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ARTICLE INFO ABSTRACT
Keywords: Aim: Liver damage frequently occurs in patients with cardiovascular (CV) disease and is associated with adverse
Dilated cardiomyopathy clinical outcomes. The associations of liver damage with cardiac structure/function measures and the risk of

Magnetic resonance imaging

adverse CV events in patients with dilated cardiomyopathy (DCM) are poorly known.
Heart Failure

Methods: We retrospectively enrolled consecutive patients with DCM undergoing cardiac magnetic resonance
imaging (MRI). In addition to standard cardiac assessment, iron-corrected T1 mapping was also assessed in the
liver. Cross-sectional associations between hepatic T1-time and cardiac structure and function were examined
accounting for potential confounders. Longitudinal associations between hepatic T1-time and the risk of hos-
pitalization for HF or CV death were also assessed.

Resuits: Overall, 120 stable patients with established DCM were included in the study (mean age 54.7 years, 26 %
women). The mean hepatic iron-corrected T1-time was 563473 ms. In linear regression analyses, measures of
left atrial structure (LA maximal volume, p = 0.035, LA minimal volume=0.012), interventricular septum
thickness (p = 0.026), and right ventricular ejection fraction (p = 0.005) were significantly associated with
greater hepatic T1-time. Over a mean follow-up of 4.5 + 1.8 years, 32 (27 %) died or were hospitalized for HF at
a rate of 6.7 per 100 person-year. Higher hepatic iron-corrected T1-time was independently associated with a
higher risk of adverse events (adjusted-hazard ratio 1.71, 95 % confidence interval: 1.14-2.56, p = 0.009).
Patients with a hepatic T1-time >563 ms had a higher risk of CV events (log-rank p = 0.03).

Conclusion: Among stable patients with DCM, higher hepatic iron-corrected T1-time is associated with worse
cardiac size and function and with higher rates of hospitalization for HF or CV death.

Condensed abstract: Limited data exist regarding the clinical value of hepatic T1-time in patients with dilated
cardiomyopathy (DCM) undergoing cardiac Magnetic Resonance imaging (MRI). We found that higher hepatic
iron-corrected T1-time is associated with worse cardiac size and function, even after accounting for clinical
confounders. Over a mean follow-up of 4.5 + 1.8 years, higher hepatic iron-corrected T1-time was independently

Abbreviations or acronyms: DCM, dilated cardiomyopathy; MRI, Magnetic Resonance imaging; LV, left ventricle; CV, cardiovascular; LA, left atrium; HF, heart
failure; NAFLD, non-alcoholic fatty liver disease; MAFLD, metabolic dysfunction-associated fatty liver disease.
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associated with a higher risk of hospitalization for heart failure or cardiovascular death. Among stable patients
with DCM, the evaluation of liver tissue by cardiac MRI may provide useful clinical information for CV risk

stratification.

1. Introduction

Liver damage frequently occurs in patients with cardiovascular (CV)
disease and predicts worse clinical outcomes [1,2]. In this context, liver
damage may be mainly caused by elevated hepatic venous pressures due
to increased cardiac filling pressures or by non-alcoholic fatty liver
disease (NAFLD) [1]. NAFLD (recently renamed as metabolic
dysfunction-associated fatty liver disease [MAFLD]) has become the
most common chronic liver disease worldwide, affecting almost a third
of the general adult population and up to ~70 %—90 % of patients with
type 2 diabetes mellitus or severe obesity [3,4]. NAFLD/MAFLD repre-
sents a spectrum of progressive steatotic liver conditions, ranging from
isolated steatosis to non-alcoholic steatohepatitis (NASH) with varying
amounts of liver fibrosis, and cirrhosis, which may progress to end-stage
liver disease. In addition to the risk of developing advanced liver dis-
ease, patients with NAFLD/MAFLD are also at increased risk of devel-
oping fatal and nonfatal CV events, and new-onset heart failure (HF)
[5-9].

The “gold standard” for liver damage assessment is liver biopsy.
However, due to the invasive nature of liver biopsy, non-invasive im-
aging methods, such as magnetic resonance imaging (MRI), are
becoming a reliable alternative to measure hepatic tissue signals and
estimate liver damage [10,11]. Iron-corrected T1 mapping (cT1 time) in
the liver is a specific marker of chronic liver disease activity that
reasonably correlates with histological liver inflammation and fibrosis
[12-14]. Elevated values of hepatic iron-corrected T1-time have been
also shown to be predictive of both major CV and liver-related clinical
outcomes in patients with NAFLD/MAFLD or other chronic liver diseases
of different etiology [15].

