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Editorial

The Multi-Faceted Utility of Cardiovascular Magnetic
Resonance Imaging: Editorial on Special Issue “Advances in
Cardiovascular Magnetic Resonance”
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& Peking Union Medical College, Beijing 100037, China
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Cardiovascular magnetic resonance (CMR) imaging has emerged as a versatile tool for
evaluating and managing a variety of cardiovascular diseases. In this Special Issue, “Ad-
vances in Cardiovascular Magnetic Resonance”, a total of 14 articles (11 original research
articles, 1 case report, and 2 comprehensive reviews) demonstrated various advances in
the clinical applications of CMR imaging. These studies highlighted the efficacy of CMR
imaging in characterizing idiopathic dilated cardiomyopathy (IDCM), diagnosing Loef-
fler endocarditis, evaluating cardiac function in males with acquired immune deficiency
syndrome (AIDS), predicting left ventricular remodeling (LVR) following primary percuta-
neous coronary intervention (PPCI), and assessing the risk of major adverse cardiovascular
events (MACE) in patients with left ventricular noncompaction (LVNC). Additionally, CMR
imaging techniques, such as tissue-tagging (TT-CMR) and feature-tracking CMR (FT-CMR),
showed promising results in determining cardiac deformation and functional dynamic
geometry parameters.

1. Ischemic Heart Disease

The burden of ischemic heart disease remains significant, both in terms of its preva-
lence and its impact on individuals and society. According to the World Health Orga-
nization (WHO), ischemic heart disease is the leading cause of death worldwide, and it
accounted for more than 8 million deaths in 2019 [1].

Ma et al. focused on exploring predictive parameters for LVR following PPCI in
patients with acute anterior myocardial infarction (AAMI) using CMR imaging [2]. This
study found that both global and regional CMR parameters were valuable in predicting
LVR in AAMI patients following PPCI, with the local parameters of the infarct zones found
to be superior to those of the global ones.

Palumbo et al. evaluated the role of stress perfusion cardiac magnetic resonance
(spCMR) in predicting the risk of major cardiac events in patients with long-standing
chronic coronary syndrome (CCS) and ischemia [3]. They included 35 patients who under-
went coronary CT angiography (CCTA) and additional adenosine spCMR and the primary
outcomes measured were heart failure and all major cardiac events. They concluded that
spCMR modeling, including perfusion and strain anomalies, could be a powerful tool in
predicting the risk of major cardiac events in patients with long-standing CCS, even in the
absence of conventional imaging predictors.

2. IDCM

IDCM is a type of myocardial disease of unknown origin, with many cases thought
to be genetic in nature. This condition can lead to heart failure, arrhythmias, and sudden
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cardiac death. Due to the lack of a clear cause, diagnosis and management of IDCM can
be challenging.

The study by Tsabedze et al. investigated the use of CMR imaging in the characteri-
zation of IDCM in a cohort of patients in southern Africa who were suspected of having
a genetic cause of their cardiomyopathy [4]. The study found that late gadolinium en-
hancement (LGE) was present in the majority of the participants and that mid-wall LGE
enhancement was the most common pattern observed. The study also found that patients
with LGE on CMR imaging had a lower risk of death than those without. These findings
highlight the potential of CMR imaging for improving not only the diagnosis but also the
management of IDCM in sub-Saharan Africa.

Zhang et al. investigated the expression of microRNAs (miRNAs) in myocardial tissues
of hypertrophic cardiomyopathy (HCM) patients and found that some of the miRNAs had
significant correlations with cardiac function and myocardial fibrosis, indicating their
potential as biomarkers for left ventricular hypertrophy, fibrosis, and remodeling [5].
These findings suggest that miRNA levels in myocardial tissues could serve as potential
biomarkers for HCM, potentially aiding in the early diagnosis and treatment of this disease.

Huang evaluated the role of LGE in predicting MACE in patients with LVNC and
found that a specific ring-like pattern of LGE, free-wall, or mid-wall LGE, and LGE extent
greater than 7.5% was associated with an increased risk of MACE [6]. This study suggests
that risk stratification based on LGE may have value in predicting MACE in patients
with LVNC.

Revnic et al. focused on the use of CMR imaging to detect myocardial replacement
fibrosis in patients with nonischemic dilated cardiomyopathy (NIDCM) and sought to eval-
uate the association between collagen turnover biomarkers and replacement myocardial
scarring by CMR and test their ability to predict outcomes in conjunction with LGE in
patients with NIDCM [7]. They found that galectin-3 (Gal3), procollagen type I carboxy-
terminal pro-peptide (PICP), and N-terminal pro-peptide of procollagen type III (PIIINP)
were significantly increased in LGE+ individuals and were directly correlated with LGE
mass. These circulating collagen turnover biomarkers could significantly predict cardio-
vascular outcomes, and their joint use with LGE could improve outcome prediction in
patients with NIDCM. Overall, this study highlights the potential of using biomarkers
in conjunction with CMR to detect myocardial fibrosis and predict outcomes in patients
with NIDCM.

Brendel et al. evaluated the diagnostic performance of dark-blood LGE compared to
that of conventional bright-blood LGE in detecting non-ischemic myocardial scarring [8].
The study included 343 patients with suspected non-ischemic cardiomyopathy who under-
went both dark-blood and bright-blood LGE imaging. The results showed that dark-blood
LGE had a sensitivity of 99%, a specificity of 99%, and an accuracy of 99% for detecting
non-ischemic scarring, with no significant difference in scar size compared to bright-blood
LGE. The study concludes that dark-blood LGE imaging is non-inferior to bright-blood LGE
imaging in detecting non-ischemic scarring, suggesting it may be an equivalent method for
detecting both ischemic and non-ischemic scars.

3. Inflammatory Cardiomyopathy

Inflammatory cardiomyopathy is a myocardial disease caused by inflammation that
can result from several factors, including viral infections, autoimmune diseases, and
drug reactions. Early diagnosis and proper management are critical to prevent severe
complications and enhance patient outcomes.

Lupu et al. reported a case of Loeffler endocarditis in a patient presenting with heart
failure with preserved ejection fraction (HFpEF) [9]. This case highlights the importance
of early diagnosis and prompt management of Loeffler endocarditis in order to prevent
serious complications and improve patient outcomes. CMR imaging was able to detect
eosinophil and lymphocyte infiltration of the endomyocardium, as well as the formation of
thrombus and fibrosis, leading to the diagnosis of Loeffler endocarditis.

2



Diagnostics 2023, 13, 3501

Hou et al. evaluated the cardiac function of antiretroviral therapy-treated (ART-treated)
males with AIDS using CMR imaging and found that those with a short disease duration
may not develop obvious cardiac dysfunction as evaluated by routine CMR [10]. The
findings suggest that routine CMR may not be necessary for ART-treated males with
AIDS with a short disease duration, but it is important to consider individual patient
characteristics and other factors when determining follow-up intervals.

4. MR Contrast Related and Extra-Cardiac Disease

In this issue, we feature two special research articles. The first study examines the
relationship between MR contrast and nephrogenic systemic fibrosis (NSF). The second
explores myocardial impairment associated with extra-cardiac disorders.

Gallo-Bernal et al. provide a comprehensive review of the existing evidence on the
use of gadolinium-based contrast agents in cardiac imaging and the risk of NSF in patients
with chronic kidney disease [11]. They highlight the importance of understanding the
clinical characteristics and risk factors of NSF in order to prevent and recognize it as well
as summarize the pathophysiology, clinical manifestations, diagnosis, and prevention of
NSF related to the use of gadolinium-based contrast agents.

Yang et al. focused on the use of CMR imaging to examine the temporal changes in
the cardiac cycle of patients with pulmonary hypertension (PH), a condition that alters the
biventricular shape and temporal phases of the cardiac cycle [12]. They found that only
the right ventricular ejection fraction (RVEF) was decreased in the ventricular function
of the interventricular septal (IVS) non-displacement (IVSND) group, and no temporal
change in the cardiac cycle was found. In contrast, a prolonged isovolumetric relaxation
time (IRT) and shortened filling time (FT) in both ventricles, along with biventricular
dysfunction, were detected in the IVS displacement (IVSD) group. The IRT of the right
ventricle (IRTRV) and the FT of the right ventricle (FTRV) in PH patients were associated
with pulmonary vascular resistance, right cardiac index, and IVS curvature, and the IRTRV
was also associated with the RVEF in a multivariate regression analysis. The researchers
concluded that the temporal changes in the cardiac cycle were related to IVS displacement
and mainly impacted the diastolic period of the two ventricles in the PH patients. Both IRT
and FT changes may provide useful pathophysiological information on the progression of
PH. The study suggests that CMR imaging can be a useful tool for understanding cardiac
dysfunction in PH patients and for risk stratification of PH patients.

5. CMR Emerging Techniques

CMR has evolved significantly over the years, with the development of emerging
techniques that have expanded its role in clinical practice. Among them, myocardial strain
imaging is one of the most important new technologies in recent years, which provides
information on myocardial deformation and has the potential to detect subtle changes in
myocardial function that may not be apparent with conventional imaging methods.

The work written by Zlibut et al. provides a comprehensive overview of the available
data on the role of CMR in evaluating myocardial strain and biomechanics—highlighting
its potential as a valuable tool for early detection, diagnosis, and management of cardio-
vascular diseases [13]. The authors highlight two specific CMR techniques, tissue-tagging
(TT-CMR) and feature-tracking CMR (FT-CMR), that have been shown to accurately deter-
mine deformation parameters and functional dynamic geometry parameters. The authors
point out that these techniques have been studied extensively in ischemic heart disease and
primary myocardial illnesses and have shown utility in prognostic prediction in various
cardiovascular patients. They also discuss the recent emergence of fast strain-encoded
imaging CMR-derived myocardial strain as a potentially superior method for measuring
myocardial strain due to its accuracy and reduced acquisition time. However, it should be
acknowledged that more studies need to be carried out to establish its clinical impact.

Michler et al. compared two methods, the conventional contour surface method
(KfM) and the pixel-based evaluation method (PbM), for determining left ventricular
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function parameters in CMR imaging [14]. The KfM includes the papillary muscle as part
of the left ventricular volume, leading to a systematic error in the calculation of the left
ventricular ejection fraction (LVEF). The PbM, on the other hand, excludes the papillary
muscle volume and provides more accurate results. The study analyzed 191 CMR image
data sets and found that the PbM showed a negative difference for end-diastolic volume
(EDV), a negative difference for end-systolic volume (ESV), and a positive difference for
LVEF compared to the KfM. There was no difference in stroke volume (SV). The PbM
also had a mean papillary muscle volume of 14.2 mL and took an average of 2:02 min for
evaluation. The authors conclude that the PbM is an easy and fast method for determining
left ventricular cardiac function and provides comparable results to the established KfM
while omitting the papillary muscles. This can have a significant influence on therapy
decisions, as the LVEF may be 6% higher with the PbM.

A study conducted by Ueda et al. explored the use of FT-CMR and self-gated magnetic
resonance cine imaging to evaluate cardiac function in a young mouse model of Duchenne
muscular dystrophy (mdx) [15]. The results show that the LVEF was significantly lower in
the mdx group compared to that in the control group at both time points. Strain analysis also
revealed significantly lower strain values in mdx mice, with exception of the longitudinal
strain of the four-chamber view. This study concludes that strain analysis with feature
tracking and self-gated magnetic resonance cine imaging is useful for assessing cardiac
function in young mdx mice.

6. Summary

This Special Issue of “Advances in Cardiovascular Magnetic Resonance” highlights the
role of CMR imaging in improving the diagnosis, management, and prognosis of various
cardiovascular diseases. From its ability to detect LGE in patients with IDCM to its role in
diagnosing Loeffler endocarditis as well as its potential for predicting LVR following PPCI
in AAMI patients, CMR imaging is proving to be a valuable diagnostic tool.

Finally, the comprehensive review of the available data on the role of CMR in evalu-
ating myocardial strain and biomechanics underscores the potential of these techniques
in providing a more complete assessment of cardiac function and mechanics, as well as
in detecting subtle changes in myocardial strain and deformation in various cardiovascu-
lar conditions.

As the field of cardiovascular imaging continues to advance, CMR imaging is poised
to play an increasingly pivotal role in detecting, diagnosing, and managing cardiovascu-
lar diseases.

Conflicts of Interest: The authors declare no conflict of interest.
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Dark-Blood Late Gadolinium Enhancement MRI Is Noninferior
to Bright-Blood LGE in Non-Ischemic Cardiomyopathies
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Abstract: (1) Background and Objectives: Dark-blood late gadolinium enhancement has been shown
to be a reliable cardiac magnetic resonance (CMR) method for assessing viability and depicting
myocardial scarring in ischemic cardiomyopathy. The aim of this study was to evaluate dark-
blood LGE imaging compared with conventional bright-blood LGE for the detection of myocardial
scarring in non-ischemic cardiomyopathies. (2) Materials and Methods: Patients with suspected
non-ischemic cardiomyopathy were prospectively enrolled in this single-centre study from January
2020 to March 2023. All patients underwent 1.5 T CMR with both dark-blood and conventional
bright-blood LGE imaging. Corresponding short-axis stacks of both techniques were analysed
for the presence, distribution, pattern, and localisation of LGE, as well as the quantitative scar
size (%). (3) Results: 343 patients (age 44 ± 17 years; 124 women) with suspected non-ischemic
cardiomyopathy were examined. LGE was detected in 123 of 343 cases (36%) with excellent inter-
reader agreement (κ 0.97–0.99) for both LGE techniques. Dark-blood LGE showed a sensitivity of
99% (CI 98–100), specificity of 99% (CI 98–100), and an accuracy of 99% (CI 99–100) for the detection
of non-ischemic scarring. No significant difference in total scar size (%) was observed. Dark-blood
imaging with mean 5.35 ± 4.32% enhanced volume of total myocardial volume, bright-blood with
5.24 ± 4.28%, p = 0.84. (4) Conclusions: Dark-blood LGE imaging is non-inferior to conventional
bright-blood LGE imaging in detecting non-ischemic scarring. Therefore, dark-blood LGE imaging
may become an equivalent method for the detection of both ischemic and non-ischemic scars.

Keywords: magnetic resonance imaging; heart; contrast media; gadolinium; LGE; cardiomyopathies;
dark blood; bright blood

1. Introduction

Late gadolinium enhancement (LGE) is the most established imaging modality for
myocardial tissue characterisation in cardiac magnetic resonance (CMR). It is routinely
used to assess and quantify myocardial fibrosis, irrespective of an ischemic or non-ischemic
origin [1–4]. The ability to detect areas of scarring within the myocardium using LGE is
critical for the diagnosis of patients with cardiomyopathy. Scarring or fibrosis compromises
the structural integrity of the myocardium, predisposing to dysfunction leading to heart
failure, arrhythmias, and even sudden cardiac death. Therefore, in addition to its great
diagnostic value, LGE has been shown in several studies to have a high predictive value,
identifying patients at high risk for adverse cardiac events and death [5–10]. Various
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LGE techniques have been developed for the purpose of distinct scar assessment and its
delineation from healthy myocardium. Over time, numerous LGE techniques have been
introduced, each with the goal of improving myocardial scar detection. In recent years, the
so-called dark-blood LGE technique has been proposed to further improve the contrast
between subendocardial ischemic scar tissue and the ventricular blood pool [11]. This
technique has shown promising results in improving the accuracy and specificity of LGE.
Previous studies compared dark-blood LGE with conventional bright-blood LGE in the
detection of ischemic scarring, suggesting that dark-blood LGE allows for better delineation
and quantification, thus improving the diagnosis of ischemic cardiomyopathy [12,13].
Compared to ischemic scars, non-ischemic scars show different forms of distribution within
the myocardium, including linear or patchy types of enhancement. In addition, non-
ischemic scars are located mid-wall or subepicardial, typically sparing subendocardial
regions supplied by a specific coronary artery. Although some studies have reported on
the detection of non-ischemic areas of fibrosis [3,14], there is a lack of data evaluating
the diagnostic performance of dark-blood LGE versus conventional bright-blood LGE
in visualising non-ischemic scars in a direct head-to-head comparison. To date, there
is no clear recommendation for the potential use of dark-blood LGE in cardiac MRI for
non-ischemic cardiomyopathy.

