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France
A R T I C L E I N F O

Article History:
Received 27 September 2021
Revised 15 November 2021
Accepted 19 November 2021
Available online xxx
* Corresponding author: Antonio Gallo, MD PhD, Univ
Rue Maxime Rivi�ere, 97490 Saint-Denis de La R�eunion, F

E-mail address: antoniogallo.md@gmail.com (A. Gallo

https://doi.org/10.1016/j.ebiom.2021.103735
2352-3964/© 2021 The Authors. Published by Elsevier B.
A B S T R A C T

Background: Familial Hypercholesterolemia (FH) is an underdiagnosed condition with an increased cardio-
vascular risk. It is unknown whether lipid accumulation plays a role in structural myocardial changes. Cardio-
vascular Magnetic Resonance (CMR) is the reference technique for the morpho-functional evaluation of heart
chambers through cine sequences and for myocardial tissue characterization through late gadolinium
enhancement (LGE) and T1 mapping images. We aimed to assess the prevalence of myocardial fibrosis in FH
patients.
Methods: Seventy-two asymptomatic subjects with genetically confirmed FH (mean age 49¢24, range 40 to
60 years) were prospectively recruited along with 31 controls without dyslipidaemia matched for age, sex,
BMI, and other cardiovascular risk factors. All underwent CMR including cine, LGE, pre- and post-contrast
T1 mapping. Extracellular volume (ECV) and enhancement rate of the myocardium (ERM = difference
between pre- and post-contrast myocardial T1, normalized by pre-contrast myocardial T1) were
calculated.
Findings: Five FH patients and none of the controls had intramyocardial LGE (p= 0¢188). While no changes in
Native T1 and ECV were found, post-contrast T1 was significantly lower (430¢6 § 55ms vs. 476¢1 § 43ms,
p<0¢001) and ERM was higher (57¢44§ 5¢99 % vs 53¢04§4¢88, p=0¢005) in HeFH patients compared to con-
trols. Moreover, low post-contrast T1 was independently associated with the presence of xanthoma (HR
5¢221 [1¢04-26¢28], p= 0¢045). A composite score combining the presence of LGE, high native T1 and high
ERM (defined as � mean § 1¢5 SD) was found in 20¢8% of the HeFH patients vs. 0% in controls (p<0¢000, after
adjustment for main confounders).
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Interpretation: CMR revealed early changes in myocardial tissue characteristics in HeFH patients, that should
foster further work to better understand and prevent the underlying pathophysiological processes.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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1. Introduction

Heterozygous familial hypercholesterolemia (HeFH) is a common
genetic disease associated with a high risk of coronary heart disease
(CHD) due to lifelong exposure to high LDL-cholesterol (LDL-C) levels
[1,2]. Big efforts are being made in order to improve clinical recogni-
tion, increase awareness, and develop alternative strategies for a
more efficient therapeutic management of HeFH patients [3].
Although several studies have shown an increased prevalence of sub-
clinical atherosclerotic cardiovascular disease (ASCVD) [4,5] in HeFH,
there is still no consensus regarding the clinical value of cardiovascu-
lar imaging in asymptomatic HeFH patients.

Despite being considered a high cardiovascular risk condition,
HeFH is also associated with an extreme phenotypic variability,
which leads to an overall underestimation of the disease prevalence
and pathogenicity [6]. While coronary arteries represent the prime
territory for disease in HeFH, other risk factors may involve other car-
diovascular territories. An increase in LDL-C levels has been associ-
ated with impaired microvascular function, which can ultimately
lead to myocardial tissue impairment [7].

Cardiac Magnetic Resonance (CMR) is the reference technique for
the evaluation of cardiac morphology, systolic function as well as the
detection and quantification of myocardial scar on late gadolinium
enhancement (LGE) images. CMR mapping sequences have recently
emerged for non-invasive myocardial interstitial fibrosis and oedema
characterization in several cardiomyopathies [8�10].

If coronary arteries and aortic valves have been widely studied in
HeFH patients, [11,12] studies on myocardial tissue characterization
in this population are lacking. We accordingly designed the present
study to 1) investigate myocardial tissue by CMR in patients with a
genetic diagnosis of HeFH free of ASCVD and estimate the prevalence
of myocardial fibrosis, 2) investigate concurrent systolic cardiac func-
tion, and 3) determine how CMR biomarkers relate to markers of
increased lifelong exposure to high cholesterol levels.
2. Methods

2.1. Study population and design

The Cholcoeur Study (Clinical Trial N° NCT02517944) is an obser-
vational prospective case-control monocentric study.