At present, little is known about the clinical value of hepatic iron-
corrected T1-mapping, its association with cardiac structure and func-
tion measures, and the risk of adverse CV outcomes among patients with
dilated cardiomyopathy (DCM). Therefore, the main aim of this
exploratory study was to examine the relationships of hepatic T1 map-
ping with cardiac structure and function measures, and the risk of hos-
pitalization for HF or CV death among stable patients with DCM referred
for cardiac MRI.

2. Methods
2.1. Study population

This retrospective multicenter study includes consecutive patients
referred for cardiac MRI during the work-up management according to
the clinical practice at the Spedali Civili University Hospital of Brescia
and the University Hospital of Trieste, which are two tertiary care
centers with a high-volume multimodality imaging facility. Our study
includes consecutive adult (age >18 years) patients with a diagnosis of
HF (New york heart association [NYHA] functional class II-IV) due to
DCM enrolled over a time period between 2016 and 2017. The investi-
gation conformed to the principles outlined in the Declaration of Hel-
sinki and was approved by the local ethics committee. Only patients
with DCM in stable clinical condition without overt cardiac decom-
pensation requiring intravenous diuretic treatment were included in the
study. Patients with excessive alcohol consumption, viral hepatitis B or
C and other known chronic liver diseases were excluded.

2.2. Cardiac magnetic resonance imaging

A cardiac MRI was performed in all patients using 1.5 T scanners

(Magnetom Aera Siemens Medical Solutions, Erlangen, Germany, and
Philips Intera, Philips Medical Systems) with a dedicated cardiac coil.
The cardiac MRI protocol included: cine-MRI sequences balanced
steady-state free precession (bSSFP) in long-axis (LAX) and short-axis
(SAX) stack, Modified Look-Locker Inversion Recovery (MOLLI) se-
quences (3 SAXs subset and four chamber LAX) before and 15 min after
administration of 0.1 mmol/kg gadopentetate dimeglumine or gado-
butrol, and T1-weighted PSIR (Phase-Sensitive Inversion-Recovery) se-
quences 10 min after administration of contrast medium for the
quantification of late gadolinium enhancement (LGE). Left ventricular
mass, left and right ventricular volumes, and ejection fraction are
calculated using semiautomated software analyzing short-axis images
and applying the Simpson’s method. Left atrial (LA) volumes (maximal
and minimal) were calculated using the biplane method. In addition to
standard cardiac MRI measures, a region of interest (ROI) was per-
formed on a representative single short axis MOLLI pre- and post-
contrast sequences at the septum level and blood pool to calculate
extracellular volume fraction (ECV). Furthermore, the other three ROIs
were defined in the portion of the liver parenchyma and included in
MOLLI sequences (away from hepatic vessels) before and after admin-
istration of the contrast medium to evaluate T1 relaxation times [7-9].
In a sub-group of 25 patients (21 %), measure of hepatic T1-time was
assessed at a second MRI examination (mean follow-up 1.5 years).
Notably, no significant differences were found between baseline and
follow-up hepatic T1 times among these patients (hepatic T1-time at
baseline: 580.5 ms vs. follow-up 548.2 ms, p = 0.16).

2.3. Clinical assessment

At the time of cardiac MRI, demographic data (age, sex, body mass
index [BMI], body surface area [BSA]), and comorbidities were assessed.
These comorbidities included hypertension, atrial fibrillation (AF, pre-
sent at the time of cardiac MRI or documented in the medical history),
diabetes, hyperlipidemia, smoking history, and coronary artery disease.
The glomerular filtration rate (eGFR) was estimated using the simplified
modification of diet in renal disease (MDRD) study equation (20). In
addition, routine laboratory parameters, including serum creatinine,
liver enzymes (aspartate aminotransferase, alanine aminotransferase
and bilirubin), hemoglobin, potassium, and N-terminal pro-B-type
natriuretic peptide (NT-proBNP) concentrations and fibrosis (FIB)—4
index (i.e., a widely used marker of advanced liver fibrosis) were
assessed.