We hypothesised that the detection of non-ischemic scars may not differ between the
two LGE techniques. Therefore, the aim of this non-inferiority cardiac MRI study was
to evaluate the diagnostic performance of dark-blood LGE compared with conventional
bright-blood LGE in the detection of non-ischemic myocardial scarring.

2. Materials and Methods

2.1. Study Population

In this single-centre study (Tübingen University Hospital, Tübingen, Germany), we
prospectively enrolled patients referred for cardiac MRI (CMR) between January 2020
and March 2023 for clinical suspicion of non-ischemic cardiomyopathy. Patients with
incomplete LGE data sets, insufficient image quality or an ischemic LGE pattern were
excluded. The study was approved by the Institutional Ethical Review Board, and all
patients provided written, informed consent to participate in the study.

2.2. Cardiac MRI Image Acquisition

All patients underwent both conventional bright-blood late gadolinium enhancement
and dark-blood late gadolinium enhancement as part of the cardiac MRI imaging protocol
using a 1.5 T scanner (MAGNETOM Aera, SIEMENS Healthcare, Erlangen, Germany)
within the same scan. In detail, ten minutes after intravenous injection of 0.15 mmol/kg
gadobutrol (Gadovist, Bayer Healthcare, Leverkusen, Germany) [15], both LGE techniques
were applied according to current recommendations [16]. Dark-blood LGE was performed
at 10 min after contrast injection, immediately followed by bright-blood LGE (starting at
15 min after contrast injection). For both LGE methods, an inversion time (TI) scout scan
was performed to select the optimal TI. For bright-blood LGE, the TI was set to null viable
myocardium of the left ventricle; whereas for dark-blood LGE, the TI was set to null the left
ventricular blood pool signal. Sequence parameters for bright-blood LGE were: readout
type steady state free precession, echo time 1.24 ms, flip angle 45◦, acquired resolution
1.33 × 1.33 mm2; phase sensitive inversion recovery (PSIR) steady state free precession, TE
1.26 ms, flip angle 90◦, acquired resolution 1.48 × 1.48 mm2. For dark-blood LGE, 10–15 2D
8-mm short-axis slices and one 4-chamber slice were acquired; for conventional bright-
blood LGE, a 3D data set was acquired and reconstructed in identical slices. The mechanism
of the used dark-blood LGE method without additional magnetisation preparation (blood
nulled PSIR LGE) has been described in detail previously [17].
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2.3. Cardiac MRI Image Analysis

Cardiac magnetic resonance image analysis was performed in three readings by
readers with different levels of experience: reading 1 by J.M.B. (6 years of cardiac MRI
experience), reading 2 by J.N.G. (1 year of cardiac MRI experience), reading 3 in consensus
by P.K. (13 years of cardiac MRI experience) and S.G. (22 years of cardiac MRI experience).
Analysis was performed according to the recommendations of the Society for Cardiovascu-
lar Magnetic Resonance (SCMR) [18,19] using a dedicated commercially available software
package (cvi42 version 5.14, Circle Cardiovascular Imaging Inc, Calgary, AB, Canada).
Readers were blinded to the clinical data. In all short-axis LGE slices, endocardial and epi-
cardial contours of the left ventricle were manually delineated, followed by an automated
calculation of total scar size using a threshold of 2 SD above remote myocardium [18].
LGE distribution (linear or patchy) and pattern (subendocardial, transmural, mid-wall,
subepicardial) were noted [5]. LGE localisation was assessed segmentally according to
the adapted American Heart Association 16-segment model, excluding the apical segment
17 [20]. Confidence in the presence or absence of scarring was assessed using a 4-point
scale (1 = nondiagnostic exam, 2 = low confidence, 3 = moderate confidence, 4 = high
confidence). The CMR reporting and diagnosis of “myocarditis”, “non-ischemic cardiomy-
opathy”, or “normal” was made in accordance with current SCMR recommendations and
ESC guidelines [21–23].

2.4. Statistical Analysis

A priori power calculation was performed, and sample size estimation was based
on Tango [24] (alpha = 0.05; power = 0.90; proportion discordant 0.10), the number to be
included was n = 343 patients. Data distribution was assessed using histograms and mea-
sures of skewness and kurtosis. Myocardial scar size (normally distributed) was compared
using a paired samples t-test (JMP, version 16.2, SAS Institute Inc., Heidelberg, Germany).
Differences in myocardial scar size measurements between conventional bright-blood and
dark-blood LGE were assessed by Bland–Altman analysis (MedCalc, Version 18.1, MedCalc
Software Ltd., Ostend, Belgium). Inter-reader variability of LGE scar size measurements
(%) was assessed using intraclass correlations. The diagnostic performance of dark-blood
LGE in non-ischemic cardiomyopathy was assessed using the MedCalc diagnostic test eval-
uation calculator (version 20.112, MedCalc Software Ltd., Ostend, Belgium), considering
bright-blood LGE as the reference standard. A two-sided McNemar test was performed
to test the marginal homogeneity of both LGE techniques in the dichotomous diagnosis
of LGE-positive patients (LGE-positive vs. -negative). Cohen’s κ statistic was used to
assess inter-reader agreement for the presence of LGE. Wilcoxon signed rank test for paired
samples was used to compare the readers’ confidence scores in assessing the presence
or absence of scarring in dark-blood and bright-blood images. Continuous data are pre-
sented as mean ± standard deviation. Categorical data are expressed as frequencies (%).
p-values < 0.05 were considered to indicate a significant difference.

3. Results

3.1. Patient Characteristics

A total of 420 consecutive patients underwent 1.5 T cardiac magnetic resonance
(CMR) for clinically suspected non-ischemic cardiomyopathy. A total of 25 datasets were
incomplete due to missing acquisition of LGE (n = 13), the bright-blood datasets (n = 10) or
the dark-blood datasets (n = 2). Figure 1. 23 cases were excluded because of insufficient
image quality due to artifacts: fold-over (n = 8), trigger (n = 6), MR conditional implantable
cardiac devices (n = 5), ghosting (n = 2), and motion (n = 2). N = 4 datasets were excluded
due to incomplete coverage of the left ventricle. Evaluating the remaining 368 complete and
diagnostic datasets, we further excluded cases with ischemic LGE patterns (n = 25). Finally,
bright-blood and dark-blood LGE data sets from 343 patients (age 44 ± 17 years; age range
18 to 82 years) were used for comparative analysis. The study population consisted of
124/343 (36%) women and 219/343 men (64%).
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Figure 1. Flowchart showing patient enrolment and reasons for exclusion from the study. Patients
referred for cardiac MRI because of clinical suspicion of non-ischemic cardiomyopathy were prospec-
tively enrolled at a single centre (University Hospital of Tübingen) between January 2020 and March
2023. Patients with incomplete LGE data sets, insufficient image quality, or an ischemic LGE pattern
were excluded. CMR = Cardiac magnetic resonance. LGE = Late gadolinium enhancement.

Baseline characteristics of the study population are shown in Table 1. The most com-
mon cardiac MRI diagnosis was myocarditis (n = 125/343, 36%), followed by patients
without abnormalities on CMR (n = 109/343, 32%), and patients with different forms of
non-ischemic cardiomyopathy (n = 109/343, 32%). In detail: n = 31 with hypertrophic
cardiomyopathy, n = 29 with dilated cardiomyopathy, n = 3 with arrhythmogenic cardiomy-
opathy, n = 3 with non-compaction cardiomyopathy, n = 3 with tako-tsubo cardiomyopathy,
n = 2 amyloidosis, n = 1 with peripartum cardiomyopathy, and n = 37 not further classified
non-ischemic cardiomyopathy.

Table 1. Baseline Characteristics of Study Population (n = 343).

Parameter Study Populatio

Age (years) 44 ± 17
Age total range (years) 18–82
Female 124/343 (36%)
Male 219/343 (64%)
Final diagnosis by cardiac MRI

Myocarditis 125/343 (36%)
Non-ischemic cardiomyopathy 109/343 (32%)
Normal 109/343 (32%)

Table summarises the core baseline characteristics of the study population. Values are presented as mean ±
standard deviation or numerator/denominator (frequency %).

3.2. Evaluation of Left Ventricular LGE Frequency, Pattern, and Localisation

Late gadolinium enhancement was present in 123 of 343 cases (36%). Regarding the
distribution of LGE, linear LGE was found in 72 of 123 cases (59%), and 70 of 123 cases
(57%) showed patchy LGE. All scars were of a non-ischemic type with a mid-wall LGE
pattern (87 of 123 cases, 71%) or a subepicardial LGE pattern (63 of 123 cases, 51%). LGE
was predominantly located in the basal inferolateral wall. The inferior right ventricular
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insertion points showed LGE more frequently than the anterior right ventricular insertion
points. The localisation of LGE with segmental counts is depicted in Figure 2.

Figure 2. Bullseye plots represent the distribution of late gadolinium enhancement (LGE) depicted
by the dark-blood LGE technique (top row) and the bright-blood LGE technique (bottom row).
Numbers are the counts of LGE appearances per AHA—segment and at the right ventricular insertion
points (circled). The blue colouring serves to better visualise the number of segmental counts
(dark blue = many counts, light blue/grey = few counts).

3.3. Comparison of Total Scar Size

Total scar size did not differ significantly between the two LGE techniques: mean
5.35 ± 4.32% enhanced volume for dark-blood LGE and 5.24 ± 4.28% for bright-blood
LGE, p = 0.84. No systematic bias for dark-blood LGE was found in the measurement
of myocardial scar size, Figure 3. The LGE methods showed a mean difference of 0.1%
(p = 0.57), with slightly higher values measured with dark-blood LGE than with bright-
blood LGE. The limits of agreement were +1.5% (+1.96 standard deviations) and −1.3%
(−1.96 standard deviations).

3.4. Reader Agreement and Diagnostic Confidence

Excellent inter-reader agreement was observed for the assessment of the presence
of late gadolinium enhancement: κ dark-blood LGE = 0.99 (read 1 vs. 2), 0.97 (read 2 vs. 3),
and 0.98 (read 1 vs. 3); and κ bright-blood LGE = 0.98 (read 1 vs. 2), 0.97 (read 2 vs. 3),
and 0.97 (read 1 vs. 3). Regarding the confidence level for scar detection, there were
no significant differences between dark-blood LGE (3.79 ± 0.41) and bright-blood LGE
(3.77 ± 0.46), p = 0.60. Regarding the confidence level for the absence of scarring, no
significant differences were found between dark-blood LGE (3.88 ± 0.40) and bright-blood
LGE (3.91 ± 0.34), p = 0.57. When assessing the total quantitative scar size, excellent
inter-reader ICC coefficients were observed: 0.93 for dark-blood LGE and 0.94 for bright-
blood LGE.

10



Diagnostics 2023, 13, 1634

Figure 3. Bland–Altman plot of myocardial scar size as portrayed by dark-blood late gadolinium
enhancement (LGE) and bright-blood LGE. No significant bias (solid red line) was found between
the two methods. The limits of agreement (%, ±1.96 standard deviations) are indicated as dashed
blue lines.

3.5. Diagnostic Performance of Dark-Blood LGE

In the dichotomous per-patient assessment of LGE (yes/no), 361 concordant ratings for
the presence of LGE in both techniques were given by the readers; and in 661 evaluations,
the absence of myocardial scarring was rated concordantly. This adds to a total of 1022/1029
concordant ratings (99%) for the presence or absence of scarring. The numbers of positive
and negative LGE counts for both the dark-blood LGE technique and the bright-blood LGE
technique are presented in Table 2.

Table 2. Detection of non-ischemic scarring using dark-blood LGE and bright-blood LGE.

Bright-Blood LGE
Positive Negative ∑

Dark-blood LGE
Positive 361 5 366

Negative 2 661 663

∑ 363 666 1029
Contingency table depicts dichotomous per-patient evaluations for the presence (positive) or the absence (negative)
of enhancement in both the dark-blood technique and the bright-blood technique. LGE = late gadolinium
enhancement.

In five cases, one of the readers indicated late gadolinium enhancement (scar) on
the dark-blood images but no LGE on the bright-blood images. In two cases, one of the
readers detected LGE on the bright-blood images but no LGE on the dark-blood images.
All patients with discordant assessments demonstrated only small focal LGE lesions with
minimal scar volume (median 1.0% [IQR, 0.6–2.1] for dark-blood LGE, and median 1.6%
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[IQR, 0.7–2.2] for bright-blood LGE), resulting in low-to-moderate confidence scores for
both presence and absence of a scar by all readers.

Cardiac MRI examples of both LGE techniques displaying typical non-ischemic,
subepicardial linear LGE are shown in Figure 4.

 

Figure 4. Short-axis dark-blood (top row) and bright-blood (bottom row) images of non-ischemic
subepicardial linear LGE in a 19-year-old man with myocarditis. Red and blue arrows indicate the
areas of enhancement in (A,B) short-axis (SAX) views, and in (C,D) four-chamber views.

Considering conventional bright-blood LGE as the reference standard, dark-blood
LGE showed a sensitivity of 99% (confidence interval, CI 98–100), a specificity of 99%
(CI 98–100), and an accuracy of 99% (CI 99–100), Table 3. The positive predictive value
was 99% (CI 97–99), and the negative predictive value was 100% (CI 99–100). The positive
likelihood ratio was 132 (CI 55–317), and the negative likelihood ratio was 0.01 (CI 0.00–0.02).
McNemar’s test revealed no significant marginal inhomogeneity between the methods
(p = 0.45).

Table 3. Diagnostic performance of dark-blood late gadolinium enhancement in non-ischemic
cardiomyopathy.

Sensitivity Specificity
Positive

Likelihood
Ratio

Negative
Likelihood

Ratio

Positive
Predictive

Value

Negative
Predictive

Value
Accuracy

Dark-blood
LGE

99 % 99 % 132 0.01 99 % 100 % 99 %
(CI 98–100) (CI 98–100) (CI 55–317) (CI 0.00–0.02) (CI 97–99) (CI 99–100) (CI 99–100)

Table depicts the diagnostic test statistics for the detection of non–ischemic scarring by dark-blood late gadolinium
enhancement (LGE). Bright-blood LGE was considered as reference standard. CI = Confidence interval.
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4. Discussion

This study prospectively evaluated dark-blood late gadolinium enhancement in a
head-to-head comparison with conventional bright-blood late gadolinium enhancement
imaging for the visualisation of non-ischemic scarring. Our findings suggest that dark-
blood late gadolinium enhancement allows for accurate scar detection not only in ischemic
scars but also in non-ischemic cardiomyopathies, demonstrating an excellent sensitivity of
99% and an accuracy of 99%.

Accurate detection of scarring by late gadolinium enhancement (LGE) is of paramount
importance for cardiac magnetic resonance-based (CMR-based) diagnosis of both non-
ischemic and inflammatory cardiomyopathy, as LGE is known to have both high diagnostic
and prognostic value. As previously demonstrated, the presence of LGE in non-ischemic
cardiomyopathy is associated with a poor prognosis for heart failure and hospitalisa-
tion [25]. It portends an increased risk of major adverse cardiac events including sudden
cardiac death [8,26]. In addition, not only the presence but also the extent and localisation
of LGE areas is predictive. In particular, mid-wall and (antero)septal LGE is associated
with increased mortality [27,28]. As a consequence, recent CMR recommendations consider
LGE imaging as an indispensable tool for both diagnosis and risk prediction in patients
with non-ischemic cardiomyopathies [21,29].

The advantage of dark-blood LGE is optimised to reduce blood pool signal and op-
timise contrast to the blood pool [30], which may be particularly helpful in cases with
possible overlapping or non-specific enhancement patterns on conventional LGE imaging.
While the contrast between healthy myocardium and scarring is inherently high in LGE
imaging [31], the dark-blood technique is advantageous for detecting small and subendo-
cardial scars without sacrificing contrast or acquisition time [11]. PSIR LGE imaging is
generally available on standard CMR scanners from all vendors and scanner types, and
the dark-blood-style nulling of the blood pool for PSIR imaging can be easily implemented
on any scanner. In addition, dark-blood LGE imaging generally does not require any
additional contrast agent or hardware modifications, making it a feasible and cost-effective
option for patients with cardiomyopathy.