One-hundred and three subjects (60 men, 43 women) aged
between 40 and 60 years (mean age 49¢24§4¢66) were consecutively
enrolled between October 2014 and June 2017 at the Cardiovascular
Prevention Unit of Piti�e-Salpêtri�ere Hospital in Paris, France accord-
ing to the following inclusion criteria: genetically confirmed HeFH,
no symptoms or electrocardiographic signs of ischemia, no personal
history of CHD. Exclusion criteria were the absence of health insur-
ance, refusal after informed consent, contra-indication to CMR, preg-
nancy, diabetes mellitus, uncontrolled hypertension.

Control subjects were matched for age, body mass index (BMI),
smoking habits. They were consecutively enrolled at the Centre for
Clinical Investigation (Centre d’Investigation Clinique, CIC) at Piti�e-
Salpêtri�ere Hospital in Paris, France.

Arterial hypertension was defined as office Systolic BP (SBP) �140
mmHg and/or Diastolic BP (DBP) �90 mmHg and/or use of antihyper-
tensive medication. Diabetes mellitus was defined as Fasting Plasma
Glucose (FPG) levels �7¢0 mmol/L or HbA1C>6¢5% and/or antidiabetic
treatment. Current smoking was defined as having smoked at least
one cigarette in the last 30 days. Glomerular filtration rate (GFR) was
assessed according to the Modification of Diet for Renal Disease study
equation. Patients’ anthropometric characteristics such as BMI and
body surface area (BSA) were also calculated.

High intensity statin dose was defined as previously described
(atorvastatin 40 or 80 mg/day, rosuvastatin 20 or 40 mg/day, or sim-
vastatin 80 mg/day) [13].

Both HeFH patients and controls underwent a CMR exam on the
same day as clinical and biological tests were performed for this
study.
2.2. CMR imaging and analysis

All subjects underwent a CMR exam on a 1¢5T magnet (Magnetom
Aera, Siemens Healthineers, Erlangen, Germany) using a thoracic
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phased array coil including the following sequences: 1) cine short
and long axis slices covering the left ventricle and atrium using
steady state free precession (SSFP), 2) short and long axis LGE T1-
weighted single shot inversion recovery images were acquired 10
minutes after IV injection of 0¢2 mmol/kg of Gd-DTPA (Dotarem�,
Guerbet, France) with inversion time chosen to null the normal myo-
cardium, 3) motion-corrected basal, and mid-LV short-axis modified
look-locker inversion-recovery (MOLLI) T1 mapping sequence before
and 15 minutes after contrast injection, 4) motion-corrected basal
and mid-LV short-axis T2 mapping using a 3-point T2-prepared SSFP
sequence performed before contrast injection.

CMR data were analysed using QMass v.6 (Medis, the Nether-
lands) by the same operator blinded to study groups and to clinical
data. Left ventricular (LV) end-diastolic and end-systolic volumes as
well as LV mass were measured after semi-automated tracing of
myocardial contours on all contiguous cine SSFP short axis slices. LV
ejection fraction, stroke volume and mass-to-volume ratio were
appropriately calculated. Similarly, right ventricular (RV) end-dia-
stolic and end-systolic volumes, ejection fraction as well as stroke
volume were measured. The same cine images were analysed to visu-
ally assess regional LV myocardial function as normokinetic, hypoki-
netic, akinetic or dyskinetic reported according to the standardized
American Heart Association segmentation [14]. Left ventricle longitu-
dinal global strain and strain rate were calculated as the average of 4
and 2 chambers view using CMR feature-tracking, as previously
described [15].

Myocardial tissue characterization comprised visual analysis for
the presence or absence of LGE, which was performed by an expert
reader (more than 15 years of experience). The QMass segmentation
tool was used on pre- and post-contrast T1 as well as T2 maps to
delineate the LV myocardium and estimate global myocardial T1 and
T2 as the average of basal and mid-LV slices. Pre- and post-contrast
T1 values in the blood pool were also calculated by carefully position-
ing a ROI within the LV cavity while avoiding papillary muscles. Myo-
cardial and blood pool T1 measures were subsequently used for the
estimation of the partition coefficient (λ) calculated using a previ-
ously described formula: λ = (post-contrast R1myo � pre-contrast
R1myo)/(post-contrast R1LV-cavity � pre-contrast R1LV-cavity), with
R1 = 1/T1. Then, the extracellular volume (ECV, %) was calculated as:
(1-hematocrit) * λ. Finally, relative myocardial T1 shortening (ERM)
was calculated using the following formula: (pre-contrast T1myo-
post-contrast T1myo)/ pre-contrast T1myo. Such index was successfully
used to characterize tissue interstitial changes in the liver 15,16 as well
as in the myocardium [18].
2.3. Total cholesterol burden (TCB) calculation