2.4. Primary outcome of the study

The primary outcome of the study was defined as a composite
endpoint inclusive of the first hospitalization for HF or CV death. We
retrieved dates and causes of death and hospitalizations from electronic
medical records, in-hospital charts, and the national death registry.

2.5. Statistical analysis

Continuous data were expressed as means + standard deviation (SD)
or medians and interquartile ranges (IQR), and categorical variables
were presented as percentages. Clinical characteristics and cardiac
structure and function measures of patients were stratified by tertiles of
hepatic iron-corrected T1-time. The Cochran-Armitage test was used to
test-for-trend across groups for binary variables, and the Jonckheer-
e-Terpstra test for continuous variables. Linear regression analyses were
performed to test the cross-sectional associations between hepatic T1-



time and cardiac structure and function measures. These linear regres-
sion analyses were performed after adjusting for demographics (model
1) (i.e., age, sex, and body mass index) and for demographics and clin-
ical features (model 2) (i.e., age, sex, and body mass index, hyperten-
sion, diabetes, eGFR, atrial fibrillation, and MRI-measured LVEF).
Restricted cubic spline curves were created to visualize the continuous
associations between hepatic T1-time and cardiac measures. The num-
ber of knots was chosen according to the lowest Akaike information
criterion (AIC). Kaplan-Meier survival curves and Cox proportional-
hazards regression analyses were used to prospectively investigate the
association between hepatic T1 values and the risk of developing the
primary study outcome (hospitalization for HF or CV death). For the
Kaplan-Meier survival analysis, a hepatic T1-time cut-off of 563 ms was
used according to our study patients’ mean hepatic T1-time value. These
analyses were adjusted for demographics, clinical confounders (as
mentioned above) and finally, also for demographics, clinical features
plus MRI-derived LA maximal volume, and right ventricular ejection
fraction (model 3). The flexible continuous associations between hepatic
T1-time and the composite of the hospitalization for HF or CV death
were further assessed using restricted cubic splines with the number of
knots selected to minimize the model AIC (3 to 6 knots tested). A p-value
<0.05 was considered statistically significant. All statistical analyses
were performed using Stata version 16 (StataCorp, College Station,
Texas).

3. Results
3.1. Characteristics of the study population

A total of 120 consecutive patients with DCM in stable clinical con-
dition without overt cardiac decompensation requiring intravenous
diuretic treatment (mean age 54.7 + 14.9 years, 26 % women) were
included in the study. Clinical and cardiac measures of the study pop-
ulation stratified by tertiles of hepatic T1-time are summarized in
Table 1 and Table 2. The mean hepatic iron-corrected T1-time of pa-
tients was 563 + 73 ms. Patients with higher hepatic T1-time (i.e., those
in the upper tertile with a hepatic T1-time >586 ms) were more likely to
be female than the other two patient groups. As for the MRI-derived
cardiac measures, patients with higher hepatic T1-time also had signif-
icantly higher interventricular septum thickness, greater left atrial di-
mensions (i.e., LA area, LA maximal volume, and LA minimal volume),
and lower right ventricular ejection fraction. Conversely, no significant
differences were observed according to age, common CV risk factors, as
well as MRI-derived LV mass index, LVEF, and pericardial fat area
among the three patient groups.

3.2. Cross-sectional associations of hepatic T1-time with cardiac structure
and function measures

The associations between cardiac structure and function measures
and hepatic T1-time are shown in Table 3. After adjusting for age, sex
and BMI, both the measures of LA structure (for each SD increase in LA
area: f§ 26.3; 95 % confidence interval (CI) [13.7, 38.9]; p < 0.001; for
each SD increase in LA maximal volume: § 20.5; 95 % CI [7.74, 33.3]; p
= 0.002; for each SD increase in LA minimal volume: p 22.3; 95 % CI
[9.47, 35.2]; p = 0.001) and the interventricular septum thickness (for
each SD increase: § 18.9; 95 % CI [6.2, 31.6]; p = 0.004) were signifi-
cantly associated with greater hepatic T1-time. These associations were
linear (all p-values for non-linearity >0.05), such that larger LA mea-
sures and higher interventricular septum thickness were associated with
a higher hepatic T1-time (Fig. 1). Right ventricular ejection fraction
showed an inverse association with hepatic T1-time (for each SD in-
crease: p —23.2; 95 % CI [—36.2, —10.22]; p = 0.001). Results were
consistent even after adjusting for demographics and clinical features.
No significant effect modification was observed by sex or baseline LVEF
(all p-values for interaction >0.05).