The proposed technique can be applied on any CMR scanner without requiring costly
sequence updates or extensive technical training, as only the inversion time in the PSIR
LGE sequence is set differently [17]. Dark-blood LGE imaging can be applied to both 2D
and 3D LGE imaging [32].

Dark-blood late gadolinium enhancement has been shown to be more sensitive
than conventional bright-blood late gadolinium enhancement in detecting ischemic scar-
ring [12,33]. The improved scar-to-blood contrast improves the delineation of even small
subendocardial scars, facilitating the detection of unrecognised myocardial infarction [12].
In this context, the method has recently been histopathologically correlated and confirmed
in an animal model with induced myocardial infarction [13]. Unrecognised myocardial
infarction is a common finding in patients with coronary artery disease and typically occurs
in the posterolateral wall [34]. The question arises whether dark-blood LGE can be used in
a standardised comprehensive cardiac MRI protocol to detect ischemic and non-ischemic
myocardial scarring and fibrosis, even in equivocal cases. To date, dark-blood LGE has typi-
cally been used in cardiac MRI scans dedicated to patients with coronary artery disease and
ischemic cardiomyopathy, with no clear recommendation for non-ischemic cardiomyopathy.
In general, LGE imaging is optimised to provide contrast between healthy myocardium
and focal fibrosis or scarring. However, any LGE technique runs the risk of inadvertently
underestimating diffuse fibrosis when there is no healthy myocardium present to serve as
a contrast to pathological enhancement [35].

To our knowledge, this is the first study to implement dark-blood late gadolinium
enhancement in an exclusively non-ischemic cardiac MRI cohort. The results of our study
demonstrate that dark-blood LGE is not inferior to bright-blood LGE in the detection of
non-ischemic scarring, which typically spares the sub-endocardium [36]. With an overall
concordance of 99% for the presence or absence of scarring by both LGE techniques, dark-
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blood LGE demonstrated excellent sensitivity, specificity, and accuracy for the detection of
non-ischemic scarring in this study. Dark-blood LGE appears to be a reliable diagnostic
method for evaluating LGE in both ischemic and non-ischemic cardiomyopathies in daily
clinical practice.

As an outlook, dark-blood LGE may become an equivalent acquisition method in LGE
imaging for a routine cardiac MRI protocol, considering the proven superiority of dark-
blood LGE in the detection of ischemic scars and its non-inferiority in the delineation of
non-ischemic scars, as demonstrated in this study. Small undetected myocardial infarction
scars or non-ischemic myocardial scars may be better delineated with dark-blood PSIR LGE.

This study has several limitations. First, histologic confirmation of the presence of
myocardial scarring was not obtained. Histopathologic correlation has recently been
performed in an animal model for ischemic scars [13]; however, it appears difficult to
induce non-ischemic scarring in an animal model to allow a direct comparison between
LGE technique and histology. Second, data from only one scanner were included, allowing
a direct head-to-head comparison between both LGE techniques within the same cardiac
MRI examination. Further studies, preferably in a multicentre setting and with an even
larger patient population, identical sequence protocols, and scanners from different vendors
and different field strengths (1.5 and 3 T), may further investigate the performance of dark-
blood LGE (vs. bright-blood LGE) in non-ischemic cardiomyopathies. Third, although the
optimal threshold for semi-automated scar quantification of ischemic scarring using dark-
blood LGE has recently been investigated using histopathology as a reference standard [37],
an optimal threshold for quantification of non-ischemic scarring using dark-blood LGE has
not been investigated and is currently unknown [38].

Key Points:

1. A prospective single-centre study enrolled patients referred for cardiac MRI for clinical
suspicion of non-ischemic cardiomyopathy between January 2020 and March 2023.

2. Dark-blood late gadolinium enhancement showed excellent sensitivity (99%, CI 98–100)
and accuracy (99%, CI 99–100) for detecting non-ischemic scarring compared with
bright-blood late gadolinium enhancement as the reference standard.

3. Measurements of total scar size did not differ between dark-blood late gadolinium
enhancement and bright-blood late gadolinium enhancement.

5. Conclusions

Dark-blood LGE has been shown to be non-inferior to conventional bright-blood
LGE in the evaluation of non-ischemic scarring, which may have potential implications
for future cardiac MRI protocols in the evaluation of unknown cardiomyopathy. As an
outlook, dark-blood LGE may become an equivalent acquisition method in LGE imaging
for a routine cardiac MRI protocol in the coming years, considering the proven superiority
of dark-blood LGE in the detection of ischemic scarring and its non-inferiority in the
delineation of non-ischemic scarring, as demonstrated in this study.
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Abstract: This study aimed to evaluate cardiac function in a young mouse model of Duchenne
muscular dystrophy (mdx) using cardiac magnetic resonance imaging (MRI) with feature tracking
and self-gated magnetic resonance cine imaging. Cardiac function was evaluated in mdx and control
mice (C57BL/6JJmsSlc mice) at 8 and 12 weeks of age. Preclinical 7-T MRI was used to capture
short-axis, longitudinal two-chamber view and longitudinal four-chamber view cine images of mdx
and control mice. Strain values were measured and evaluated from cine images acquired using the
feature tracking method. The left ventricular ejection fraction was significantly less (p < 0.01 each) in the
mdx group at both 8 (control, 56.6 ± 2.3% mdx, 47.2 ± 7.4%) and 12 weeks (control, 53.9 ± 3.3% mdx,
44.1 ± 2.7%). In the strain analysis, all strain value peaks were significantly less in mdx mice, except
for the longitudinal strain of the four-chamber view at both 8 and 12 weeks of age. Strain analysis
with feature tracking and self-gated magnetic resonance cine imaging is useful for assessing cardiac
function in young mdx mice.

Keywords: cardiac function; young mdx mice; feature tracking; self-gated magnetic resonance
cine imaging

1. Introduction

Duchenne muscular dystrophy (DMD) is an X-linked severe progressive muscle
wasting disease caused by a deficiency in dystrophin protein [1–3]. A dystrophin deficiency
leads to dilated cardiomyopathy (DCM), which may occur during adolescence [4,5]. DCM
is a myocardial disease characterized by left ventricular or biventricular diastolic and
systolic dysfunction in the absence of sufficient pressure/volume loading or coronary
artery disease [6,7]. The C57BL/10-mdx (mdx) mouse model of human muscular dystrophy
carries a mutation in exon 23 of the Xp21 region of the genome, resulting in the loss of
dystrophin protein expression [8]. The DMD research has been conducted using the mdx
model, which has a mutation in the dystrophin gene itself like DMD patients [9,10]. DCM
is considered to be the main cause of death in DMD, and the mechanism of DCM is not yet
fully elucidated [11]. Therefore, it is very important to elucidate the early pathogenesis of
DCM by young mdx mice.

Cardiovascular magnetic resonance (CMR) imaging is used to diagnose various cardiac
diseases, and its usefulness in DCM has been reported [12–14]. The evaluation of cardiac
function using CMR in mice is as reproducible as it is in humans [15] and has also been used
to evaluate the pathogenesis of DCM [16,17]. In CMR, the evaluation of cardiac function
can be quantified, including the left ventricular ejection fraction and strain analysis. In
recent years, feature-tracking methods have attracted attention in addition to conventional

Diagnostics 2023, 13, 1472. https://doi.org//10.3390/diagnostics13081472 https://www.mdpi.com/journal/diagnostics



Diagnostics 2023, 13, 1472

methods, such as tagging and harmonic phase methods in strain analysis. The feature-
tracking method can calculate strain values from standard cine CMR images without
additional CMR images [18,19]. The cardiac function of mdx mice has been evaluated
with CMR [20,21]; however, these studies evaluated older mice or calculated strain values
without using the feature tracking method.

This study aimed to assess cardiac function in young mdx mice, including strain
assessment using the feature tracking method, and to observe changes in cardiac function
in mdx mice.

2. Materials and Methods

2.1. Animal Preparation

All experimental protocols were approved by the Research Ethics Committee of Osaka
University. All experimental procedures involving animals and their care were performed
in accordance with the University Guidelines for Animal Experimentation and the National
Institutes of Health Guide for the Care and Use of Laboratory Animals. Animal experiments
were performed on male C57BL/6JJmsSlc mice (control mice) 8–12 weeks old purchased
from Japan SLC (Hamamatsu, Japan) and C57BL/10ScSn-Dmdmdx/JicJcl mice (mdx mice)
purchased from CLEA Japan, Inc. (Tokyo, Japan). All mice were housed in a controlled
vivarium environment (24 ◦C; 12:12 h light:dark cycle) and fed a standard pellet diet with
water ad libitum. MRI experiments were performed at 2 time points at 8 weeks of age
(10 control mice and 10 mdx mice) and 12 weeks of age (10 control mice and 10 mdx mice).

2.2. Magnetic Resonance Imaging

MR images of animal hearts were acquired using a horizontal 7-T scanner (PharmaS-
can 70/16 US; Bruker Biospin; Ettlingen, Germany) equipped with a volume coil with an
inner diameter of 30 mm. For MRI, the mice were positioned with their mouth in a stereo-
taxic frame to prevent movement in a prone position during acquisition. The mice were
maintained at a body temperature of 36.5 ◦C, with water flow regulated, and continuously
monitored using a physiological monitoring system (SA Instruments Inc., Stony Brook,
NY, USA). All MRI experiments on mice were performed under general anesthesia with
1.0–2.0% isoflurane in an air–oxygen mixture (Abbott Laboratories; Abbott Park, IL, USA)
administered through a mask covering the nose and mouth of the mice.

Short-axis, long-axis two-chamber, and long-axis four-chamber images were obtained
using fast low-angle shots (FLASH) with a self-gated magnetic resonance cine imaging
system (). For short-axis images, the following parameters were used: repetition time
(TR)/echo time (TE) = 44.5/2.5 ms, flip angle = 25◦, movie frames = 14 frames per cardiac
cycle, field of view (FOV) = 25.6 × 25.6 mm, acquisition time = 23:43 min, in-plane resolution
per pixel = 133 μm, matrix = 192 × 192, number of excitations (NEX) = 300, oversampling = 1,
and five concomitant slices covering the whole heart from the apex to the base. For
the long-axis two- and four-chamber views, the parameters were TR/TE = 6.5/3.1 ms,
flip angle = 10◦, movie frames = 14 frames/s, FOV = 25.6 mm × 25.6 mm, acquisition
time = 3:52 min, in-plane resolution per pixel = 133 μm, matrix = 192 × 192, NEX = 1, and
oversampling = 250. The total scan time per animal was approximately 40 min.

2.3. MRI Data Analysis

The cardiac MR images were analyzed using cvi42 software (Circle Cardiovascular
Imaging, Calgary, AB, Canada). The borders of the epicardium and endocardium were
outlined manually on the short-axis images, two- chamber long-axis images and four-
chamber long-axis images at both end-diastolic phase and end-systolic phase. The left
ventricular end-diastolic volume (LVEDV), left ventricular end-systolic volume (LVESV),
left ventricular stroke volume (LVSV), left ventricular ejection fraction (LVEF), and left
ventricular mass (LVM) were calculated from cine images. All values were calculated
automatically by Cvi42. In addition, strain analysis was performed using feature track-
ing. For myocardial strain analysis, the global radial strain (RS), global circumferential
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strain (CS), and longitudinal strain (LS) values were calculated. LS was analyzed from the
2- and 4-chamber long-axis views. The peak value of each strain was used for statisti-
cal evaluation.

2.4. Statistical Analysis

The LVESV, LVEDV, LVSV, LVEF, LVM, and each strain value calculated from the
MR images are presented as the mean ± standard deviation. All statistical analyses were
performed using Prism, version 9 (GraphPad Software; San Diego, CA, USA). Differences
were compared using a one-way analysis of variance and Tukey’s multiple comparison test.
Statistical significance was set at p < 0.05 (* p < 0.05, ** p < 0.01, *** p < 0.001).

2.5. Histological Analysis and Immunostaining

After completion of the MRI at 12 weeks of age, the mice were sacrificed, and their
hearts were removed and fixed in formalin. Fixed hearts were sliced in the direction of the
short axis of the left ventricle. Heart specimens were embedded in paraffin and sectioned
at 5 μm; some sections were stained with hematoxylin and eosin (H&E), and some sections
were immunostained. The stained tissues were observed using an optical microscope
(Keyence Corporation; Osaka, Japan). H&E staining was performed by immersing samples
in a hematoxylin solution (5 min) and alcohol–eosin staining solution (3 min). H&E-stained
tissues were dehydrated six times with 100% alcohol and then permeabilized using xylene.
Immunostaining was performed using the enzyme–antibody method. Dystrophin rabbit
polyclonal antibodies (12715-1-P; Proteintech Group, Inc., Rosemont, IL, USA) were used
as the primary antibody; the samples were incubated for 1 h. After washing three times
for 5 min each, the samples were incubated with the EnVision+ horseradish peroxidase-
conjugated anti-rabbit secondary antibodies (K4003; Agilent Technologies, Inc., Santa Clara,
CA, USA) for 30 min.

3. Results

3.1. Animals’ Characteristics

The characteristics of the animals are summarized in Table 1. No significant difference
in body weight or respiratory rate was found between the control and mdx groups of the
same age. However, both the 8- and 12-week-old groups showed significant differences
between the groups in heart rate.

Table 1. Animal characteristics.

8 Week 12 Week

Control (n = 10) Mdx (n = 10) Control (n = 10) Mdx (n = 10)

Body weight (g) 25.6 ± 1.3 26.2 ± 1.2 28.3 ± 1.1 29.3 ± 1.6
Heart rate (bpm) 321 ± 32 275± 23 ** 334 ± 35 277 ± 22 **
Respiratory
rate (brpm) 73.4 ± 3.4 65.5 ± 6.6 76.2 ± 4.6 70 ± 9.4

** p < 0.01 between mdx mice and age-matched controls.

3.2. Visual Evaluation of Cine Images of Short Axis, Two-Chamber, and Four-Chamber View

In short-axis cine images and the two-chamber view cine images, contraction and
expansion of the entire myocardium were observed in the control group at 8 and 12 weeks
of age. For LVEDV, no significant difference was observed between the control and mdx
groups (Figures 1B,D and 2B,D). However, the myocardial contraction was weaker in the
mdx group than in the control group (Figures 1F,H and 2F,H). In the four-chamber view cine
images, contraction and expansion of the entire myocardium were observed in the control
group at 8 and 12 weeks of age. However, no differences in shrinkage were observed in
four-chamber views (Figure 3F,H).
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Figure 1. Representative short-axis view cine magnetic resonance images: (A,E) 8-week-old control
mouse, (B,F) 8-week-old mdx mouse, (C,G) 12-week-old control, (D,H) 12-week-old mdx mouse.
(A–D) The end-diastolic phase of a mouse heart; (E–H) the end-systolic phase of a mouse heart.

 

Figure 2. Representative two-chamber view cine magnetic resonance images: (A,E) 8-week-old con-
trol mouse, (B,F) 8-week-old mdx mouse, (C,G) 12-week-old control, (D,H) 12-week-old mdx mouse.
(A–D) The end-diastolic phase of a mouse heart; (E–H) the end-systolic phase of a mouse heart.