Lifelong cholesterol exposure was estimated by calculating TCB
(mg/dL-year) as previously reported [4]. TCB was obtained by multi-
plying the initial serum total cholesterol (TC) value by the age of the
patient at diagnosis onset and by adding the TC values measured
annually during follow-up visits. If lipid profiles were missing for
more than 50 % of time points TCB was not calculated. Fifty-six FH
patients had TCB calculation available for the final analysis.
2.4. Coronary atherosclerotic burden

Each patient underwent a multi-detector CT scan (Definition
Flash, Siemens, Erlangen, Germany) for a total radiation exposure of
1 to 3mSv. Coronary artery calcium (CAC) score was calculated
according to Agatston method [19]. The detailed procedure of images
acquisition and treatment has been previously reported [4]. All CT
scans were quantified in an expert central reading centre and super-
vised by a senior cardiovascular radiologist (AR) who was blinded to
patients recent and past medical history.
2.5. Genetic and biochemical testing

Genetic analysis was performed by the Genetic Centre, Piti�e-Sal-
pêtri�ere University Hospital, Paris, France (www.cgmc-psl.fr) while
lipid testing was performed at the Lipid Laboratory of the Biochemi-
cal Functional Unit at the same institution. Methodology for both
testing has been previously described [20].
2.6. Statistics

Statistical analysis was performed by STACTIS, Paris, France. Data
represent mean § SD for continuous variables, and frequency (per-
centage) for categorical variables. The difference between the patient
and control groups for a continuous variable was tested using Stu-
dent's t-test or Welch's t-test, when a preliminary F-test rejected the
assumption of the equal variances in the 2 normal distributions; or
Wilcoxon-Mann-Whitney test, when the 2 previous Shapiro-Wilk
tests rejected the assumption of normality. The difference between
the 2 groups for a categorical variable was tested using: Pearson's
chi-squared test; or, when � 1 expected value was � 5, Fisher's exact
test, with its Freeman-Halton extension for more than two-rows.

The relationship between 2 continuous variables within a group
was assessed and tested using both Pearson's product-moment corre-
lation coefficient r; and Spearman's rank correlation coefficient r, in
case of � 1 rejected assumption of normality using 2 previous Sha-
piro-Wilk tests. The relationship between a continuous variable and
a dependent dichotomous variable within a group was assessed and
tested using: 1) point-biserial correlation coefficient rpb, with the
Glass-Hopkins's correction, after verifying for each category of the
dichotomous variable that the continuous variable had no significant
outliers using quartiles, was approximately normally distributed
using the Shapiro-Wilk test, and had equal variances using the Lev-
ene's test; 2) binomial logistic regression, after checking the linearity
assumption between the continuous variable and the logit transfor-
mation of the dichotomous variable using the Box-Tidwell procedure.
All tests were 2-sided. A p-value � 0¢05 was considered statistically
significant.
2.7. Sample size estimation

Statistical power calculation was based on the prevalence of LGE
in other asymptomatic cohorts from the literature [21,22]. A sample
of 110 subjects (75 HeFH, 35 non-HeFH controls) was considered suf-
ficient to detect a 14¢5 points difference (15% vs. 0¢5%) in percentage
of silent myocardial infarction with a statistical power of 81¢7%. The
final analysis was performed on 72 HeFH patients and 31 controls:
the reason for HeFH patients and controls exclusion is detailed in
Figure 1.
3. Ethics statement

The local institutional review board approved the study (N° 2014-
A0130641) and written informed consent was received from partici-
pants prior to inclusion in the study.
4. Role of Funders

The study was supported by a grant from Amgen, which was not
involved in the design and conduct of the study, data analysis and
interpretation, or the writing of the manuscript. The ICAN Institute of
Cardiometabolism and Nutrition, an Academic hospital organization
was responsible for the study conduct.
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Figure 1. Patients’ flowchart. Out of 110 total subjects included in the study, we excluded 7 subjects (3 HeFH and 4 controls) due to the presence of sickle cell disease, malaria, and
previous myocardial infarction (not known at the selection visit), DCM or poor quality CMR.CMR, Cardiac Magnetic Resonance; DCM, dilated cardiomyopathy; HeFH, heterozygous
familial hypercholesterolemia.
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5. Results

5.1. Clinical characteristics

Table 1 summarizes the main clinical and biochemical characteris-
tics of the study population. Cases and controls exhibited comparable
demographic and anthropometric features. HeFH subjects had higher
pulse pressure (p=0¢001, Wilcoxon Mann Whitney) and a lower dia-
stolic blood pressure (p=0¢026, Wilcoxon Mann Whitney) compared
to controls. They also showed a higher prevalence of family history
for CHD (p <0¢001, Fischer Exact), a worse lipid profile (p < 0¢001,
p=0¢005, p= 0¢02 for LDL-C, HDL-C and triglycerides, respectively,
Fischer Exact) and a slightly lower GFR (p=0¢038, Fischer Exact), com-
pared to controls.