Table 1
Clinical characteristics according to Hepatic T1 time in stable patients with
DCM.

Clinical All Hepatic Hepatic Hepatic p-
parameters patients T1 time T1 time T1 time value
(n =120) 1° Tertile 2° Tertile 3° Tertile
(369 — (525 - (587 -
524 ms) 586 ms) 758 ms)
N =40 N =40 N =40
Better & Worse
Demographic
Data
Age, years 54.7 + 55.7 + 55.3 + 53.0 £ 14 0.69
14.9 12.8 17.3
Female sex, n (%) 31 (25.8) 5 (12.5) 9 (22.5) 17 (42.5) 0.008
BMI, kg/m? 26.7 + 27.1 + 25.6 + 27.6 £ 0.34
6.5 5.2 3.3 9.4
Comorbidities
History of CAD,n 9 (7.5) 4 (10.0) 2 (5.0) 3(7.5) 0.70
(%)
Dyslipidemia, n 19 (15.8) 6 (15.0) 8(20.0) 5(12.5) 0.65
(%)
Type 2 diabetes, 12 (10.0) 4 (10.0) 3(7.5) 5(12.5) 0.76
n (%)
Hypertension, n 32 (26.7) 12 (30.0) 8 (20.0) 12 (30) 0.51
(%)
History of atrial 20 (16.7) 5(12.5) 7 (17.5) 8 (20) 0.66
fibrillation, n
(%)
CKD, n (%) 39 (38) 10 (35.7) 14 (36.8) 15 (42.9) 0.81
Laboratory
Creatinine, mg/ 0.9+ 0.3 0.9 + 0.2 1.0+ 0.3 0.9+ 0.3 0.59
dL
eGFR, ml/min/ 66.3 + 70.1 + 64.6 + 65.0 + 0.50
1.73 m? 20.3 21.6 16.1 23.4
Potassium, 4.1 [129, 4.2 [4.0, 4.0 [3.7, 4.1 [3.8, 0.39
mmol/L 7731 4.2] 4.2] 4.2]
Bilirubin, mg/dl 0.6 [0.5, 0.6 [0.5, 0.7 [0.4, 0.6 [0.4, 0.89
0.9] 0.9] 0.8] 1.0]
FIB-4 index 1.5+21 1.0+ 0.7 1.4+1.3 1.9+3.3 0.29
AST, U/L 21 [16, 18.0 19.0 23.0 0.08
32] [14.5, [15.0, [19.0,
31.5] 26.0] 39.0]
ALT, U/L 30 [21, 32.0 28.0 29.0 0.79
50] [22.0, [21.5, [19.0,
57.0] 40.0] 59.0]
NT-proBNP, ng/L 609 [300, 398.0 478.0 1701.0 0.001
1460] [99.0, [169.0, [800.0,
500.0] 888.0] 2450.0]
Hematocrit,% 42 [38.5, 42.3 42.6 40.1 0.015
44] [39.6, [40.0, [37.0,
44.0] 44.5] 42.7]
Hemoglobin, g/ 14.2 + 14.0 £ 155 + 129 + 0.20
dL 6.1 1.3 9.7 1.7
Medical
Treatments
Diuretics,% 51 (44.3 15 (38.5 17 (44.7 19 (50.0 0.59
%) %) %) %)
Diuretics dosage, 47 £ 35 46 + 27 38 +£29 56 + 44 0.29
mg/day
B-blockers,% 90 (75.0 31 (77.5 32(80.0 27 (67.5 0.39
%) %) %) %)
RAASI 87 (72.5 27 (67.5 32(80.0 28 (70.0 0.42
%) %) %) %)
MRA,% 65 (54.2 19 (47.5 21 (52.5 25 (62.5 0.39
%) %) %) %)

Data are expressed as means + SD, medians [interquartile ranges] or percent-
ages.

Abbreviations: BMI, body mass index; CAD, coronary artery disease; eGFR, esti-
mated glomerular filtration rate; AST, aspartate aminotransferase; ALT, alanine
aminotransferase; RAASi, renin-angiotensin-aldosterone system inhibitors;
MRA, mineralocorticoid receptor antagonist.



Table 2
Cardiac structure and function measures according to hepatic T1 time in stable
patients with DCM.