 

Figure 3. Representative four-chamber view cine magnetic resonance images: (A,E) 8-week-old con-
trol mouse, (B,F) 8-week-old mdx mouse, (C,G) 12-week-old control, (D,H) 12-week-old mdx mouse.
(A–D) The end-diastolic phase of a mouse heart; (E–H) the end-systolic phase of a mouse heart.
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3.3. Cardiac Function in 8- and 12-Week-Old Mdx Mice vs. Age-Matched Controls

Regarding the LVEDV (Figure 4A), no significant difference was found between the
control and mdx groups at 8 weeks old (control, 52.6 ± 4.9 μL; mdx, 52.5 ± 7.9 μL) and
12 weeks old (control, 55.9 ± 5.1 μL; mdx, 60.3 ± 9.1 μL). Regarding the LVESV (Figure 4B),
no significant difference was found between the control and mdx groups at 8 weeks
old (control, 22.8 ± 2.6 μL; mdx, 28.1 ± 7.0 μL). However, at 12 weeks old, LVESV was
significantly less in the mdx group compared to the control group (control, 25.8 ± 3.6 μL;
mdx, 33.9 ± 5.6 μL, p < 0.01). Regarding the LVSV (Figure 4C), a significant difference was
identified between the control and mdx groups at 8 weeks old (control, 29.9 ± 2.8 μL; mdx,
24.3 ± 2.8 μL, p < 0.01). However, at 12 weeks old, no significant difference was found
between the control and mdx groups (control, 30.6 ± 3.1 μL; mdx, 26.6 ± 4.2 μL). Regarding
the LVEF (Figure 4D), a significant difference was identified between the control and mdx
groups at 8 weeks (control, 56.6 ± 2.3%; mdx, 47.2 ± 7.4%, p < 0.01) and 12 weeks (control,
53.9 ± 3.3%; mdx, 44.1 ± 2.7%, p < 0.01). A significant difference was also identified
between the 8- and 12-week-old mice in the mdx group (p < 0.05). Regarding the LVM
(Figure 4E), no significant difference was found between the control and mdx groups
at 8 weeks old (control, 36.3 ± 3.3 mg; mdx, 35.1 ± 3.8 mg) and 12 weeks old (control,
36.7 ± 4.3 mg; mdx, 39.0 ± 4.0 mg).

Figure 4. Graphs quantifying LVEDV (A), LVESV (B), LVSV (C), LVEF (D), and LVM (E) in the
8-week-old control mice, 8-week-old mdx mice, 12-week-old control mice, and 12-week-old mdx
mice. LVEDV, left ventricular end-diastolic volume; LVESV, left ventricular end-systolic volume;
LVSV, left ventricular stroke volume; LVEF, left ventricular ejection fraction; LVM, left ventricular
mass. * p < 0.05, ** p < 0.01, respectively.

3.4. Strain Analysis by Feature-Tracking Method in 8- and 12-Week-Old Mdx Mice vs.
Age-Matched Controls

In the strain analysis of the 2ch-LS and short-axis images, the peak strain values were
lower in the mdx group compared with the control group. The areas of reduction in strain
values were diffuse, and no regularity was apparent (Figures 5–7). According to statistical
analysis of strain values, the global radial strain of the left ventricle was significantly less
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in the mdx group compared to the control group at 8 weeks old (control, 22.2 ± 1.7%;
mdx, 19.0 ± 2.0%, p < 0.05) and 12 weeks old (control, 20.9 ± 2.2%; mdx, 17.2 ± 2.7%,
p < 0.01; Figure 8A). The global circumferential strain of the left ventricle was significantly
less in the mdx group compared to the control group at 8 weeks old (control, −14.6 ± 0.8%;
mdx, −13.2 ± 0.9%, p < 0.05) and 12 weeks old (control, −13.9 ± 1.0%; mdx, −12.1 ± 1.4%,
p < 0.01; Figure 8B). The two-chamber-view longitudinal strain of the left ventricle (2ch-
LVLS) was significantly less in the mdx group compared with the control group at 8 weeks
old (control, −14.1 ± 1.7%; mdx, −11.4 ± 2.0%, p < 0.05) and 12 weeks old (control,
−13.5 ± 1.1%; mdx, −11.3 ± 1.9%, p < 0.05; Figure 8C). Regarding the strain values
of the global four-chamber-view longitudinal strain of the left ventricle (4ch-LVLS), no
significant difference was found between the control and mdx groups at 8 weeks (control,
−14.5 ± 2.4%; mdx, −15.0 ± 1.8%) and 12 weeks (control, −15.4 ± 2.4%; mdx, −13.4 ± 1.6%;
Figure 8D).

Figure 5. Radial strain-encoded functional magnetic resonance imaging of the end-systolic left
ventricle: (A) 8-week-old control mouse, (B) 8-week-old mdx mouse, (C) 12-week-old control mouse,
(D) 12-week-old mdx mouse. The color bar shows the scale of the strain based on the end-diastolic
left ventricle, with maximum contraction shown in red and minimum contraction in blue.

Figure 6. Circumferential strain-encoded functional magnetic resonance imaging of the end-systolic
left ventricle: (A) 8-week-old control mouse, (B) 8-week-old mdx mouse, (C) 12-week-old control
mouse, (D) 12-week-old mdx mouse. The color bar shows the scale of the strain based on the
end-diastolic left ventricle, with maximum contraction shown in blue and minimum contraction
in red.
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Figure 7. Longitudinal strain-encoded functional magnetic resonance imaging of the end-systolic left
ventricle: (A,E) 8-week-old control mouse, (B,F) 8-week-old mdx mouse, (C,G) 12-week-old control
mouse, (D,H) 12-week-old mdx mouse. The color bar shows the scale of the strain based on the
end-diastolic left ventricle, with maximum contraction shown in blue and minimum contraction
in red. 2ch LVLS: two-chamber-view longitudinal strain of left ventricle, 4ch LVLS: four-chamber-view
longitudinal strain of left ventricle.

Figure 8. Graphs quantifying the strain analysis in the 8-week-old control mice, 8-week-old mdx
mice, 12-week-old control mice, and 12-week-old mdx mice. (A) Global radial strain of left ventricle
(LvRS global), (B) global circumferential strain of left ventricle (LVCS global), (C) two-chamber-view
longitudinal strain of left ventricle (2ch-LVLS), (D) four-chamber-view longitudinal strain of left
ventricle (4ch-LVLS). * p < 0.05, ** p < 0.01, respectively.

3.5. H&E Staining and Immunostaining of Myocardium Tissue

In the H&E staining results, no differences were observed between the mdx and control
groups (Figure 9). However, staining with antibodies against dystrophin showed differ-
ences between the mdx and control groups (Figure 10). Staining of the intercellular matrix
was observed in the control group (Figure 10A,B) but not in the mdx group (Figure 10C,D).
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Figure 9. Heart sections stained with hematoxylin and eosin from (A,B) control and (C,D) mdx
mice. (B,D) Magnified images of the black-circle regions. Scale bars represent 500 μm (A,C) and
100 μm (B,D).

 

Figure 10. Heart sections stained with antibodies against dystrophin from (A,B) control and
(C,D) mdx mice. (B,D) Magnified images of the black-circle regions. Scale bars represent
500 μm (A,C) and 100 μm (B,D).

4. Discussion

In this study, myocardial cine images of mdx mice were acquired using 7-T MRI at
8 and 12 weeks of age to evaluate cardiac function and myocardial strain values. No
significant difference was found in the left ventricular end-diastolic volume at 8 and
12 weeks of age. However, both at 8 and 12 weeks of age, the left ventricular ejection
fraction showed a decreasing trend in the mdx group compared with the control group.
In strain analysis, all peak strain values showed a decreasing trend, except for 4ch-LS at
8 and 12 weeks of age. Previous studies using CMR have reported lower cardiac function
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in older mdx mice than we found in our study [20,21]. However, these previous studies did
not use the feature tracking, ECG, and self-gated magnetic resonance cine imaging used in
our study. The present study’s novel strain analysis, ECG, and respiratory-gated methods
suggest that young mdx mice have less cardiac function.

Compared to the conventional tagging method, the feature-tracking method does not
require additional imaging and can be performed from cine images for strain analysis.
Self-gated magnetic resonance cine imaging allows ECG and respiration gating without the
need to wear monitoring equipment. Therefore, in addition to the advantage of being able
to detect a decline in cardiac function that could not be detected by conventional methods,
these novel methods also have the significant advantage of reducing examination time.

Previous studies have reported no change in cardiac function until older age [21–24].
At the age of 8 months, the contractile and diastolic functions of the left ventricular my-
ocardium decrease, thereby decreasing the left ventricular ejection fraction [20]. However,
a previous study showed that CMR taken at a high temporal resolution showed reduced
cardiac function in 3-month-old mdx mice [25]. Although the temporal resolution differs
from this previous study, our study and other studies [20,26] suggest a decline in cardiac
function in young mdx mice. Consistent with a previous study [20], immunostaining
showed no staining of the extracellular matrix of cardiomyocytes in mdx mice compared to
the control group (Figure 10). Hence, immunostaining showed a difference in cardiomy-
ocytes between the mdx and control groups, and CMR also detected less cardiac function
in mdx group. However, the CMR results did not show ventricular enlargement, which is a
symptom of dilated cardiomyopathy. In addition, no areas of necrosis were found in the
cardiomyocytes of mdx mice in H&E staining unlike previous studies [20]. Thus, our study
suggests that mdx mice have impaired cardiac function at a stage prior to DCM diagnosis.

This study had limitations. First, by evaluating cardiac function in 8- and 12-week-old
mdx mice, this study demonstrated this methodology’s utility for detecting changes in
cardiac function in young mdx mice. However, cardiac function after 12 weeks of age has
not been evaluated. Evaluation of cardiac function after 12 weeks of age would provide
more details on the transition of cardiac function in mdx mice during aging. Analysis
of cardiac function after 12 weeks may reveal some changes in LVEDV, which did not
differ significantly in this study. A more detailed cardiac function transition may allow
better investigation of cardiac function treatment in mdx mice [27,28], including different
genotypes [29,30]. Second, to demonstrate the usefulness of the present method, we
evaluated the cardiac function of mdx mice using feature tracking and self-gated magnetic
resonance cine imaging and compared them with previous studies. By comparing this
study with conventional ECG synchronization and tagging methods, it may be possible
to demonstrate the usefulness of the method used in this study in more detail. Third, it is
considered that there is an effect of sex difference on the decrease in cardiac function caused
by DMD [31]. Since only male mice were used in this study, it is necessary to examine the
effects of sex differences on the results in the future. To make evaluating cardiac function
in mdx mice more accurate, further studies are needed to evaluate longer-term cardiac
function and assess cardiac function using various methods.

5. Conclusions

This study showed that strain analysis with feature tracking and self-gated magnetic
resonance cine imaging is useful for assessing cardiac function in young mdx mice. Using
these methods, we demonstrated that young mdx mice decline in cardiac function.
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Abstract: (1) Background: With the conventional contour surface method (KfM) for the evaluation
of cardiac function parameters, the papillary muscle is considered to be part of the left ventricular
volume. This systematic error can be avoided with a relatively easy-to-implement pixel-based
evaluation method (PbM). The objective of this thesis is to compare the KfM and the PbM with
regard to their difference due to papillary muscle volume exclusion. (2) Material and Methods: In
the retrospective study, 191 cardiac-MR image data sets (126 male, 65 female; median age 51 years;
age distribution 20–75 years) were analysed. The left ventricular function parameters: end-systolic
volume (ESV), end-diastolic volume (EDV), ejection fraction (EF) and stroke volume (SV) were
determined using classical KfW (syngo.via and cvi42 = gold standard) and PbM. Papillary muscle
volume was calculated and segmented automatically via cvi42. The time required for evaluation
with the PbM was collected. (3) Results: The size of EDV was 177 mL (69–444.5 mL) [average,
[minimum–maximum]], ESV was 87 mL (20–361.4 mL), SV was 88 mL and EF was 50% (13–80%) in
the pixel-based evaluation. The corresponding values with cvi42 were EDV 193 mL (89–476 mL),
ESV 101 mL (34–411 mL), SV 90 mL and EF 45% (12–73%) and syngo.via: EDV 188 mL (74–447 mL),
ESV 99 mL (29–358 mL), SV 89 mL (27–176 mL) and EF 47% (13–84%). The comparison between
the PbM and KfM showed a negative difference for end-diastolic volume, a negative difference for
end-systolic volume and a positive difference for ejection fraction. No difference was seen in stroke
volume. The mean papillary muscle volume was calculated to be 14.2 mL. The evaluation with PbM
took an average of 2:02 min. (4) Conclusion: PbM is easy and fast to perform for the determination
of left ventricular cardiac function. It provides comparable results to the established disc/contour
area method in terms of stroke volume and measures “true” left ventricular cardiac function while
omitting the papillary muscles. This results in an average 6% higher ejection fraction, which can have
a significant influence on therapy decisions.

Keywords: cardiac MRI; left ventricular function; ejection fraction; MRI; cine MRI

1. Introduction

The cardiac function parameters end-diastolic volume (EDV) and end-systolic volume
(ESV) can be measured using MRI in addition to echocardiography [1–4], with MRI being
superior to transthoracic echocardiography [5–7]. For this purpose, SSFP (steady state free
precision) cine sequences are scanned as short axis stacks and evaluated with the contour
surface method (KfM). In this method, the areas enclosed by endocardium on each acquired
slice plane are determined during end-diastole and end-systole and multiplied by the slice
thickness (cf. Simpson—method [8,9]). The sum of these slice volumes yields the ESV and
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the EDV. Secondarily, the stroke volume (SV) and the ejection fraction (EF) can be calculated
from these.

By definition, the papillary muscles are part of the determined areas and thus included
in the calculated blood volume, which means that the blood volume is incorrectly overstated
in end-diastole and end-systole. This systematic error has no influence on the stroke volume,
but the EF is incorrectly calculated as too small. In cases where the EF is a decision criterion
for therapy, such as in aortic valve replacement [10] or in the indication for implantation of
an intracardiac pacemaker (ICD) [11], an accurate method for determining the EF would
be desirable.

The image contrast in the cine-SSFP sequence between the blood and myocardium is
sufficient to make a signal-based decision as to whether a blood or myocardial/papillary
muscle voxel is being displayed. This should allow for accurate volume information (EDV
and ESV) given a known voxel volume.

We implemented this approach in combination with an automatic shape recognition
of the heart contour in short-axis slices.

The purpose of this study is to compare a pixel-based evaluation of cardiac function
parameters with the classical slice method regarding the difference due to the exclusion of
the papillary muscle volume.

2. Materials and Methods

The ethics committee of the University Hospital approved the study. All procedures
performed in studies with human participants complied with the ethical standards of the
institutional research committee and the 1964 Helsinki Declaration and its subsequent
amendments or comparable ethical standards. The need for informed consent was waived
by the Ethics Committee.

2.1. Patients Studied

Cardiac MRI examinations of patients aged 18 years and older between 1 January
2016 and 11 January 2016 were included via our hospital’s Radiology Information System
(RIS) for retrospective data collection. Patients with congenital heart defects or cardiac
anomalies were excluded. From these patients, 245 were randomly selected alphabetically
by first name, and image quality was assessed in the cine short-axis stack. All patients with
well-defined cardiac contours in the short-axis cine stack were included in the study [8].

2.2. Examination Technique
2.2.1. MR Parameters

All MR examinations were measured on a Magnetom Aera 1.5 T scanner (Siemens
Healthineers GmbH, Erlangen, Germany) using an SSFP-CINE sequence with retrospective
ECG gating before contrast administration. A body-phased array coil in combination with
the spine coil served as the receiver coil. The scan parameters were TR 42.4 ms, TE 1.1 ms
and flip angle 55◦. The FOV size was 340 × 276 mm, the matrix was 192 × 109 and the
slice thickness was 8 mm. This resulted in a voxel size of 1.8 mm × 2.5 mm × 8.0 mm
(=36 mm3). From the cine sequence, 25 phases were calculated. Depending on the size of
the heart, 10–14 layers were measured with a gap of 10% in expiration.

2.2.2. Volume Determination with the Pixel-Based Method (PbM)

The semi-automatic volume determination of the left ventricular heart volume with the
pixel-based method (PbM) was evaluated with a software plug-in for the program OsiriX,
which was developed by the authors. The software used can be freely purchased from
Chimaera GmbH (Erlangen, Germany, www.chimaera.de, accessed on 2 January 2023).