Table 2 summarizes the clinical history of HeFH in the case group.
On average, patients had been followed-up for more than 30 years
and treated for 26 years: most of them were on a combination ther-
apy of statin + ezetimibe. None of them was treated at inclusion by
PCSK9 inhibitors.

5.2. Cardiac morphology and function

Table 3 shows CMR characteristics of the two study groups.
Although no differences were found in LV volumes (p = 0¢721 for
end-systolic; p = 0¢115 for end-diastolic, Student's t-test), mass
(p = 0¢638, Student's t-test) and ejection fraction (p = 0¢212, Student's
t-test) between HeFH patients and controls, there was a significantly
higher number of patients with hypokinetic segments in the HeFH
group (p = 0¢016, Fischer Exact). Similar RV measures were also found
between the two groups except for RV ejection fraction, which was
reduced in HeFH patients (p = 0¢004, Student's t-test). A smaller maxi-
mum left atrial volume was also observed in HeFH patients
(p = 0¢026, Student's t-test), with an overall normal LA ejection frac-
tion in both groups (p = 0¢782, Wilcoxon MannWhitney).

5.3. Myocardial tissue characteristics

Only five patients among the HeFH group had focal intramyocar-
dial fibrosis, defined by the presence of LGE (p = 0¢188, Fischer Exact)
versus controls (Figure 2). Among those, only one patient exhibited a
subendocardial LGE pattern (Figure 3). While no significant
differences in native T1 (p = 0¢446,), T2 (p = 0¢877, Wilcoxon Mann
Whitney) and ECV (p = 0¢051, Student's t-test) were found between
the two groups, post-contrast T1 was significantly lower and ERM
significantly higher in HeFH patients as compared to controls (p
<0¢001 for both, Student’s t-test. Figure 4). Female gender (p <0¢001,
logistic regression) and the presence of xanthoma (p = 0¢045, logistic
regression) were independent clinical associates of a low post-con-
trast T1 in the HeFH group (Table 4) in a multivariate model that also
included age, BMI, family history, GFR and the presence of CAC.

A composite evaluation criterion was built, resulting from the
combination of presence of LGE and/or high native T1 and/or high
ERM (defined as � mean + 1¢5 SD corresponding to thresholds of
1065¢88ms and 65¢13%, respectively). Fifteen subjects (20¢8%) in the
HeFH group versus 0 in the control group (p<0¢000, Fischer Exact)
exhibited some degree of intramyocardial fibrosis according to this
criterion and such difference remained significant after adjustment
for age, gender, family history of cardiovascular disease, current
smoking, metabolic syndrome and pulse pressure. The addition of
ECV to the composite criteria did not provide any further discrimina-
tion.

5.4. LV CMR measures and cholesterol burden in HeFH

Native and post-contrast T1, ECV and ERM were not associated
with an increased cholesterol burden. Subjects with a higher choles-
terol burden (defined according to a threshold of 15486 mg/dL-years,
representing the median cholesterol burden in the FH group) exhib-
ited a higher LV remodeling index, calculated as the LV mass to vol-
ume ratio (0¢626 § 0¢12 vs. 0¢549 § 0¢08 g/mL in low cholesterol
burden, p = 0¢008, Wilcoxon Mann Whitney). This association
remained significant after adjustment for age, gender, BMI and SBP
(Table 5).

6. Discussion

This is the first study to characterize myocardial tissue alterations
using CMR in asymptomatic high-risk HeFH patients. Our study
revealed that LGE was present only in few of these HeFH patients.
Besides, while no changes in myocardial native T1, T2 and ECV were
found, post-contrast T1 was significantly lower in asymptomatic FH
patients, pointing an expansion of the interstitial space. However, a



Table 1
Study population main characteristics.

Cases(N=72) Controls(N=31) p

Demographic and anthropometric data
Age, years 48¢94 § 5¢00 49¢94 § 3¢71 0¢324
Male sex, n (%) 42 (58¢33) 18 (58¢06) 0¢980
BMI, kg/m2 25¢44 § 4¢29 25¢30 § 3¢16 0¢863
BSA, m2 1¢854 § 0¢20 1¢824 § 0¢16 0¢470
Waist-to-Hip Ratio 0¢925 § 0¢081 0¢928 § 0¢053 0¢831
Blood pressure
SBP mmHg 114¢10 § 11¢45 112¢13 § 10 ¢08 0¢410
DBP mmHg 68¢6 § 8¢9 72¢6 § 9¢98 0¢026
PP mmHg 45¢5 § 8¢6 39¢6 § 6¢9 0¢001
MAP mmHg 87¢36 § 9¢14 88¢87 § 9¢41 0¢446
Heart Rate, bpm 65¢74 § 10¢49 66¢77 §12¢98 0¢670
Cardiovascular Risk Factors
Current Smoking, n (%) 20 (27¢78) 9 (29¢03) 0¢593
Arterial Hypertension, n (%) 12 (16¢67) 5 (16¢13) 1¢000
Metabolic Syndromea, n (%) 18 (25¢0) 3 (9¢68) 0¢109
Family history of early CHD, n (%) 35 (48¢61) 1 (3¢45) < 10 �4

