinephrine analog that emerges as an important
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tool to detect abnormalities of the adrenergic system in
patients with HF. Norepinephrine is an important me-
diator in the sympathetic nerve system, and multiple
studies demonstrated that high plasma norepinephrine
concentration is associated with a decrease of '?3|-
MIBG uptake in HF, and this phenomenon has been
explained as sympathetic denervation. Also, 3-MIBG
was proven to have a high prognostic power in HFrEF,
but more studies are required to clarify its value in pre-
dicting adverse events in HFpEF."?!

Previous studies have established a strong link be-
tween abnormal myocardial sympathetic innervation
and prognosis. Shah and colleagues® conducted a
study to investigate the potential correlation between
LVEF and myocardial innervation assessed with 23|-
MIBG, as well as its impact on outcomes among pa-
tients with HF included in the ADMIRE-HF (AdreView
Myocardial Imaging for Risk Evaluation in Heart Failure)
study.® In this study, the '23I-MIBG (H/M) ratio of <1.6
identified patients with HF at high risk of major car-
diovascular events (death or arrhythmic event), inde-
pendent of whether LVEF is <35% (adjusted hazard
ratio, 2.39 [95% CI, 1.03-5.55] versus 5.28 [95% ClI,
1.21-28.02]; interaction of LVEF with H/M, P=0.48).
However, it is important to note that this analysis did
not explore the relationship between myocardial sym-
pathetic innervation and available data on myocardial
remodeling. Moreover, the study relied solely on LVEF,
which provides a suboptimal characterization of myo-
cardial remodeling and did not include data from con-
temporary noninvasive imaging techniques such as
myocardial strain assessed by echocardiography or
T1 mapping data obtained through CMR imaging. In
our investigation, we identified a significant correlation
between cardiac sympathetic function and indicators
of functional capacity, as demonstrated by adjusted
peak Vo, max (Figure 1D). Additionally, we detected
a significant link between sympathetic innervation
and interstitial fibrosis, as assessed using CMR ECV
(Figure 1C). Of particular interest is the observation that
sympathetic innervation appears to exert a constrain-
ing influence on a global longitudinal strain by echo-
cardiography in HFrEF (Figure S1B). Nevertheless, our
data suggest that in HFpEF, longitudinal strain remains
largely uninfluenced by sympathetic function.

To date, only a small number of studies correlated
CMR tissue markers with '2%-MIBG scintigraphy.
Barizon et al®®> demonstrated in a small cohort of pa-
tients with Chagas disease that the spatial distribution
of fibrosis and of perfusion defects in the heart coin-
cided with sympathetic dysfunction. We observed ab-
normally increased ECV, a marker of interstitial fibrosis,
in both patients with HFrEF and patients with HFpEF,
and found it to be associated with reduced cardiac
sympathetic function. Furthermore, Verschure et al®
suggested that inflammation and cardiac sympathetic
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activity are not related in patients with stable CHF.
Inflammation is a key regulator of the reparative re-
sponse leading to myocardial fibrosis and myocardial
fibrosis may represent a cumulative effect, resulting
in lower innervation density and a correlation of sym-
pathetic function and ECV. In a separate investigation
by Cruz et al, GLS and delayed H/M correlated with
strength, which is consistent with the results of our
study.?®

LIMITATIONS

Several significant limitations should be taken into ac-
count when interpreting the findings of this study. First,
this study was conducted at a single center, involving
a relatively limited number of patients from a tertiary
HF clinic. Therefore, caution should be exercised when
generalizing the results to other HF cohorts. Second,
despite achieving reasonable matching in terms of in-
cluding a comparable proportion of women in all par-
ticipant groups, attaining similar age profiles was not
possible. Third, the imaging techniques employed in
this study are not routinely recommended and per-
formed in all patients with HF. This study lacks data
from stress echocardiography and invasive hemody-
namic measurements, both of which could provide val-
uable additional insights. The selected LVEF threshold
of 45% for delineating HFrEF and HFpEF at the incep-
tion of this study predates the more recent publication
of several seminal contemporary HF studies suggest-
ing refinements in these definitions. There is also con-
siderable overlap of the imaging biomarkers ECV and
231-MIBG H/M among the different groups. Although
the HF cohort was medically well-managed population
according to available HF guidelines, certain novel HF
medications, particularly sodium-glucose transport
protein 2 inhibitors, had not yet been formally incor-
porated into the prevailing guidelines, and individuals
with HF recruited for this study were not receiving this
specific treatment at that time. Finally, while our find-
ings are novel and could provide valuable insights into
HF pathophysiology, it is important to recognize that
the limited sample size of the current study provides
mostly hypothesis-generating insights that require
wider clinical validation in a larger and more diverse
patient cohort.

CONCLUSIONS

Cardiac sympathetic function assessed by the delayed
H/M ratio from 23-MIBG images was abnormal in pa-
tients with HF with reduced and preserved ejection
fraction as compared with controls. Cardiac sympa-
thetic dysfunction correlated with extracellular matrix
expansion, suggesting that this form of adverse tissue
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remodeling may reduce sympathetic innervation den-
sity. Cardiac sympathetic dysfunction appears to be
more of a limiting factor in HFrEF than HFpEF for LVEF
and GLS. This is consistent with the notion that HFrEF
is characterized by 3-adrenergic receptor desensitiza-
tion and reduced receptor density contributing to sys-
tolic dysfunction compared with HFpEF.
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