The semi-automatic procedure is based on a brush tool that allows the user to “roughly”
colour the target region, such as the left ventricle. In doing so, the algorithm analyses the
local image environment of each mouse position and interactively calculates a segmentation
mask within the brush size set by the user. The algorithm performs a local intensity analysis
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based on the minimum, maximum, mean and variance values of the intensity. Using these
calculated values, threshold-based region boundaries are determined. Based on each cursor
position, local region growth is performed, limited by the determined region boundaries. A
morphological “closing” operation additionally closes potential non-detected areas caused
by noise in the calculated mask. Optionally, the segmentation tool allows the setting of
fixed minima and maxima as intensity thresholds that can be considered in the region’s
growth. The software has not been developed specifically for the evaluation of cardiac
volumes and can therefore be used for any volume determination if there is sufficient
contrast to the surrounding tissue.

For volume determination with the PbM, the cardiac base is first determined in the
short-axis layer stack of the end-systole (=smallest subjectively determined area circle in
the middle third of the heart) and end-diastole (=first image of the cine sequence). For this
purpose, we defined the layer in which the myocardial ring is at least 50% closed as the
cardiac base layer [9] (Figure 1).

 

Figure 1. Determination of the most basal layer of the left ventricle at the transition to the left atrium.
The myocardial ring is at least 50% complete.

Starting from this layer, the cavity is marked with the brush tool in each individual
layer of the end-systole and end-diastole. For pixel-wise marking, the signal intensity range
is selected so that the representation of blood falls within this range. This allows for areas
of intraluminal blood to be colour-coded and separated from the myocardium and other
surrounding tissues. The resulting areas (Figure 2) can then be added together with the
slice thickness to form a volume according to Simpson’s rule [9].

The pixel-based method for evaluating cardiac volumes is a new method where there
are no experienced evaluators yet. To enable the most accurate evaluation possible, all data
sets were initially evaluated by a non-board certified radiologist. Subsequently, all data
sets were checked by a board certified radiologist and modified if necessary.

2.2.3. Volume Determination According to the Contour Surface Method (=KfM)
with SyngoVia

All data sets were analysed with syngo.via, version 20A (Siemens Healthineers GmbH,
Erlangen, Germany) according to the procedure of Hammon et al. [12]. Here, the software
automatically recognizes the cardiac apex and the cardiac base based on the long-axis
slices. Along the endocardium and epicardium, the circles are automatically drawn in
all heart phases and the volume is calculated. The largest calculated volume is defined
as end-diastole and the smallest calculated volume as end-systole. After the automatic
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segmentation, the evaluator checks the correctness of the heart base and heart apex in
end-systole and end-diastole and corrects them if necessary. The circles are then manually
checked along the endocardium and epicardium and corrected if necessary. Here, the
parameter heart mass is used as an internal control. Since the cardiac mass does not change
during the cardiac cycle, the same value should be obtained in end-systole and end-diastole
(Figure 3).

 

Figure 2. Evaluation of an exemplary layer in diastole (A,B) and systole (C,D) with the
pixel-based method.

 

Figure 3. Evaluation of epicardial and endocardial volume and cardiac mass over the entire cardiac
cycle. Ideally, the mass line is horizontal over the entire cardiac cycle.

All data obtained via this method was internally validated by a board-certified radiol-
ogist at our university hospital department.
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2.2.4. Volume Determination according to the Contour Area Method (=KfM) with cvi42

All data sets were automatically evaluated using the contour surface method with
cvi42 version 5.12 (Circle Cardiovascular Imaging, Montreal, Canada). For this purpose,
the Cine short-axis stack and the Cine 2 Ch view were loaded into the program and
automatically evaluated with the AI (artificial intelligence) function. The program first
automatically determined the systole and diastole and calculated the volumes using the
contour area method. The base of the heart was automatically determined in systole
and diastole at 2 Ch View. In addition, the papillary muscle volume was segmented
automatically. This fact leads to a measured papillary volume with the program cvi42.

2.2.5. Relationship between the Volume Area Method and the Pixel-Based Method

The difference between the two methods is assumed to be the volume of the papillary
muscle. This results in the following mathematical correlations:

ESVK f M − PM = ESVPbM (1)

EDVK f M − PM = EDVPbM (2)

Equations (1) and (2) show that the stroke volume must be equal for both methods.
Thus, the following applies:

SV = ESVK f M − EDVK f M = ESVPbM + PM − (EDVPbM + PM) = ESVPbM − EDVPbM (3)

This does not apply to the ejection fraction (EF)

EFPbM =
EDVPbM − ESVPbM

EDVPbM
=

(
EDVK f M − PM

)
−

(
ESVK f M − PM

)

EDVK f M − PM
=

SVK f M

EDVK f M − PM
(4)

or

EFK f M =
EDVK f M − ESVK f M

EDVK f M
=

(EDVPbM + PM)− (ESVPbM + PM)

EDVPbM + PM
=

SVPbM
EDVPbM + PM

(5)

From the Formulas (1), (2), (4) and (5), one can now determine the papillary muscle
volume in four ways:

PM1 =
EDVK f M − SVK f M

EFPbM
based on (4) (6)

PM2 =
SVPbM

EFK f M − EDVPbM
based on (5) (7)

PM3 = EDVK f M − EDVPbM based on (2) (8)

PM4 = ESVK f M − ESVPbM based on (1) (9)

We compared the results of the pixel-based method (PbM) with the three results
of the contour surface method (SyngoVia, cvi42 with papillary muscle, cvi42 without
papillary muscle).

The analysis was performed with the programme R (version 3.3.1; open source). All
continuous variables (EDV, ESV, SV and PM) are given as an average with standard
deviation. The volume of the papillary muscles (PM) was calculated separately for each
of the two contour area methods using the four formulae mentioned above (6)–(9) (e.g.,
PM = SVPbm

EFK f M
− EDVPbM). All results are provided as mean values (minimum; maximum).

The null hypothesis was that papillary muscle volume has no effect on stroke volume
or ejection fraction. The null hypothesis was tested using the TOST test for paired samples
with a Cohen’s d value of 0.3 and a significance level of 5%.
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3. Results

A search in our radiology information system yielded 406 adult patients with an MRI
cardiac examination between 1 January 2016 and 11 January 2016. For randomization, these
were sorted alphabetically by first name and the first 245 were considered in more detail.
After reviewing the 245 records, 54 of the 245 patients were excluded due to blurred cardiac
contours, e.g., due to respiratory artefacts or arrhythmic heartbeats [9]. Thus, a total of
191 data sets with a gender distribution of 126 (66.3%) male and 65 (33.7%) female par-
ticipants with a median age of 51 years, and an age distribution at the time of study of
20–75 years could be included in the study.

After the first evaluation of the 191 data sets with the PbM, the stroke volumes (EDV—
ESV) were calculated and compared with the stroke volumes of the KfM. In 15 cases, the
difference was greater than 15%. After re-evaluation of these data sets with the KfM by an
independent investigator who was blinded to the results of the pixel-based method and the
first evaluation of the contour area method, five cases remained with a difference in beat
volume greater than 15%. In these cases, the pixel-based method (PbM) was re-evaluated.
Errors in the program operation, e.g., loading of an incomplete short axis stack when
individual layers were repeated due to breathing artefacts—and thus the evaluation of too
few layers—could be found as the cause. After a new independent evaluation of these five
data sets, the difference in SV was not greater than 15% in any case.

After correcting the datasets, the size of EDV in the pixel-based evaluation was
177 mL (64 mL) [average, (standard deviation)], ESV was 87 mL (62.8 mL), SV was
90 mL (25.5 mL) and EF was 54% (16%). The corresponding values with the gold standard
by the cvi42 program were EDV 193 mL (67 mL), ESV 101 mL (66.4 mL), SV 89 mL (25 mL)
and EF 50% (14.5%).

The KfM results were EDV 189 mL (66 mL), ESV 100.5 mL (64.26 mL), SV 89 mL
(25.4 mL) and EF 50.4% (14.7%). The test for equality of stroke volume between the PbM
and the KfM (each with cvi42 and syngo.via) showed equivalence (p < 0.001 for TOST
upper and TOST lower). However, equivalence cannot be assumed for the comparison of
the ejection fractions (TOST lower: p < 0.001, TOST upper p > 0.001). The EF and SV of
the two contour area methods are equivalent (p < 0.001 for TOST upper and TOST lower).
There was a negative difference for end-diastolic volume and end-systolic volume and a
positive difference for ejection fraction. There was no difference in stroke volume (Table 1).
The test for equality of EDV and ESV between both KfM methods (cvi42 and syngo.via)
showed no equivalence (TOST lower: p < 0.001, TOST upper p > 0.001). For each part,
the upper limit was not significant. Comparing EDV and ESV between the PbM and the
KfM method (each with cvi42 and syngo.via) showed no equivalence as well (TOST lower:
p < 0.001, TOST upper p > 0.001).

Table 1. Mean values: EDV = end-diastolic volume, ESV = end-systolic volume, SV = stroke volume,
EF = ejection fraction, PMV = papillary muscle volume, PbM = pixel-based evaluation method,
KfM = contour surface method, cvi42 = evaluation method with cvi42 program (gold standard),
* calculated value, ** mean papillary muscle volume given by the program cvi42, *** values in this
line are statistically equivalent according to Tost-Test.

Average PbM Average KfM Average cvi42

EDV [mL] 177 188 193
ESV [mL] 87 99 101
SV [mL] 88 *** 89 *** 90 ***
EF [%] 50 47 *** 45 ***

PMV [mL] — 14.2 * 5.5 **

Figure 4 shows the average left ventricular volumes as a bar diagram. Only, all
three values of the stroke volume and the ejection fraction of the clinical finding and gold
standard are statistically equivalent.
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Figure 4. Mean values of the parameters EDV (=end-diastolic volume), ESV (=end-systolic volume),
SV (=stroke volume) and EF (=ejection fraction) of all datasets (n = 208) using the pixel-based method
(grey columns), the conventional contour surface method (black columns) and the gold standard
(white columns). y-axis: volume [mL].

Using the above formula, an average papillary muscle volume of 14.2 mL (minimum
12.4 mL; maximum 16.3 mL) could be calculated (Table 2).

Table 2. Calculated, average papillary muscle volumes.

Formula (6) (7) (8) (9) Mean

KfM syngo.via [mL] 13.4 15.4 12.4 13.5 13.6
KfM cvi42 [mL] 15.7 16.3 13.9 13.3 14.8

Mean [mL] 14.5 15.8 13.1 13.4 14.2

The automatic segmentation of the papillary muscles using the program cvi42 resulted
in an average end-diastolic volume of 5.1 mL and an end-systolic volume of 6.0 mL. The
mean of both the end-diastolic and end-systolic volume is exemplary shown in Table 1
(average cvi42: papillary muscle volume).

4. Discussion

The measurement of left ventricular function parameters is a common investigation
with clinical decision-making relevance. In comparative studies between volume deter-
mination using 2D echocardiography and cine MRI, MRI has been shown to be the more
accurate method [5–7]. The evaluated pixel-based method for ESV and EDV determination
is simple and quick to perform and provides an unbiased ESV and EDV as it does not
include the papillary muscle volume. The on average 6% higher ejection fraction in PbM
compared to KfM can have a significant impact on treatment decisions.

The common practice for volume determination from MR datasets is the contour area
method, where the end-diastolic and end-systolic volumes each include the volume of
the papillary muscles. In our patient population, the end-diastolic volume (EDV) was on
average 6% higher and the end-systolic volume (ESV) was on average 14% higher with the
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contour area method than with the pixel-based method. The difference can be explained
by the fact that in diastole the endocardium is still easily recognizable, but in systole the
papillary muscles and endocardium cannot be separated or can only be separated with
difficulty (Figure 5), making it more difficult to draw a line along the endocardium.

 

Figure 5. Good visual differentiation of the papillary muscle and the endocardium in the presystolic
phase (A) and lack of border between papillary muscle and endocardium in systole (B).

One approach to solving this problem is to determine the mass of the heart, which is
always the same regardless of the cardiac cycle. If the cardiac mass is measured differently
in end-diastole and end-systole and the epicardial contour is drawn correctly, a correction
of the endocardial cardiac contours is recommended [13,14]. Our data show that despite
correction for mass, the difference between the two methods is greater for the ESV than for
the EDV. This phenomenon is confirmed by Bailly et al. [15], in whose study the coefficient
of variability is larger for the ESV than for the EDV [16,17].

Interestingly, despite a small difference in the average EDV (Δ 5 mL) and ESV
(Δ 2 mL), no statistical equality can be assumed when comparing both KfM methods
(cvi42 and syngo.via) (cf. Table 1). In particular, for end-diastolic, this could be due to the
different proportions of papillary muscle volume within the inner circle.

An important functional parameter for the heart is the ejection fraction (EF) = SV
EDV .

According to Equation (4) EFPbM =
SVK f M

EDVK f M−PM , the EF is erroneously calculated too low
using the contour method, and the deviation depends on the size of the papillary muscles.
In our study, the deviation was 6% on average. Riffel et al. [18] compared the cardiac
function parameters with and without segmenting out the papillary muscles and confirmed
our results. They also found that the stroke volume was higher and EF lower with the
contour area method. However, the difference in EF was smaller in Riffel et al., which may
have been due to the fact that only healthy subjects were studied.

The ejection fraction is a cardiological parameter that influences the decision on drug
or interventional/surgical therapy. For example, an EF < 50% [10] is decisive for the
indication of an artificial heart valve for aortic valve replacement. The EF is also a relevant
parameter in the therapy decision trees for treatment concepts of other heart valve diseases,
e.g., mitral valve insufficiency [19].

In patients with heart failure, the ejection fraction is not only a diagnostic parameter but
also an important functional parameter for therapy decisions concerning both drug therapy
and the implantation of a left ventricular assist device [20]. In dilatative cardiomyopathy,
implantation of an ICD has indicated if the chronic left ventricular ejection fraction is less
than 35% [11]. Furthermore, EF ≤ 40% is included in the CHADS-VASC score as a criterion
for heart failure. Thus, it indirectly contributes to the consideration of stroke risk and the
resulting decision to use oral anticoagulation for patients with atrial fibrillation [21,22].

Many evaluators of cardiac volumes refer to the standard values published in 2015 in
JCMR by Kawel-Böhm et al. [23]. The “standard values” given here for men and women
up to and from 60 years of age were determined with the KfM, but the papillary muscles
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were segmented separately and not evaluated as part of the LV volume. Thus, referencing
the measurement results with the KfM to these standard values [23] is severely limited.
Likewise, a re-evaluation of the application to current norm values is necessary before the
clinically practical use of PbM. Further studies are needed, especially to set new reference
values. We would like to emphasize that the gender ratio in our study is asymmetrical
(66% male and 34% female). This aspect should be considered in future studies, especially
for the setting of new reference values.

The difference between the two methods is the volume of the papillary muscles.
According to the formula for calculating the volume, the volume in our study is 14.2 mL
on average. The automatic segmentation of the papillary muscles resulted in a value of
5.1 mL end-diastolic and 6.0 mL end-systolic and is clearly smaller than determined via
the pixel-based method. The reason for this is that the cvi42 program only segments the
papillary muscle located in the lumen, but not the part that is directly adjacent to the
myocardium. This also explains the difference between systolic and diastolic volumes of
the automatically determined papillary muscle. This results in a larger proportion of the
papillary muscle volume for smaller left ventricular volumes. As expected, PbM results in
lower end-diastolic and end-systolic volumes compared to KfM. Consecutively, the ejection
fraction becomes larger with PbM. The measurement of end-diastolic and end-systolic
volume with inclusion of the papillary muscles should therefore be questioned.

The pixel-based method solves the “papillary muscle problem” in a technically simple
way by automatic signal detection within predefined limits in combination with contour
detection. It is not a “specialist” for cardiac evaluation and can determine many other
volumes where there are good signal or density differences to the surrounding tissue.
Despite using a development version of the software without automation algorithms,
the heart volume of the left ventricle could be determined in about 2 min. A complete
automation of the method is conceivable in the future.

In the future, more and more artificial intelligence (AI) will be used in every aspect
of our daily lives, including medical applications. He et al. compared the left ventricular
ejection fraction echocardiographically using a sonographer vs. artificial intelligence [24].
They were able to show that AI is not inferior to the measurement of the left ventricular
ejection fraction with echocardiography compared to a sonographer. Future applications
could therefore include AI systems to assist examiners in imaging problems.