Lp(a) > 50 mg/dl, n (%) 16 (23¢53) 3 (9¢68) 0¢168
High Cardiovascular Riskb, n (%) 69 (95¢83) 26 (83¢87) 0¢051
Medication, n (%)
ARB, n (%) 7 (9¢7) 3 (9¢7) 0¢050
ACEI, n (%) 1 (1¢39) 2 (6¢5)
BB, n (%) 3 (4¢2) 0 (0¢0)
CCB, n (%) 7 (9¢7) 4 (12¢9)
Diuretic, n (%) 3 (4¢2) 1 (3¢2)
Aspirin, n (%) 5 (4¢94) 0 (0¢0) 0¢188
Lipid Profile
LDL-C, mg/dl 174¢89 § 56¢87 117¢39 § 27¢31 < 10 �4

HDL-C, mg/dl 53¢0 § 15¢7 61¢9 § 14¢3 0¢005
TG, mg/dl 115¢08 § 81¢07 87¢81 § 33¢57 0¢018
Lp(a), mg/dl 19 (9;180) 12¢0 (9 ;117) 0¢278
Other Biochemistry
Fasting glucose, mmol/l 4¢98 § 0¢59 4¢89§ 0¢58 0¢819
Haematocrit, % 42¢23 § 3¢14 41¢63 § 2¢73 0¢361
HbA1c, % 5¢67 § 0¢29 5¢55§ 0¢34 0¢064
Creatinine, mmol/l 77¢3 § 14¢8 72¢4 § 13¢3 0¢110
GFR, ml/min/1¢73m2 86¢1 § 24¢7 90¢6 § 14¢4 0¢038

ACEI, Angiotensin Converting Enzyme Inhibitor; ARB, Angiotensin Receptor Blocker;
BB, beta-blocker; BSA, Body Surface Area; CCB, calcium channel blocker; CHD, Coro-
nary Heart Disease; DBP, Diastolic BP; GFR, glomerular filtration rate; HDL-C, HDL-
cholesterol; LDL-C, LDL-cholesterol; Lp(a), lipoprotein (a); MAP, Mean Arterial Pres-
sure; PP, Pulse Pressure; SBP, Systolic BP; TG, triglycerides.

a Metabolic Syndrome was defined according to the following criteria: Waist Cir-
cumference �80cm (women) or 94cm (men) AND � 2 criteria among: TG � 150 mg/
dl; HDL-c < 50 mg/dl (women) or 40 mg/dl (men); SBP � 130 or DBP � 85 mmHg
(or antihypertensive therapy); Fasting glucose � 5¢6 mmol/l (or antidiabetic
therapy).

b High cardiovascular risk was defined according to the presence of at least one of
the following: male sex, age � 40; family history of premature CHD; antihyperten-
sive drug; metabolic syndrome; tendon xanthoma; LDL-C � 250 mg/dL; HDL-c < 40
mg/dL; Lp(a) � 50 mg/dL.

Table 2
Clinical characteristics of HeFH patients.

Familial Hypercholesterolemia N=72

Age at diagnosis, years 17¢93 § 11¢7
Duration of disease since diagnosis, years 30¢9 § 11¢2
Extravascular lipid deposit, n (%)
Xanthoma 17 (23¢6)

Xanthelasma 2 (2¢8)

Corneal arcus 5 (6¢9)
Lipid-Lowering Treatment
Current lipid-lowering therapy, n (%) 61 (84¢72)
Previously treated, n (%) 8 (11¢1)

Never treated, n (%) 3 (4¢17)
Age at initiation of LLT, y 22¢8 § 11¢3
Duration of LLT since diagnosis, years 26¢9 § 11¢2
Statin, n (%) 28 (38¢8)

Moderate intensity 18 (64¢2)

High intensity 10 (35¢7)
Statin + cholestyramine 1 (1¢39)

High intensity 1 (100)
Statin + Ezetimibe 30 (41¢67)

Moderate intensity 14 (46¢7)

High intensity 16 (53¢3)
Ezetimibe 1 (1¢39)
Fibrate 1 (1¢39)
Cholesterol Burden (N=56)
Total cholesterol at diagnosis, mg/dL-year 753¢6 § 447
Sum of total cholesterol after diagnosis, mg/dL-year 8204¢3 § 3247
Total Cholesterol Burden, mg/dL-year 16058¢9 § 3644
Coronary Burden (N=63)
CAC score, HU 185¢4 § 371
CAC score > 0, n (%) 44 (69¢8)
CAC score > 100, n (%) 23 (36¢5)

Total Cholesterol Burden was calculated according to the following formula:
[(Age at diagnosis x TC at diagnosis) + Sum of yearly TC since diagnosis].
LLT, Lipid-Lowering Treatment; CAC, coronary artery calcium; HU, Hounsfield
Unit.