Cardiac structure All Hepatic Hepatic Hepatic p-
and function patients T1 time T1 time T1 time value
n= 1° Tertile 2° Tertile 3° Tertile
120) (369 - (525 - (587 -
524 ms) 586 ms) 758 ms)
N =140 N =140 N =40
Better & Worse
Left Ventricle
Interventricular 1.0 + 1.02 + 1.04 + 1.06 + <
septum 0.1 0.05 0.05 0.05 0.001
thickness, cm
LV EDV, ml 2442 + 226.1 + 235.7 + 271.2 £ 0.51
179.3 67.1 74.0 296.1
LV Mass, g 152.2 + 166.2 + 142.8 + 150.2 + 0.14
48.1 43.5 46.6 51.7
LV Mass Index, g/ 80.6 + 85.2 + 76.2 + 81.3 + 0.30
m? 23.4 20.5 24.1 24.7
LV EF,% 35.5 + 34.5 + 35.8 + 36.1 + 0.81
11.0 11.0 9.7 12.2
Left Atrium
LA Area, cm? 19.3 £ 17.9 £ 18.0 £ 221 + 0.017
7.5 6.9 6.1 8.8
LA Volume max, 89.5 + 82.4 + 84.0 + 102.0 + 0.041
ml 38.7 31.3 33.0 47.6
LA Volume min, 61.8 + 58.4 + 52.1 + 74.8 + 0.031
ml 40.0 33.3 31.2 50.2
Right Ventricle
RV EDV, ml 80.4 + 76.2 + 83.4 + 81.4 + 0.44
25.3 23.1 21.8 30.4
RV EF,% 38.8 + 43.4 + 39.6 + 333+ 0.035
17.5 13.0 17.2 20.44
Myocardial
Tissue
Epicardial fat 9.6 + 11.3 + 8.3+ 4.2 9.0 + 4.4 0.016
Area, cm? 4.7 5.0
Paracardial fat 9.2 + 10.3 + 89+7.1 8.1+5.5 0.39
Area, cm? 6.8 7.6
LGE evidence, n 61 17 (43.6) 20 (55.6) 24 (61.5) 0.27
(%) (53.5)
ECV,% 29.9 + 28.2 + 30.1 + 314 + 0.10
6.5 6.6 5.4 6.9

Data are expressed as means + SD or percentages.

Abbreviations: EDV, end-diastolic volume; LV, left ventricle; EF, ejection fraction;
LA, left atrium; ECV, extracellular volume; RV, right ventricle; LGE, late gado-
linium enhancement.

3.3. Longitudinal association between higher hepatic T1-time and risk of
hospitalization for HF or CV death

Over a mean follow-up period of 4.5 + 1.8 years, 32 (27 %) patients
experienced the composite study outcome of first hospitalization for HF
or CV death at a rate of 6.7 per 100 persons-year. Twenty-six (22 %)
patients experienced the outcome of hospitalization for HF alone at a
rate of 5.5 per 100 persons-year. After adjusting for age, sex and BMI, a
greater hepatic T1-time (hazard ratio (HR): 1.54; 95 % CI: 1.07-2.21; p-
value=0.020) was significantly associated with a higher risk of the
composite of the first hospitalization for HF or CV death (Table 4). This
association was linear (p-value for non-linearity=0.69), such that higher
hepatic T1-time values were associated with higher incidence rates of
adverse CV events (Fig. 2). Notably, the association between hepatic T1-
time and the risk of HF hospitalization or CV death remained significant
even after adjustment for demographics, clinical features, LA maximal
volume, and right ventricular ejection fraction (adjusted HR: 1.71; 95 %
CI: 1.14-2.56; p-value=0.009). Similar results were also observed for
the outcome of the first hospitalization for HF alone. Sex distribution,
baseline plasma NT-proBNP level, LVEF, and degree of tricuspid regur-
gitation did not significantly modify the association between hepatic T1-
time and the composite of first hospitalization for HF or CV death (p-
value for interaction >0.05). Similarly, we found no significant

interactions with the background use of diuretics and background HF
medications (p-values for interaction > 0.05). By the Kaplan-Meier
curve analysis, patients with a hepatic T1-time > 563 ms were more
likely to die or be hospitalized for HF than their counterparts with a
hepatic T1-time <563 ms (Fig. 3; log-rank p-value=0.03).