A limitation of our study is the unknown actual stroke volume. With an ECG-triggered
flow measurement in the ascending aorta, which is not routinely measured in our depart-
ment, this could have been determined, as flow measurement provides more reproducible
results than volumetry [25,26]. Another limitation is that the volume of anatomical struc-
tures with bizarre morphology, such as the papillary muscles can only be determined with
estimates based on various assumptions. A solution would be direct measurements in
body donors and comparison with post-mortem MRI, as already successfully measured by
Bertozzi et al. [27].

Before establishing it as a standard, another limitation is the exclusion of patients with
moderate image quality and consequently insufficiently identifiable heart contours. This
seemed to be in most cases with atrial fibrillation while detecting a higher heart rate during
the assessment.

5. Conclusions

PbM is easy and quick to perform for the determination of left ventricular heart
function. In terms of stroke volume, it provides comparable results to the established
disc/contour area method and measures the actual left ventricular heart function, leaving
out the papillary muscles. This results in an average 6% higher ejection fraction, which can
have a significant influence on therapy decisions.

37



Diagnostics 2023, 13, 1437

Author Contributions: Conceptualization, R.J. and K.M.; methodology, R.J. and K.M.; software, M.P.;
validation, R.J.; formal analysis, K.M.; investigation, R.J. and K.M.; resources, M.U.; data curation,
K.M.; writing—original draft preparation, K.M.; writing—review and editing, R.J., C.H. and S.A.,
M.U.; visualization, K.M. and R.J.; supervision, R.J. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The ethics committee of the University Hospital approved
the study. All procedures performed in studies with human participants complied with the ethical
standards of the institutional research committee and the 1964 Helsinki Declaration and its subsequent
amendments or comparable ethical standards. The need for informed consent was waived by the
Ethics Committee.

Informed Consent Statement: Patient consent was waived by the ethics committee of the University
Hospital Erlangen as is the routine procedure in retrospective evaluation in 2016.

Data Availability Statement: The datasets analyzed during the current study are available from the
corresponding author on reasonable request.

Acknowledgments: The work reported was carried out at the University Hospital Erlangen of the
Friedrich-Alexander-University Erlangen-Nürnberg (FAU), Germany. The present research was
performed in fulfilment of the requirements for obtaining the degree “Dr. med.“ for Kerstin Michler
at the Friedrich-Alexander-Universität Erlangen-Nürnberg, Germany.

Conflicts of Interest: A contributing author is the publisher of the software used by the
company Chimaera.

References

1. Achenbach, S.; Barkhausen, J.; Beer, M.; Beerbaum, P.; Dill, T.; Eichhorn, J.; Fratz, S.; Gutberlet, M.; Hoffmann, M.;
Huber, A.; et al. Konsensusempfehlungen der DRG/DGK/DGPK zum Einsatz der Herzbildgebung mit Computertomographie
und Magnetresonanztomographie. Der Kardiologe 2012, 6, 105–125. [CrossRef]

2. Hundley, W.G.; Bluemke, D.A.; Finn, J.P.; Flamm, S.D.; Fogel, M.A.; Friedrich, M.G.; Ho, V.B.; Jerosch-Herold, M.;
Kramer, C.M.; Manning, W.J.; et al. ACCF/ACR/AHA/NASCI/SCMR 2010 Expert Consensus Document on Cardio-
vascular Magnetic Resonance: A Report of the American College of Cardiology Foundation Task Force on Expert Consensus
Documents. J. Am. Coll. Cardiol. 2010, 55, 2614–2662. [CrossRef]

3. Thiele, H.; Nagel, E.; Paetsch, I.; Schnackenburg, B.; Bornstedt, A.; Kouwenhoven, M.; Wahl, A.; Schuler, G.; Fleck, E. Functional
cardiac MR imaging with steady-state free precession (SSFP) significantly improves endocardial border delineation without
contrast agents. J. Magn. Reson. Imaging 2001, 14, 362–367. [CrossRef]

4. Thiele, H.; Paetsch, I.; Schnackenburg, B.; Bornstedt, A.; Grebe, O.; Wellnhofer, E.; Schuler, G.; Fleck, E.; Nagel, E. Improved
accuracy of quantitative assessment of left ventricular volume and ejection fraction by geometric models with steady-state free
precession. J. Cardiovasc. Magn. Reson. 2002, 4, 327–339. [CrossRef]

5. Buser, P.T.; Auffermann, W.; Holt, W.W.; Wagner, S.; Kircher, B.; Wolfe, C.; Higgins, C.B. Noninvasive evaluation of global left
ventricular function with use of cine nuclear magnetic resonance. J. Am. Coll. Cardiol. 1989, 13, 1294–1300. [CrossRef]

6. Matsumura, K.; Nakase, E.; Haiyama, T.; Takeo, K.; Shimizu, K.; Yamasaki, K.; Kohno, K. Determination of cardiac ejection
fraction and left ventricular volume: Contrast-enhanced ultrafast cine MR imaging vs IV digital subtraction ventriculography.
Am. J. Roentgenol. 1993, 160, 979–985. [CrossRef] [PubMed]

7. Sechtem, U.; Pflugfelder, P.W.; Gould, R.G.; Cassidy, M.M.; Higgins, C.B. Measurement of right and left ventricular volumes in
healthy individuals with cine MR imaging. Radiology 1987, 163, 697–702. [CrossRef]

8. Stamm, H.H. Parallele Echtzeitbildgebung zur Quantifizierung der Linksventrikulären Herzfunktion bei Freier Atmung Mittels
MRT. Ph.D. Thesis, Julius-Maximilians-Universität Würzburg, Würzburg, Germany, 2010. Available online: https://opus.
bibliothek.uni-wuerzburg.de/files/3965/TSENSE.pdf (accessed on 18 December 2018).

9. Mahnken, A.H.; Günther, R.W.; Krombach, G.A. Grundlagen der linksventrikulären Funktionsanalyse mittels MRT und MSCT.
Rofo 2004, 176, 1365–1379. [CrossRef]

10. Vahanian, A.; Alfieri, O.; Andreotti, F.; Antunes, M.J.; Barón-Esquivias, G.; Baumgartner, H.; Borger, M.A.; Carrel, T.P.; De Bonis,
M.; Evangelista, A.; et al. Guidelines on the management of valvular heart disease (version 2012). Eur. Heart J. 2012, 33, 2451–2496.
[CrossRef]

11. Ehlermann, P.; Katus, H.A. Dilatative Kardiomyopathie. Herzschrittmacherther. Elektrophysiol. 2012, 23, 196–200. [CrossRef]
12. Hammon, M.; Janka, R.; Dankerl, P.; Glöckler, M.; Kammerer, F.J.; Dittrich, S.; Uder, M.; Rompel, O. Pediatric cardiac MRI:

Automated left-ventricular volumes and function analysis and effects of manual adjustments. Pediatr. Radiol. 2014, 45, 651–657.
[CrossRef] [PubMed]

38



Diagnostics 2023, 13, 1437

13. Mahnken, A.H.; Mühlenbruch, G.; Koos, R.; Stanzel, S.; Busch, P.S.; Niethammer, M.; Günther, R.W.; Wildberger, J.E. Automated
vs. manual assessment of left ventricular function in cardiac multidetector row computed tomography: Comparison with
magnetic resonance imaging. Eur. Radiol. 2006, 16, 1416–1423. [CrossRef] [PubMed]

14. Francois, C.; Fieno, D.S.; Shors, S.M.; Finn, J.P. Left Ventricular Mass: Manual and Automatic Segmentation of True FISP and
FLASH Cine MR Images in Dogs and Pigs. Radiology 2004, 230, 389–395. [CrossRef] [PubMed]

15. Bailly, A.; Lipiecki, J.; Chabrot, P.; Alfidja, A.; Garcier, J.M.; Ughetto, S.; Ponsonnaille, J.; Boyer, L. Assessment of left ventricular
volumes and function by cine-MR imaging depending on the investigator’s experience. Surg. Radiol. Anat. 2008, 31, 113–120.
[CrossRef] [PubMed]

16. Grothues, F.; Smith, G.C.; Moon, J.C.; Bellenger, N.G.; Collins, P.; Klein, H.U.; Pennell, D.J. Comparison of interstudy reproducibil-
ity of cardiovascular magnetic resonance with two-dimensional echocardiography in normal subjects and in patients with heart
failure or left ventricular hypertrophy. Am. J. Cardiol. 2002, 90, 29–34. [CrossRef]

17. Semelka, R.C.; Tomei, E.; Wagner, S.; Mayo, J.; Kondo, C.; Suzuki, J.; Caputo, G.R.; Higgins, C.B. Normal left ventricular
dimensions and function: Interstudy reproducibility of measurements with cine MR imaging. Radiology 1990, 174, 763–768.
[CrossRef]

18. Riffel, J.H.; Schmucker, K.; Andre, F.; Ochs, M.; Hirschberg, K.; Schaub, E.; Fritz, T.; Mueller-Hennessen, M.; Giannitsis, E.;
Katus, H.A.; et al. Cardiovascular magnetic resonance of cardiac morphology and function: Impact of different strategies of
contour drawing and indexing. Clin. Res. Cardiol. 2018, 108, 411–429. [CrossRef]

19. Baumgartner, H.; Falk, V.; Bax, J.J.; De Bonis, M.; Hamm, C.; Holm, P.J.; Iung, B.; Lancellotti, P.; Lansac, E.; Rodriguez Muñoz, D.;
et al. 2017 ESC/EACTS Guidelines for the management of valvular heart disease. Eur. J. Cardio-Thorac. Surg. 2017, 52, 616–664,
Correction: Eur. J. Cardio-Thorac. Surg. 2017, 52, 832. [CrossRef]

20. McMurray, J.J.; Adamopoulos, S.; Anker, S.D.; Auricchio, A.; Böhm, M.; Dickstein, K.; Falk, V.; Filippatos, G.; Fonseca, C.;
Gomez-Sanchez, M.A.; et al. ESC Guidelines for the diagnosis and treatment of acute and chronic heart failure 2012: The Task
Force for the Diagnosis and Treatment of Acute and Chronic Heart Failure 2012 of the European Society of Cardiology. Developed
in collaboration with the Heart Failure Association (HFA) of the ESC. Eur. Heart J. 2012, 33, 1787–1847. [CrossRef]

21. Gage, B.F.; Waterman, A.D.; Shannon, W.; Boechler, M.; Rich, M.W.; Radford, M.J. Validation of Clinical Classification Schemes for
Predicting Stroke: Results from the National Registry of Atrial Fibrillation. JAMA 2001, 285, 2864–2870. [CrossRef]

22. January, C.T.; Wann, L.S.; Alpert, J.S.; Calkins, H.; Cigarroa, J.E.; Cleveland, J.C., Jr.; Conti, J.B.; Ellinor, P.T.; Ezekowitz, M.D.;
Field, M.E.; et al. 2014 AHA/ACC/HRS Guideline for the Management of Patients With Atrial Fibrillation: A report of the
American College of Cardiology/American Heart Association Task Force on Practice Guidelines and the Heart Rhythm Society.
J. Am. Coll. Cardiol. 2014, 64, e1–e76. [CrossRef]

23. Kawel-Boehm, N.; Maceira, A.; Valsangiacomo-Buechel, E.R.; Vogel-Claussen, J.; Turkbey, E.B.; Williams, R.; Plein, S.; Tee, M.;
Eng, J.; Bluemke, D.A. Normal values for cardiovascular magnetic resonance in adults and children. J. Cardiovasc. Magn. Reson.
2015, 17, 1–33. [CrossRef] [PubMed]

24. He, B.; Kwan, A.C.; Cho, J.H.; Yuan, N.; Pollick, C.; Shiota, T.; Ebinger, J.; Bello, N.A.; Wei, J.; Josan, K.; et al. Blinded, randomized
trial of sonographer versus AI cardiac function assessment. Nature 2023, 1–5. [CrossRef]

25. Rominger, M.B.; Dinkel, H.-P.; Bachmann, G.F. Vergleich von schneller MR-Flussmessung in Atemanhaltetechnik in Aorta
ascendens und Truncus pulmonalis mit rechts- und linksventrikulärer Cine MR-Bildgebung zur Schlagvoluminabestimmung bei
Probanden. RöFo-Fortschr. Auf Dem Geb. Der Röntgenstrahlen Und Der Bildgeb. Verfahr. 2002, 174, 196–201. [CrossRef] [PubMed]

26. Kondo, G.R.C.C.; Caputo, G.R.; Semelka, R.; Foster, E.; Shimakawa, A.; Higgins, C.B.; Srichai, M.B.; Lim, R.P.; Wong, S.;
Lee, V.S.; et al. Right and left ventricular stroke volume measurements with velocity-encoded cine MR imaging: In vitro and
in vivo validation. Am. J. Roentgenol. 1991, 157, 9–16. [CrossRef]

27. Bertozzi, G.; Cafarelli, F.P.; Ferrara, M.; Di Fazio, N.; Guglielmi, G.; Cipolloni, L.; Manetti, F.; La Russa, R.; Fineschi, V. Sudden
Cardiac Death and Ex-Situ Post-Mortem Cardiac Magnetic Resonance Imaging: A Morphological Study Based on Diagnostic
Correlation Methodology. Diagnostics 2022, 12, 218. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

39



Citation: Tsabedze, N.; du Plessis, A.;

Mpanya, D.; Vorster, A.; Wells, Q.;

Scholtz, L.; Manga, P. Cardiovascular

Magnetic Resonance Imaging

Findings in Africans with Idiopathic

Dilated Cardiomyopathy. Diagnostics

2023, 13, 617. https://doi.org/

10.3390/diagnostics13040617

Academic Editors: Minjie Lu and

Arlene Sirajuddin

Received: 4 January 2023

Revised: 31 January 2023

Accepted: 2 February 2023

Published: 8 February 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

diagnostics

Article

Cardiovascular Magnetic Resonance Imaging Findings in
Africans with Idiopathic Dilated Cardiomyopathy

Nqoba Tsabedze 1,*, Andre du Plessis 2, Dineo Mpanya 1, Anelia Vorster 2, Quinn Wells 3, Leonie Scholtz 2,† and

Pravin Manga 1,†

1 Division of Cardiology, Department of Internal Medicine, School of Clinical Medicine, Faculty of Health
Sciences, University of the Witwatersrand, Johannesburg 2193, South Africa

2 Diagnostic Radiology, Midstream Mediclinic, Centurion 1692, South Africa
3 Division of Cardiovascular Medicine, Department of Medicine, Vanderbilt University Medical Center,

Nashville, TN 37232, USA
* Correspondence: nqoba.tsabedze@wits.ac.za
† These authors contributed equally to this work.

Abstract: In sub-Saharan Africa, idiopathic dilated cardiomyopathy (IDCM) is a common yet poorly
investigated cause of heart failure. Cardiovascular magnetic resonance (CMR) imaging is the gold
standard for tissue characterisation and volumetric quantification. In this paper, we present CMR
findings obtained from a cohort of patients with IDCM in Southern Africa suspected of having a
genetic cause of cardiomyopathy. A total of 78 IDCM study participants were referred for CMR
imaging. The participants had a median left ventricular ejection fraction of 24% [interquartile range,
(IQR): 18–34]. Late gadolinium enhancement (LGE) was visualised in 43 (55.1%) participants and
localised in the midwall in 28 (65.0%) participants. At the time of enrolment into the study, non-
survivors had a higher median left ventricular end diastolic wall mass index of 89.4 g/m2 (IQR:
74.5–100.6) vs. 73.6 g/m2 (IQR: 51.9–84.7), p = 0.025 and a higher median right ventricular end-systolic
volume index of 86 mL/m2 (IQR:74–105) vs. 41 mL/m2 (IQR: 30–71), p < 0.001. After one year,
14 participants (17.9%) died. The hazard ratio for the risk of death in patients with evidence of
LGE from CMR imaging was 0.435 (95% CI: 0.259–0.731; p = 0.002). Midwall enhancement was the
most common pattern, visualised in 65% of participants. Prospective, adequately powered, and
multi-centre studies across sub-Saharan Africa are required to determine the prognostic significance
of CMR imaging parameters such as late gadolinium enhancement, extracellular volume fraction,
and strain patterns in an African IDCM cohort.