Figure 2. Illustration of late gadolinium enhancement patterns found in 5 patients. Sho
(d,e) inversion recovery images. An ischemic pattern was found in patient a with inferior bas
(patient b,c) and intramural or junctional LGE (patients d,e).
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combined CMR marker of dense and interstitial myocardial fibrosis
was found to be more prevalent in HeFH patients, as compared to
non-HeFH controls, after adjustment for established CV risk factors.
Furthermore, the presence of xanthoma at diagnosis, suggesting a
more severe clinical presentation of HeFH, was independently associ-
ated with such lower myocardial post-contrast T1. Our results on
post-contrast T1 are in line with previous findings from the Multi-
rt (top row) and long axis (bottom row) views in magnitude (a,b,c) and phase sensitive
al infarct (black arrows). Non ischemic patterns (white arrows) included epicardial LGE



Table 3
Cardiac Magnetic Resonance (CMR) parameters in the study groups.

Cases(N=72) Controls(N=31) p

Left Ventricle
LV Mass, g 90¢17§ 24¢23 88¢59§ 22¢90 0¢714
LV Mass indexa, g/m2 48¢15§ 9¢57 47¢74§ 9¢65 0¢638
LV End-systolic Volume, mL 59¢1 § 16¢0 59¢8 § 17¢2 0¢851
LV End-systolic Volume indexa,

mL/m2
31¢79§ 7¢4 32¢39§ 8¢3 0¢721

LV End-diastolic Volume, mL 152¢2 § 29¢3 158¢8 § 32¢5 0¢313
LV End-diastolic Volume indexa,

mL/m2
81¢91§ 11¢91 86¢27§ 14¢18 0¢115

LV Stroke volume, mL 93¢1 § 18¢1 98¢9 § 19¢8 0¢141
LV Ejection fraction, % 61¢43§ 5¢8 62¢67§ 5¢68 0¢212
LV Cardiac Output, L/mn 6¢08 § 5¢8 6¢59 § 1¢8 0¢207
LV Mass-to-Volume, g/ml 0¢57 (0¢4 ;1¢1) 0¢55 (0¢4 ;0¢8) 0¢222
LV longitudinal strain, % -19¢48 § 2¢41 -19¢53 § 2¢45 0¢920
LV systolic SR, s �1 -0¢904 § 0¢12 -0¢889 § 0¢19 0¢694
LV early diastole SR, s �1 0¢837 § 0¢16 0¢857 § 0¢22 0¢940
LV late diastole SR, s �1 0¢389 § 0¢129 0¢372 § 0¢20 0¢665
Right ventricle
RV End-systolic Volume, mL 69¢1 § 19¢9 63¢2 § 17¢9 0¢155
RV End-systolic Volume indexa,

mL/m2
37¢08§ 9¢0 34¢22§ 8¢2 0¢139

RV End-diastolic Volume, mL 159¢0 § 34¢7 158¢5 § 34¢8 0¢951
RV End-diastolic Volume indexa,

mL/m2
85¢44§ 14¢5 86¢37§ 15¢22 0¢774

RV Stroke volume, mL 89¢9 § 19¢6 95¢4 § 19¢9 0¢198
RV Ejection fraction, % 56¢9 § 5¢9 60¢5 § 5¢3 0¢004
RV Cardiac Output, L/min 5¢86 § 1¢4 6¢3 § 1¢5 0¢144
LV myocardial wall motion
� 1 segment hypokinetic, n (%) 12 (16¢67) 0 (0¢0) 0¢016
� 1 segment akinetic, n (%) 1 (1¢39) 0 (0¢0) 1¢000
LV myocardial tissue characterization by CMR
Presence of LGE, n (%) 5 (6¢94) 0 (0¢0) 0¢188
Pre-contrast T1, ms 1014¢14 § 37¢32 1015¢4 § 26¢27 0¢446
Post-contrast T1, ms 430¢62 § 55¢21 476¢06 § 42¢99 <10�4