4. Discussion

To our knowledge, this is the first study aimed to examine the as-
sociations between hepatic iron-corrected T1-time, a specific marker of
chronic liver disease activity, with measures of cardiac structure and
function and the risk of developing adverse CV outcomes in patients
with DCM in stable clinical condition without overt cardiac decom-
pensation requiring intravenous diuretic treatment.

The main and novel findings of our exploratory multicenter study are
that among stable patients with DCM, the evaluation of liver tissue by
cardiac MRI may provide useful clinical information for CV risk strati-
fication. Higher hepatic iron-corrected T1-time was significantly asso-
ciated with abnormal cardiac structure and function measures,
especially impaired LV and LA structures and worse RV function.
Moreover, higher baseline hepatic iron-corrected T1-time was signifi-
cantly associated with a ~1.8-fold higher risk of CV death or hospital-
ization for HF during a mean follow-up of 4.5 years, even after adjusting
for demographics and other important confounding factors. Therefore,
the findings of our study suggest that among stable patients with DCM
undergoing cardiac MRI, evaluation of liver structure can provide useful
information for better CV risk stratification of this patient population.

In clinical practice, liver damage is frequently encountered among
patients with chronic HF, and there has been growing scientific interest
in the link between liver disease and HF in recent years [16,17]. The
putative biological mechanisms underpinning the association between
liver damage and HF are complex but mostly rely on hemodynamic
parameters or the coexistence of NAFLD/MAFLD, which is the most
common chronic liver disease worldwide. Passive hepatic congestion,
mainly due to elevated central venous pressure and low arterial perfu-
sion secondary to decreased cardiac output, may contribute to liver
injury in patients with chronic HF [18]. Consequently, chronic conges-
tion may cause hepatocyte damage, portal fibrosis, and eventually
cirrhosis. It has also been reported that renin-angiotensin-aldosterone
system activation is associated with greater liver fibrosis other than
myocardial fibrosis in patients with chronic HF [17]. On the other hand,
NAFLD/MAFLD is an emerging risk factor for HF and is also associated
with an increased risk of adverse CV outcomes [2,7]. A recent
meta-analysis of observational studies including more than 11 million
middle-aged individuals from different countries showed that NAFLD
was significantly associated with a 1.5-fold higher risk of developing
new-onset HF after accounting for common risk factors for HF [9].
Multiple factors related to coexisting obesity, type 2 diabetes, intestinal
dysbiosis, and systemic low-grade inflammation might modulate the
association between NAFLD/MAFLD and the increased risk of new-onset
HF [19]. Growing evidence indicates that NAFLD/MAFLD not only
promotes accelerated coronary atherosclerosis but may also affect other
anatomic structures of the heart, thereby conferring an increased risk of
myocardial alterations (mainly cardiac remodeling and hypertrophy)
that may lead to new-onset HF over time [2].

Previous studies highlighted the clinical importance of liver damage
assessment in patients with HF [17,18,20]. It has been shown that
cholestatic liver function parameters, such as circulating levels of total
bilirubin, transaminases and albumin, were associated with an increased
risk of all-cause death, CV death, and HF hospitalization in patients with
HF [20]. However, liver tissue is rarely assessed histologically in these
patients, and studying liver fibrosis in its earlier stage is challenging.
Although liver biopsy remains the gold standard for quantifying liver
damage and staging liver fibrosis, this invasive procedure is associated
with risks of acute complications and possible sampling errors depend-
ing on the biopsy site. On the other hand, cholestatic liver function



Table 3

Cross-sectional associations between Hepatic T1 time and cardiac structure and function measures.

Cardiac parameters B B standardized 95 % Confidence p- B B standardized 95 % Confidence p-
coefficient coefficient Interval value coefficient coefficient Interval value
Adjusted Model 1 Adjusted Model 2