Keywords: idiopathic dilated cardiomyopathy; magnetic resonance imaging; cardiovascular; late
gadolinium enhancement; all-cause mortality

1. Introduction

Idiopathic dilated cardiomyopathy (IDCM) is an endemic primary myocardial disease
in sub-Saharan Africa (SSA) [1,2]. It manifests clinically with ventricular dilatation and
myocardial dysfunction without obstructive coronary artery disease (CAD) or abnormal
loading conditions such as hypertension and valvular heart disease [3]. The clinical man-
agement of patients with IDCM includes identifying and treating reversible causes of
myocardial dysfunction, improving survival, slowing disease progression, and alleviating
symptoms [4]. Therefore, excluding secondary causes of dilated cardiomyopathy (DCM)
is recommended, including genetic causes in all patients with unexplained ventricular
dilatation and dysfunction. However, despite a comprehensive clinical workup, in regions
where genetic testing is not widely available, patients without an identifiable cause for
DCM are provided a working diagnosis of IDCM.

Cardiovascular magnetic resonance (CMR) imaging is considered the gold standard
for anatomical and tissue characterisation and evaluating the extent of cardiac dysfunction.
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Although not widely accessible in most centres across Africa, cardiac magnetic resonance
imaging (MRI) plays a significant role in excluding infiltrative macrovascular and mi-
crovascular disease and defining the presence of fibrosis in patients with DCM [5]. We
report CMR imaging findings in a meticulously phenotyped cohort of black Africans with
a clinical working diagnosis of IDCM. The cohort described in this paper was prospectively
recruited in a study designed to identify the genetic causes of myocardial dysfunction in
these patients.

2. Materials and Methods

2.1. Study Design and Participants

Between July 2015 and December 2018, we screened 161 participants for idiopathic
dilated cardiomyopathy. The study’s participants were identified from the inpatient cardi-
ology wards and outpatient heart failure with reduced ejection fraction (HFrEF) clinic at
the Charlotte Maxeke Johannesburg Academic Hospital (CMJAH), a quaternary referral
centre in Johannesburg, South Africa. The study inclusion criteria included adults 18 years
and older with a left ventricular ejection fraction (LVEF) less than or equal to 40%. The
exclusion criteria included organic valvular heart disease, hypertension, coronary artery
disease, human immunodeficiency virus infection, myocarditis, infiltrative disease, and
metabolic conditions. In addition, patients presenting with DCM in the peripartum period,
post-chemotherapy, or post-radiation therapy, were also excluded.

A detailed clinical history was obtained from all participants. This included their
age at the time of the index heart failure diagnosis, a family history of sudden cardiac
death, comorbidities, and heart failure symptoms. In addition, a physical examination,
which focused on identifying signs of heart failure, was performed on all participants.
During recruitment, screening laboratory biochemical tests were performed on all study
participants to exclude secondary causes of a DCM. These included haemoglobin, platelet
count, C-reactive protein, a lipogram, thyroid and renal function tests, cardiac biomark-
ers, and micro-nutrient serum levels. A twelve-lead electrocardiogram (ECG) and a 2D
transthoracic echocardiogram (General Electric Vivid 9 4D) were performed on all recruited
participants. In addition, a diagnostic coronary angiogram was performed to exclude
obstructive coronary artery disease.

All study participants received these investigations, including CMR imaging, per-
formed within 72 h of recruitment. In this study, IDCM was defined as left ventricular
dysfunction (LVEF ≤ 40%) in the absence of CAD (normal diagnostic angiography), valvu-
lar heart diseases, infiltrative disease, and metabolic abnormalities. The study complied
with the Declaration of Helsinki and informed consent was obtained from the study partici-
pants. Approval to conduct the study was granted by the University of the Witwatersrand
Human Research Ethics Committee (certificate number: M150467). Informed consent was
obtained from all study participants.

2.2. Cardiac Magnetic Resonance Imaging Protocol and Image Analysis

A 1.5 T whole-body scanner (Philips) with an ECG triggering device was used for
CMR imaging. Respiratory bellows were placed on the patient’s abdomen throughout
the imaging process. After the acquisition of localisation images, continuous short-axis
cine images of the left ventricle were obtained using steady state free precession sequence
at end-expiration.

Ventricular volumes and left- and right-ventricular ejection fractions were calculated
using four-chamber and short-axis slice summation.

Images depicting late gadolinium enhancement (LGE) were acquired approximately
15 min after administering 0.1 mmol/kg of gadobenate dimeglumine (Bracco Diagnostics
Inc., Princeton, NJ, USA) at an injection rate of 2 mL per second. The presence of LGE was
evaluated using segmented inversion recovery prepared for true fast imaging. The images
were visually analysed for the presence and extent of LGE. Two radiologists were available
for image interpretation, and a single radiologist independently reviewed each set of CMR
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images. The visual scoring method was based on the 17-segment model. The percentage of
the myocardium with LGE was calculated by counting the number of segments with LGE
and dividing by 17.

2.3. Patient Follow-Up and Study Endpoints

The CMJAH is a quaternary referral specialist centre where advanced cardiac patients
are preferentially referred and definitively managed. Thus, outcome data were first col-
lected from the Electronic Health Record System, which captures all patients admitted to
the cardiology wards at the CMJAH. In addition, all-cause mortality, frequency of hospi-
talisations (in any hospital, including CMJAH), and the occurrence of thromboembolic
complications were documented after a telephonic interview with the study participants
or their next-of-kin after a median follow-up duration of 12 [interquartile range (IQR):
8.8–16.8] months.

2.4. Statistical Analysis

Categorical variables are expressed as counts and percentages and were compared for
the study outcome using a Chi-square test. Continuous variables with a normal and non-
normal distribution are expressed as mean and standard deviation, as well as the median
and IQR, respectively. The Student’s t-test and the Wilcoxon rank sum (Mann–Whitney)
test were used for comparing the mean and median, respectively. Confidence intervals
were set at 95%, and p < 0.05 was regarded as statistically significant. A Cox proportional
hazards model was created to assess for risk factors for all-cause mortality. Analyses were
conducted using STATA version 16.0 (StataCorp, College Station, TX, USA).

3. Results

3.1. Baseline Clinical Characteristics

After excluding participants lost to follow-up (Figure 1), the final study cohort com-
prised 78 participants consisting of 53 (67.9%) males. The mean age was 47.3 ± 13.3 years
(Table 1). In addition, there were 73 (93.6%) native Africans. The median left ventricu-
lar ejection fraction (LVEF) on CMR imaging was 24% (IQR: 18–34), and non-survivors
had a lower median LVEF of 18% (IQR: 13–24) vs. 24% (IQR: 18–36), p = 0.042. Thirteen
(16.7%) participants had no overt clinical symptoms of congestive cardiac failure in the
study cohort. The remaining participants complained of dyspnea on minimal exertion
(62.8%), paroxysmal nocturnal dyspnea (42.3%), orthopnea (58.9%), palpitations (35.9%),
and syncope (7.7%), or a combination of these symptoms.

3.2. Cardiovascular Magnetic Resonance Imaging

The ventricular volumetric parameters are reported in Table 2. Non-survivors had a
higher median left ventricular end diastolic wall mass index of 89.4 g/m2 (IQR: 74.5–100.6)
vs. 73.6 g/m2 (IQR: 51.9–84.7), p = 0.025, a higher median right ventricular end-systolic
volume index of 86 mL/m2 (IQR: 74–105) vs. 41 mL/m2 (IQR: 30–71), p < 0.001, and a
higher median right ventricular end diastolic volume index 114 mL/m2 (IQR: 101–147)
vs. 70 mL/m2 (IQR: 56–94), p < 0.001. The hazard ratio for the risk of death in patients
presenting with evidence of LGE on CMR imaging was 0.435 (95% CI: 0.259–0.731; p = 0.002).
However, the Cox proportional hazards model identified none of the clinical and CMR
imaging parameters as statistically significant covariates for all-cause mortality. There were
43 (55.1%) participants with evidence of LGE on imaging. Late gadolinium enhancement
was visualised in the midwall in 28 (65.0%) participants, and four (9.3%) had LGE in
both the right ventricular insertion point and midwall (Table 3). In addition, three (7.0%)
participants visualised a transmural LGE pattern, and two (4.6%) participants had areas
of focal LGE. Midwall and subendocardial and epicardial LGE patterns are depicted in
Figure 2. A total of nine patients had an LGE pattern commonly associated with ischaemic
heart disease.
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Figure 1. Flow chart detailing the identification of the study cohort. CAD = coronary artery disease,
HHD = hypertensive heart disease, HIV = human immunodeficiency virus, LVEF = left ventricular
ejection fraction. Other * refers to peripartum cardiomyopathy (n = 1), malignancy (n = 2), organic
valvular heart diseases (n = 2), pacemaker in situ (n = 1), end-stage renal impairment (n = 3),
recreational substance abuse (n = 1), unstable patient (n = 1), dilated cardiomyopathy precipitated by
supraventricular tachycardia (n = 1).
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Table 1. Baseline clinical characteristics of patients with idiopathic dilated cardiomyopathy stratified
according to one-year outcomes.

All
Patients

All-Cause
Mortality

Alive

(n = 78) (n = 14) (n = 64) p-Value

Age, years 47.3 ± 13.3 41.6 ± 14.0 48.6 ± 13.0 0.074
Male 53 (67.9) 10 (71.4) 43 (67.2) 0.758

Smoking 15 (19.2) 6 (42.9) 9 (14.1) 0.013
BMI, kg/m2 26.1 (23.3–30.5) 24.1 (21.4–25.3) 27.7 (23.6–31.3) 0.045

BSA, m2 1.9 ± 0.2 1.9 ± 0.2 1.9 ± 0.2 0.328
Heart rate, bpm 80 (69–95) 89 (69–104) 80 (69–95) 0.475

Systolic BP, mmHg 119 (101–129) 115 (99–122) 119 (106–133) 0.263
Diastolic BP, mmHg 76 (67–88) 73 (60–91) 78 (67–88) 0.442

MAP, mmHg 89 (78–101) 81 (73–93) 92 (80–101) 0.124
NYHA class 0.173

1 29 (37.2) 2 (14.3) 27 (42.2)
2 34 (43.6) 7 (50.0) 27 (42.2)
3 12 (15.4) 4 (28.6) 8 (12.5)
4 3 (3.8) 1 (7.1) 2 (3.1)

Medication
Beta-blocker 73 (93.6) 13 (92.9) 60 (93.7) 0.837

ACE inhibitors 51 (65.4) 11 (78.6) 40 (62.5) 0.706
ARB 9 (11.5) 0 (0) 9 (14.1) 0.202
MRA 55 (70.5) 10 (71.4) 45 (70.3) 0.964

Loop diuretics 71 (91.0) 13 (92.9.1) 58 (90.6) 0.795
Statin 22 (28.2) 3 (21.4) 19 (29.7) 0.842

Sodium 140 (138–143) 140 (137–141) 140 (139–143) 0.234
Potassium 4.4 ± 0.6 4.6 ± 0.8 4.4 ± 0.5 0.167

eGFR, mL/min 70.4 (49.0–92.9) 62.6 (47.0–92.9) 75.1 (49.0–94.6) 0.610
Pro BNP 1842 (526–3860) 5573 (2471–8188) 1106 (421–2826) 0.001

Troponin I 14 (8–29) 17 (13–38) 13 (8–27) 0.234
CK-MB 1.9 (1.4–3.0) 1.6 (1.3–2.6) 2.1 (1.5–3.2) 0.181
HbA1C 6.3 (6.0–6.8) 6.4 (6.0–6.8) 6.2 (6.0–6.7) 0.768

Total cholesterol 4.1 ± 1.1 3.7 ± 0.7 4.2 ± 1.2 0.137
LDL 2.6 ± 0.9 2.1 ± 0.6 2.7 ± 0.9 0.040
HDL 1.0 (0.8–1.4) 1.0 (0.8–1.3) 1.0 (0.8–1.4) 1.000

C-reactive protein 9 (9–14) 14.5 (9.5–31) 9 (9–12) 0.005

Values are expressed as mean ± standard deviation for continuous variables with a normal distribution, or
as median and (interquartile range) for continuous variables with a skewed distribution and absolute value
(n) and percentage for categorical variables. ACE, angiotensin-converting enzyme; ARB, angiotensin receptor
blocker; BMI, body mass index; BNP, beta natriuretic peptide; BP, blood pressure; BSA, body surface area; CK-MB,
creatine kinase myocardial band; eGFR, estimated glomerular filtration rate; HbA1c, glycated haemoglobin; HDL,
high-density lipoprotein; LDL, low-density lipoprotein; MAP, mean arterial pressure; MRA, mineralocorticoid
receptor antagonist; NYHA, New York Heart Association.

Late gadolinium enhancement occupied less than 50% of the left ventricle in 38 (48.7%)
participants and 50–75% of the left ventricle in 5 (6.4%) participants. Late gadolinium en-
hancement was visualised in the basal anteroseptal, mid-inferoseptal and mid-anteroseptal
segments in 85%, 70%, and 53% of participants, respectively (Figure 3). Features of left
ventricular non-compaction were found in five (11.6%) participants with LGE. Furthermore,
pericardial and pleural effusions were diagnosed in 23 (29.5%) and 11 (14.1%) participants
in our cohort, respectively.
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Table 2. Baseline cardiovascular magnetic resonance imaging parameters stratified according to
all-cause mortality.

All
Patients

All-Cause
Mortality

Alive

(n = 78) (n = 14) (n = 64) p-Value

LVEF (%) 24 (18–34) 18 (13–24) 24 (18–36) 0.042
LVEDV (mL) 222 (176–297) 282 (171–313) 220 (176–297) 0.509
LVESV (mL) 175 (121–243) 230 (156–305) 168 (115–238) 0.091

LVEDVI (mL/min) 119 (95–153) 138 (96–181) 117 (95–147) 0.482
LVESVI (mL/min) 93 (63–130) 123 (89–160) 88 (63–115) 0.101

LV stroke volume (mL) 56.3 ± 17.5 50.0 ± 15.3 57.8 ± 17.7 0.132
LV stroke volume index (mL/m2) 28.5 (22.8–35.7) 27.3 (24.1–36.6) 28.9 (22.9–35.5) 0.561

LVED wall mass (g) 131 (106–161) 156 (134–170) 123 (96–159) 0.036
LVED wall mass index (g/m2) 74.2 (53.6–88.9) 89.4 (74.5–100.6) 73.6 (51.9–84.7) 0.025

LV total mass (g) 194.3 ± 58.7 219.2 ± 70.0 188.8 ± 55.3 0.080
LV mass index (g/m2) 99 (85–114) 111 (90–147) 98 (82–113) 0.135

RVEDV (mL) 143 (103–201) 232 (161–316) 132 (96–178) <0.001
RVESV (mL) 90 (58–147) 154 (127–273) 73 (55–130) <0.001

RVEF (%) 34.2 ± 16.3 23.1 ± 12.0 36.7 ± 16.2 0.004
RVEDVI (mL/m2) 74 (58–109) 114 (101–147) 70 (56–94) <0.001
RVESVI (mL/m2) 46 (32–82) 86 (74–105) 41 (30–71) <0.001

RV stroke volume (mL) 48 (29–68) 50 (27–74) 48 (30–68) 0.889
RV ED wall mass (g) 139 ± 47.8 163.6 ± 8.7 135.2 ± 50.5 0.455

Cardiac output (L/min) 4.1 (3.2–5.3) 4.4 (3.2–5.5) 4.0 (3.1–5.3) 0.929
Cardiac index (L/min/m2) 2.5 (2.1–3.8) 2.5 (2.4–2.7) 2.4 (2.1–4.0) 0.883

Cardiac density (g/mL) 1.0 (1.0–1.0) 1.0 (1.0–1.0) 1.0 (1.0–1.0) 0.633

Values are expressed as mean ± SD for continuous variables with a normal distribution, or median and in-
terquartile range for continuous variables with a skewed distribution and absolute value (n) and percentage
for categorical variables. ED = end diastolic; LV = left ventricle; LVEDV = left ventricular end diastolic volume;
LVEDVI = left ventricular end diastolic volume index; LVEF = left ventricular ejection fraction; LVESV = left
ventricular end systolic volume; LVESVI = left ventricular end systolic volume index; RVEDV = right ventricular
end diastolic volume; RVEDVI = right ventricular end diastolic volume index; RVEF = right ventricular ejection
fraction; RVESV = right ventricular end systolic volume.