T2, ms 48¢22§ 3¢11 48¢26§ 2¢85 0¢877
Partition coefficient (λ) 0¢4218 § 0¢04 0¢4351 § 0¢03 0¢087
ECV, % 24¢36§ 2¢57 25¢41§ 2¢17 0¢051
ERM, % 57¢44§ 5¢99 53¢04§ 4¢88 0¢001
Left Atrium
LA Maximum volume, mL 63¢33§ 18¢6 68¢59§ 14¢7 0¢058
LA Maximum volume indexa,

mL/m2
34¢14§ 9¢21 37¢55§ 7¢66 0¢026

LA Minimum volume, mL 21¢49§ 9¢9 23¢0 § 7¢1 0¢130
LA Minimum volume indexa, mL/

m2
11¢50§ 4¢94 12¢49§ 3¢95 0¢126

LA ejection fraction, % 67¢19§ 7¢65 66¢89§ 5¢86 0¢782
ECV, Extracellular Volume; ERM, T1 Enhancement Rate in the Myocardium; LA, Left
Atrium; LGE, Late Gadolinium Enhancement; LV, Left Ventricle; RV, Right Ventricle;
SR, Strain Rate.

a Mass and volumetric values are indexed for Body Surface Area.
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Ethnic Study of Atherosclerosis [23]. In this study which involved
1840 subjects (156 with prior CVD), dyslipidaemia was associated
with a decreased post-contrast myocardial T1, without changes in
any other CMR parameters. A 10-15ms decrease in post-contrast T1
was associated with an increased risk of cardiovascular events in sub-
jects without previous myocardial focal scar after 10 years follow-up
[23]. In patients with heart failure and preserved ejection fraction a
significant decrease in post-contrast T1 has been found, associated
with worse cardiovascular outcomes [24]. Early diastolic dysfunction
has been previously observed in young HeFH patients, together with
a thicker LV wall and a higher LV mass [25]. In our long-term fol-
lowed-up population, with a preserved LV and LA morphology and
ejection fraction, this finding was not confirmed, as shown by normal
strain and SR values compared to controls, thus suggesting that tissue
impairment may depend on cholesterol burden and thus anticipate
further organ dysfunction leading to cardiovascular disease.

Animal studies have previously shown a direct relationship
between hypercholesterolemia and myocardial lipid accumulation,
showing that a chronic exposure to high cholesterol levels is associ-
ated with a 3-5 fold increased lipid accumulation in myocardial
tissue, both at the intracellular and interstitial level [26,27]. In
humans, lipid accumulation plays an important role in inflammation
and ischemia-reperfusion process in subjects after acute myocardial
infarction, being responsible for an impaired LV remodeling [28]. Our
findings confirm this hypothesis, showing a direct relationship
between lifelong cholesterol exposure and LV remodeling, a hallmark
of heart failure.

Together with the presence of xanthoma, female sex was associ-
ated with a lower post-contrast T1 among HeFH subjects. Interest-
ingly, HeFH women exhibited significantly lower post-contrast T1
values than non-HeFH female controls, in the absence of other LV or
RV functional indexes (data not shown).

Native T1 has proven a high sensitivity and accuracy in character-
izing myocardial tissue: the presence of oedema or increased intersti-
tial space and diffuse fibrosis are two main determinants of a high
native T1, whereas lipid or iron overload are associated with low
native T1 [10,29]. In the present study, we did not find any changes
in native T1 and no differences in ECV between HeFH and controls.
Native T1 values may be pseudo-normalized by a composite signal
resulting from concomitant presence of interstitial fibrosis and lipids,
but to the best of our knowledge this has not yet been explored. The
presence of high ECV, suggesting an excessive deposition in collagen,
would have further strengthened the hypothesis of interstitial myo-
cardial fibrosis. However, coherent with the findings on native T1, we
did not observe any increase in ECV.

One might note the slightly higher standard deviation of native T1
in HeFH patients as compared to controls revealing a more pro-
nounced interindividual difference in myocardial characteristics in
the HeFH population. Higher variability of post contrast T1 vs. pre-
contrast T1 has been previously reported. Further analysis using a
composite criterion combining presence of LGE with high native T1
and high ERM, which was shown to act as a surrogate of interstitial
changes in both myocardium [18] and liver [16,17] confirmed the
presence of myocardial structural changes in 20¢8% of the HeFH pop-
ulation, against 0 in the control group.

This study has several limitations. First, no causality can be
derived from our observations, due both to the observational design
of the study and to the insufficient statistical power. Also, this was a
monocentric study and cholesterol burden evaluation was not avail-
able for the whole study population. Data interpretation cannot be
generalized to the whole population as the specificity of the acquisi-
tion protocol is limited to one center. The prevalence of concomitant
risk factors that can alter T1 and T2 quantification, was comparable
between HeFH and non-HeFH subjects. Therefore, the comparison
was not made against a healthy population but against subjects with
the same common cardiovascular risk factors, namely hypertension
and smoke. Results must therefore be interpreted with caution.
Indeed, a healthy control group would have allowed to better under-
stand the contribution of the HeFH status and common cardiovascu-
lar risk factors on the myocardium tissue changes in this population.
This suggests that absolute and generalizable CMR thresholds cannot
be derived from the study, and that the differences observed are rela-
tive to the HeFH status. The molecular diagnosis of familial hypercho-
lesterolemia was in fact the main distinguishing factor between the
two groups, allowing a discrimination of CMR changes related to this
condition.