Left Ventricle

Interventricular septum, 18.9 0.271 6.28 - 31.63 0.004 17.1 0.246 2.12-32.2 0.026

cm

LV EDV, ml 15.1 0.206 1.59 - 28.5 0.029 14.8 0.217 -0.39-30.8 0.056

LV Mass, g —-0.34 —0.005 -17.1-16.4 0.96 -10.7 —0.141 -32.2-10.8 0.32

LV Mass Index, g/rn2 1.56 0.022 —14.0-17.1 0.84 -7.13 —0.098 —26.9-12.6 0.47

LV EF,% —4.57 —0.069 -17.1-7.99 0.47 -4.70 —0.070 —19.0 - 9.60 0.51

Left Atrium

LA Area, cm? 26.3 0.362 13.7 - 38.9 < 27.5 0.379 10.3 - 44.8 0.002

0.001

LA Volume max, ml 20.5 0.285 7.74 - 33.3 0.002 18.5 0.257 1.38-35.7 0.035

LA Volume min, ml 22.3 0.305 9.47 - 35.2 0.001 24.3 0.337 5.51 - 43.1 0.012

Right Ventricle

RV EDV, ml 6.63 0.093 —6.55-19.8 0.32 7.02 0.100 -7.75-21.8 0.34

RV EF,% —23.2 —0.326 —36.2 - —10.22 0.001 -21.5 —-0.316 -36.3 - —6.83 0.005

Myocardial Tissue

Epicardial fat Area, cm? —-12.1 -0.217 —-23.9--0.35 0.044 -12.6 —0.244 —25.2--0.15 0.047

Paracardial fat Area, —4.81 —-0.073 —18.6 - 8.99 0.49 2.89 0.042 -13.8-19.6 0.73

cm?
Evidence of LGE, n (%) 16.4 0.110 —11.8 - 44.6 0.25 15.8 0.104 —18.5-50.2 0.36
ECV,% 7.61 0.102 -6.73-21.9 0.29 7.05 0.096 -9.35-23.4 0.39

B coefficients are expressed for each SD increase in MRI-derived cardiac measures. Model 1 was adjusted for age, sex and BMI. Model 2 was further adjusted for

hypertension, LVEF, diabetes, atrial fibrillation, and eGFR.

Abbreviations: EDV, end-diastolic volume; LV, left ventricle; EF, ejection fraction; LA, left atrium; ECV, extracellular volume; RV, right ventricle; LGE, late gadolinium
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Fig. 1. Association between hepatic T1-time and cardiac structure and function measures. The dotted black lines indicate the 95 % CIs.



Table 4
Longitudinal associations between hepatic T1 time and the risk of adverse cardiovascular outcomes.

Model 1 Model 2 Model 3

HR 95 % CI p 1z| HR 95 % CI p 1z| HR 95 % CI p |Z|
First Hospitalization for HF or CV death - 32 events; event rate per 100 person-years: 6.7 (4.78 — 9.57)
Hepatic T1 time, ms 1.54 1.07-2.21 0.020 2.33 1.67 1.15-2.43 0.007 271 1.71 1.14-2.56 0.009 2.60
First Hospitalization for HF - 26 events; event rate per 100 person-years: 5.5 (3.74 - 8.07)
Hepatic T1 time, ms 1.79 1.20-2.66 0.004 2.89 2.02 1.33-3.08 0.001 3.30 2.03 1.28-3.22 0.003 3.01

Regression Model 1 was adjusted for age, sex, and body mass index (BMI). Model 2 was further adjusted for hypertension, LVEF, diabetes, atrial fibrillation, and eGFR.

Model 3 was adjusted for Model 2's covariates + MRI-derived left atrial maximal volume and right ventricular ejection fraction.

HRs are expressed for each SD increase in hepatic T1-tim.
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Fig. 2. Association between hepatic T1-time and the risk of hospitaliza-
tion for HF or CV death. The dotted black lines indicate the 95 % CIs.

Hospitalization for HF or CV death

Log-rank p = 0.03

Event rate (%)

0 1 2 4 6 8
Years
Number at risk
T1-time > 563 ms 48 45 43 38 26 0
T1-time <563 ms 62 46 39 32 15 0

T1-time > 563 ms T1-time < 563 ms

Fig. 3. Kaplan-Meier survival curve analysis of hepatic T1-time and the risk of
developing hospitalization for HF or CV death.

parameters alone or in combination with other biochemical risk factors
may have limited sensitivity and specificity for non-invasively detecting
liver inflammation and fibrosis. Currently, cardiac MRI is widely used in
the diagnostic work-up of patients with HF. It allows precise structural
and functional myocardial assessment, including tissue characterization
with T1 mapping. Hepatic tissue is also displayed on the standard car-
diac T1-map. Hepatic iron-corrected T1 mapping has been shown to
correlate significantly with hepatocyte ballooning, liver inflammation
and fibrosis [12] and has been associated with histological disease

activity in NASH [21]. Hepatic T1-time has since been recognized by
endocrinology and gastroenterology guidelines in the assessment of
NAFLD/MAFLD [22,23].

So far, few prospective studies have reported on using liver T1-maps
in patients referred for cardiac MRI, showing promising results. The
Multi-Ethnic Study of Atherosclerosis (MESA) study revealed that he-
patic T1-time of patients with a history of atrial fibrillation, HF, or
coronary artery disease was prolonged compared to disease-free par-
ticipants [10]. In a recent Austrian prospective register study of patients
with different CV risk profiles undergoing cardiac MRI, hepatic T1-time
was associated with abnormal cardiac size and function measures,
comorbidities, natriuretic peptides, and independently predicted CV
mortality [24]. Finally, in the UK Biobank imaging sub-study, an
elevation of hepatic T1-time was associated with an increased risk of
new-onset CV disease, specifically incident atrial fibrillation, HF, CV
hospitalization, and all-cause mortality [25], thus further suggesting
that hepatic T1-time has a promising role to play in risk stratification of
subjects at greatest risk of CV morbidity and mortality.

To our knowledge, the associations of hepatic T1-time with cardiac
structure/function measures, and the risk of adverse CV clinical out-
comes in a population with DCM have never been explored. Therefore,
we extended the results of previous studies by confirming the feasibility
of hepatic T1-time assessment and showing a strong association of he-
patic T1-time with cardiac abnormalities and the risk of developing
adverse CV outcomes in patients with DCM. Our results suggest the
usefulness of liver structure evaluation in the clinical assessment of
stable patients with DCM. Future studies should also assess the clinical
implications of hepatic T1-time changes over time, in the context of
repeated cardiac MRI evaluation during the clinical follow-up of HF
patients. Although our study revealed a substantial stability of hepatic
T1-time in a subgroup of patients with DCM in stable clinical condition
without overt cardiac decompensation, larger patient populations are
required for definite conclusions.

Sodium-glucose cotransporter-2 (SGLT-2) inhibitors have signifi-
cantly reduced all-cause mortality, cardiovascular mortality, and hos-
pitalization for HF [26-28]. Experimental data also reported favorable
effects of SGLT-2 inhibitors on hepatic steatosis and fibrosis. In this re-
gard, a recent meta-analysis of twelve randomized controlled trials re-
ported that compared to placebo/reference therapy, treatment with
SGLT-2 inhibitors for a median period of 24 weeks was associated
with significant reductions in serum liver enzyme levels and the absolute
percentage of liver fat content on magnetic resonance-based techniques
[28]. That said, future studies are needed to explore whether treatment
with SGLT-2 inhibitors would also determine a histological improve-
ment of liver structure in patients with DCM.

4.1. Study limitations

The data presented have been collected in a patient population of
two tertiary HF centers. Future research in larger cohorts of patients
with DCM is required to further validate the use of hepatic T1-time and
the cut-off (i.e., hepatic T1-time > 563 ms) identified in our study. The
assessment of liver imaging data has not been centralized; therefore, a



possible center-specific bias cannot be excluded. Assessment of T1-times
can be potentially biased by using two different 1.5T scanners. Hepatic
fibrosis could be segmental within the liver, so it is possible that some
misclassification of hepatic T1-time occurred based on the ROIs exam-
ined. Another potential limitation of the study is the lack of confirma-
tory liver biopsy. However, following the guiding medical principle of
“primum non nocere”, it is not surprising in a study of patients with DCM
and fairly normal serum aminotransferase concentrations. Although we
included only stable patients with DCM without overt cardiac decom-
pensation, some patients may have had subclinical congestion. Finally,
given the hypothesis-generating nature of our study, the present data do
not prove causation.

5. Conclusions

Among stable patients with DCM undergoing cardiac MRI, assess-
ment of liver structure by hepatic iron-corrected T1-time is feasible and
may provide additional clinical information for CV risk stratification of
this patient population. In this exploratory multicenter study, we
showed that higher hepatic iron-corrected T1-time was significantly
associated with impaired cardiac structure and function measures and a
greater risk of hospitalization for HF or CV mortality over a mean follow-
up of 4.5 years. Further prospective and mechanistic studies are needed
to better elucidate the possible implications of effective HF and NAFLD/
MAFLD pharmacotherapies on liver structure and function.
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