Although we did not find a direct relationship between the pres-
ence of subclinical coronary atherosclerosis and myocardial T1 on
CMR, we cannot exclude that the presence of CAC, found in more
than half the HeFH group, may have an impact on myocardial remod-
eling. Kidney function may impact the post-contrast T1 finding. How-
ever, although a slightly lower GFR was observed in HeFH as
compared to controls, GFR was not a significant predictor of low
post-contrast T1 beyond xanthoma in this study population.

In conclusion, our findings support the presence of structural
changes in the myocardium of HeFH patients that are associated with



Figure 3. Cardiac Magnetic Resonance changes in a patient with Familial Hypercholesterolemia. This figure shows CMR findings of an asymptomatic HeFH patient with suben-
docardial myocardial infarction (upper figure) compared to a healthy control (lower figure). Red arrows point at the damaged area, evidenced by LGE and T1 mapping.T1 mapping
is a new measure of myocardial fibrosis with CMR, where a parametric reconstructed image of the myocardium is obtained. Each pixel’s intensity corresponds to the T1 relaxation
time of the corresponding myocardial voxel. Late gadolinium enhancement (LGE): the increase in gadolinium concentration within fibrotic tissue causes T1 shortening, which
appears as bright signal intensity in the CMR image. CMR, Cardiac Magnetic Resonance; HeFH, Heterozygous Familial Hypercholesterolemia.

Figure 4. Myocardial tissue characterization in the study population, stratified according to the absence/presence of HeFH. We aimed at comparing T1 mapping markers in
HeFH subjects (blue boxplots, N=72) versus age and sex-similar controls (red boxplots, N=31). Only non-infarcted segments were considered for this analysis. We found a similar
distribution in native T1 (a) and ECV (c). Patients with HeFH had a lower post-contrast T1 (b) and a higher ERM (d) compared control subjects, pointing an expansion of the intersti-
tial space that suggests interstitial fibrosis. * p < 0¢001; y p < 0¢005. Student t-test was performed to compare variables between groups.ECV, extracellular volume; ERM, enhance-
ment rate myocardium. HeFH, heterozygous Familial Hypercholesterolemia.
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Table 4
Clinical associates of a low post-contrast T1

Low post-contrast T1a

HR 95 % CI p

Sex, female 18¢186 3¢65-90¢64 < 0¢001
Xanthoma 5¢221 1¢04-26¢28 0¢045
Age 0¢959 0¢83-1¢11 0¢570
BMI 0¢958 0¢83-1¢11 0¢574
Family history 1¢304 0¢34-4¢99 0¢699
GFR 1¢008 0¢967-1¢05 0¢697
CAC > 0 1¢506 0¢38-5¢96 0¢560

BMI, body mass index; CAC, coronary artery calcium;
GFR, glomerular filtration rate

a Model also including LDL-C, Lp(a) and systolic BP.

Table 5
Association of total cholesterol burden with CMR morpho-functional
parameters.

Cholesterol burden, mg/dL-year

Univariate Multivariatea

b p b p

LV mass, g 0¢261 0¢052 0¢205 0¢049
LV Volume, mL -0¢218 0¢107 -0¢241 0¢067
LV Mass to Volume, g/mL 0¢520 < 0¢001 0¢493 <0¢001
LV Ejection Fraction, % 0¢135 0¢321 0¢228 0¢137
LV myocardial tissue characterization
Pre-contrast T1, ms 0¢032 0¢817 0¢141 0¢346
Post-contrast T1, ms 0¢094 0¢492 0¢015 0¢915
Partition coefficient (λ) -0¢075 0¢584 -0¢035 0¢830
ECV, % -0¢134 0¢325 0¢037 0¢802
ERM, % -0¢081 0¢554 0¢019 0¢888
Presence of LGE, n 0¢000 0¢117 0¢000 0¢350

BMI, Body mass index; ECV, extracellular volume; ERM, enhancement rate
myocardium; LGE, late gadolinium enhancement; LV, Left Ventricle; SBP,
systolic BP.

a Adjusted for age, gender, BMI and SBP¢
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the severity of the clinical manifestation and the extent of long-term
high-cholesterol exposure. The contribution of the gene-environ-
ment interaction in the pathophysiology of myocardial tissue changes
in HeFH remains unknown. Further randomized-controlled long-
term follow-up studies are needed to confirm the efficacy of a new
proposed algorithm that contemplates CMR for HeFH cardiovascular
risk stratification.
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