Table 3. Patterns of late gadolinium enhancement in IDCM patients.

n = 43 (%)

Midwall 28 (65)
Right ventricular insertion point (normal variant) and midwall 4 (9.3)

Right ventricular insertion point (normal variant) 3 (7)
Transmural 3 (7)

Focal 2 (4.6)
Subendocardial 2 (4.6)

Midwall and subendocardial 1 (2.3)
Midwall, subendocardial and transmural 1 (2.3)

Midwall and epicardial 1 (2.3)
Subendocardial and transmural 1 (2.3)

Values are expressed as absolute numbers and percentages.

3.3. Electrocardiogram and Echocardiogram Parameters

At the time of recruitment into the study, the median PR interval did not differ
significantly between survivors and non-survivors, measuring [177 (IQR: 158–203) and
192 (IQR: 169–222), p = 0.156] ms, respectively. In the entire cohort, 32 (41.0%) participants
had a QRS duration >110 ms. The median QRS duration was 111 (IQR: 98–148) ms in
participants with LGE, and study participants who showed no evidence of LGE upon CMR
imaging had a median QRS duration of 97 (IQR: 88–117) ms (p = 0.015).
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Figure 2. Late gadolinium enhancement cardiovascular magnetic resonance images showing the left
and right ventricle. (a) Dilated cardiomyopathy with midwall enhancement of the septum (arrow);
(b) subendocardial enhancement in the lateral ventricle free wall, typically associated with ischaemic
heart disease; (c) shows an epicardial enhancement pattern in the lateral ventricle free wall and
(d) inferior segment. LV = left ventricle; RV = right ventricle.

For echocardiography, the mean left atrial diameter was 43.8 ± 6.5 mm. This did not
differ significantly between survivors and non-survivors (43.1 ± 6.4 vs. 46.8 ± 6.0 mm,
p = 0.05). The mean left ventricle fractional shortening was 12.8 ± 5.7%, which differed
significantly between survivors and non-survivors (13.5 ± 5.7 vs. 9.6 ± 5.0%, p = 0.036).
The mean global longitudinal strain was −6.8 ± 4.6%, and participants that survived
had a mean global longitudinal strain of −7.3 ± 4.0%. In contrast, non-survivors had
a mean global longitudinal strain of −4.5 ± 6.3% (p = 0.046). There was no correlation
between global longitudinal strain and LGE (r = 0.1173). During wall motion analysis,
global hypokinesis was noted in 60 (76.9%) participants.

3.4. Follow-Up and Endpoints

After a median follow-up duration of 12 (IQR: 8.8–16.8) months, 14 (17.9%) participants
died. Thromboembolic complications were uncommon and were reported in only three
participants. Each participant was diagnosed with a cerebrovascular accident, lower limb
deep vein thrombosis, and pulmonary embolism. Nine (11.5%) study participants were
hospitalised during the follow-up period.
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Figure 3. Distribution of late gadolinium enhancement in the left ventricular myocardial segments.
The bars demonstrate the percentage of segments with LGE. In 85% of IDCM patients, LGE was
visualised in the basal anteroseptal segment. There were 46 IDCM patients with LGE in one or more
segments; therefore, the cumulative percentage will be >100%.

4. Discussion

In this study, participants with DCM were referred for CMR imaging to further exclude
primary and secondary myocardial diseases. In addition, LGE was also assessed based on
its prognostic value in patients with dilated cardiomyopathy. The identification of LGE
in patients with non-ischaemic cardiomyopathy is associated with an increased risk of
all-cause mortality, rehospitalisation, ventricular dyssynchrony, spontaneous and inducible
ventricular arrhythmias, and sudden cardiac death [6–8].

More than half of the participants in our study showed evidence of LGE on CMR
imaging, and 65% of the study participants presented with evidence of LGE in the midwall.
Nine participants had an LGE pattern suggestive of ischaemic cardiomyopathy. However,
their diagnostic angiograms showed normal epicardial coronary arteries. These findings
are supported by McCrohon and colleagues, who studied 90 patients with DCM and
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15 control subjects. In their study, 13% of DCM patients with unobstructed coronary
arteries upon angiography presented with subendocardial and transmural LGE patterns
during CMR imaging [9], implying that microvascular ischaemia may be an important
cause of ischaemic LGE patterns. However, in our cohort, we did not assess the presence of
microvascular disease while performing the diagnostic coronary angiograms. Furthermore,
we identified isolated LGE in the right ventricular insertion point in three participants.
Isolated right ventricular insertion point LGE has been reported in several studies and
shown not to convey a worse prognosis [10,11].

In a meta-analysis conducted by Duan et al., evaluating the prognostic value of LGE in
dilated cardiomyopathy, patients presenting with LGE upon CMR imaging had a three-fold
increased risk of all-cause mortality [12]. In another systematic review, the hazard ratio for
all-cause mortality in non-ischaemic cardiomyopathy patients with LGE on imaging was
2.74 (95% CI: 2.0–3.74) p < 0.001 [6]. Moreover, a meta-analysis by Kuruvilla and colleagues
reported a higher risk of all-cause mortality in patients with non-ischaemic cardiomyopathy
with LGE (odd ratio = 3.27; 95% CI: 1.94–5.51; p < 0.00001) [7]. In our study, survival rates
did not differ significantly in participants with and without LGE, probably because of the
relatively small sample size. A few studies on DCM patients with smaller sample sizes have
reported a lack of association between LGE and mortality. Looi et al. studied 103 patients
with DCM and found evidence of LGE in 30% of patients. After a follow-up duration
of 2 years, nine deaths occurred, and there was no statistically significant difference in
all-cause mortality in patients with and without LGE [13]. Moreover, the odds ratio for the
occurrence of major cardiovascular events (MACEs) was 0.77 (95% CI: 0.29–1.97; p > 0.05),
and therefore was not statistically significant. In their study, Looi and colleagues defined
a MACE as the incidence of death, cardiac transplant, ventricular arrhythmias, and heart
failure-related hospitalisation. They attributed their study’s lack of an association between
MACEs and LGE to a lower-risk patient profile. In their study, 75% of DCM patients were
in NYHA class 1 and had a mean LVEF of 32 ± 12% [13]. Another study by Masci and
colleagues reported a relationship between the absence of LGE and left ventricular reverse
remodelling in 58 IDCM patients. Among the patients studied, eight died after two years
of follow-up [14]. A higher rate of death in patients with evidence of LGE on imaging was
not reported in the study by Masci et al.

Semi-quantitative and quantitative parameters generated by commercially available
software for processing CMR images may be of value in improving the diagnosis and
specificity of imaging findings. In our study, we used semi-quantitative indices to quantify
the burden of LGE on images. This may have contributed to the lack of a linear relationship
between the presence of LGE and mortality in our study. Moreover, our patients may
have had diffuse fibrosis, which may be challenging to visualise in the absence of normal
reference myocardium, or small microscopic fibrosis, which may be below the resolution of
our scanner.

N-terminal, pro-brain natriuretic peptide (pro-BNP) levels are useful for the diagnosis
of acute heart failure, the prognostication of patients with ischaemic and non-ischaemic
cardiomyopathy, and for predicting the risk of cardiovascular and all-cause mortality
in the general population [15,16]. In our study, pro-BNP levels were five-times higher
in non-survivors, with a median of 5573 (IQR: 2471–8188) vs. 1106 (IQR: 421–2826),
p = 0.001, suggesting that this biomarker, which is secreted in response to excessive myocyte
stretching, could be a valuable marker for risk stratifying patients with IDCM.

A prolonged duration of the QRS complex, greater than 110 ms, did not independently
predict mortality in our study. Unlike a study by Hombach et al., LGE in patients with
idiopathic DCM who had a QRS duration >110 ms and diabetes mellitus was found to be
significant predictor of cardiac death or sudden cardiac death from ventricular flutter or
fibrillation [17]. Despite removing all participants with right ventricular insertion point
LGE and an LGE pattern suggestive of ischaemic heart disease, none of our study’s clinical
and imaging variables independently predicted mortality.
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Global longitudinal strain (GLS) measurements are a useful prognostic marker, since
abnormalities in strain patterns are often observed, despite preserved left ventricular
function. In a study involving 15 and 33 patients with ischaemic heart disease and non-
ischaemic heart disease, respectively, the median GLS measurements were −15.6 (IQR:
−17.9 to −11.6) and −16.0 (IQR: −19.1 to −12.7) in patients with and without LGE on
imaging, respectively (p = 0.212) [18]. In that study, which Erley and colleagues conducted,
the global circumferential strain (GSC) had a stronger association with LGE than GLS, with
an area under the receiver operating characteristic curve of 0.77–078 vs. 0.67–0.72 [18]. In
our study, there was no correlation between GLS generated using speckle tracking during
echocardiography and the presence of LGE during CMR imaging, probably because of the
limited sample size.

Cardiac tissue characterisation using CMR imaging T1 mapping and the extracellular
volume fraction in DCM patients are two of the most useful techniques for detecting inter-
stitial fibrosis [19,20]. Late gadolinium enhancement is a valuable surrogate for replacement
fibrosis in the heart, whereas T1 mapping and ECV fraction can reliably demonstrate the
presence of interstitial fibrosis, a common finding in patients with DCM [20]. In fibrotic
hearts, both native T1 and ECV on the pre-contrast map are prolonged, and the post-
contrast map shows a shortened T1 time due to the accumulation of gadolinium in the
extracellular space [21,22]. The use of dedicated software for T1 mapping and the ECV
fraction in our DCM cohort may have played a significant role in the risk stratification and
prognostication of our patients [23].

This study had several limitations. This was a single-centre observational study with
a relatively small sample size. Therefore, this study was potentially unsuitable for deter-
mining if certain clinical variables could predict all-cause mortality in our IDCM cohort.
A single radiologist analysed and reported CMR images. Adding a second radiologist
and comparing the CMR imaging findings would have improved the diagnostic yield and
assisted in measuring inter-observer coefficients. The intensity of LGE and the proportion
of the wall thickness affected by LGE were not assessed. The study follow-up period was
relatively short. Furthermore, our study had less female representation, as several females
with DCM detected in the peripartum period were excluded. The CMR extracellular vol-
ume fraction and strain patterns were not analysed as our reporting software did not have
these capabilities.

5. Conclusions

In this study of a carefully phenotyped cohort of Africans with IDCM, midwall en-
hancement was the most common pattern, visualised in 65% of participants. Prospective,
adequately powered, multi-centre studies across sub-Saharan Africa are required to deter-
mine the prognostic significance of LGE on CMR imaging parameters such as LGE, ECV,
and strain patterns in an African IDCM cohort.
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Abstract: Background: Heart failure is a serious complication resulting from left ventricular remodel-
ing (LVR), especially in patients experiencing acute anterior myocardial infarction (AAMI). It is crucial
to explore the predictive parameters for LVR following primary percutaneous coronary intervention
(PPCI) in patients with AAMI. Methods: A total of 128 AAMI patients who were reperfused success-
fully by PPCI were enrolled sequentially from June 2018 to December 2019. Cardiovascular magnetic
resonance (CMR) was performed at the early stage (<7 days) and after the 6-month follow-up. The
patients were divided into LVR and non-LVR groups according to the increase of left ventricular
end diastolic volume (LVEDV) measured by the second cardiac magnetic resonance examination
≥20% from baseline. (3) Results: The left ventricular ejection fraction (LVEF), the global longitudinal
strain (GLS), the peak circumferential strain in infarcted segments, and the infarct size (IS) remained
significantly different in the multivariate logistic regression analysis (all p < 0.05). The area under
the receiver operating characteristic curve of Model 1, wherein the GLS was added to the LVEF, was
0.832 (95% CI 0.758–0.907, p < 0.001). The C-statistics for Model 2, which included the infarct-related
regional parameters (IS and the peak circumferential strain in infarcted segments)was 0.917 (95%
CI 0.870–0.965, p < 0.001). Model 2 was statistically superior to Model 1 in predicting LVR (IDI:
0.190, p = 0.002). (4) Conclusions: Both the global and regional CMR parameters were valuable in
predicting LVR in patients with AAMI following the PPCI. The local parameters of the infarct zones
were superior to those of the global ones.

Keywords: acute myocardial infarction; cardiac magnetic resonance; left ventricular remodeling;
strain

1. Introduction

Acute myocardial infarction (AMI) can lead to irreversible myocardial necrosis. Al-
though the mortality at the acute stage has been notably reduced by primary percutaneous
coronary intervention (PPCI), the instances of long-term adverse events, especially chronic
heart dysfunction, remain high [1]. Necrotic myocardium impairs cardiac contractile
function with a decreased ejection fraction and compensatory cardiac dilatation, which
attributes to refractory heart failure, especially acute anterior myocardial infarction (AAMI).
AAMI is caused by the acute block of the left anterior descending coronary artery (LAD),
which perfuses the anterior septum and anterior wall of the left ventricle (LV). Under
the similar myocardial salvage, the patients with AAMI have a larger infarcted size than
the non-AAMI patients do [2], which more likely leads to adverse left ventricular remod-
eling (LVR). Predicting LVR after AAMI is crucial because LVR is closely related to an
adverse prognosis.
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The previous risk stratification of AMI, such as Global Registry of Acute Coronary
Events (GRACE) and Thrombolysis in Myocardial Infarction (TIMI) scores [3,4], which
are established before a routine PPCI, provide limited indicative power in patients with
AMI that is treated with PPCI. The parameters that are included in the previous risk
stratification cannot precisely quantify the damage of the LV. Cardiovascular Magnetic
Resonance (CMR) has been conclusively demonstrated as an accurate and effective method
for identifying patients who are suffering from AMI with poor clinical outcomes [5,6]. CMR
can provide a comprehensive assessment of the functional and structural damage that
is caused by AMI [7]. Standard parameters such as the left ventricular ejection fraction
(LVEF) and the infarct size based on gadolinium-enhanced sequences in the early stages
of AMI are valuable prognostic factors [8]. While the myocardial strain is another infor-
mative parameter that can reveal cardiac deformation both globally and within the MI
zone [9,10]. Early studies have explored the CMR multiparameter risk score as a prognostic
indicator [11,12]. Moreover, it is still unclear whether adverse LVR is associated with the
loss of viable myocardium in the MI zone or excessive compensation from the non-MI
region. Which factors are more effective in predicting the outcomes in patients with AAMI:
the global parameters or the regional ones? The global parameters consider the integrated
function of the left ventricle, while the regional parameters are focused on the influence of
the infarct zones [13]. Hence, we conducted this study to explore the delineated question.

2. Patients and Methods

2.1. Study Population and Data Collection

This prospective study was performed between June 2018 and December 2019 at the
cardiology center of the Shanghai Sixth People’s Hospital. The enrolled patients were
diagnosed with AAMI and treated with PPCI. The study inclusion criteria were as follows:
(1) AMI which was diagnosed according to the AMI diagnostic criteria [14] (i.e., clinical
symptoms of myocardial ischemia lasting <12 h, ST segment elevation >0.2 mV in ≥2
adjacent precordial leads, and/or an acute myocardial biomarker serum troponin level
>99% of the upper limit of the normal value); (2) PPCI which was performed within 12 h
after the onset of chest pain (the PPCI window was extended to 36 h if the patients had
endured hemodynamic instability, such as in cardiogenic shock); (3) the culprit coronary
artery that caused myocardial infarction was the LAD. Study exclusion criteria were as
follows: (1) non-ST segment elevation myocardial infarction or previous myocardial infarc-
tion; (2) active myocarditis or cardiomyopathy (i.e., dilated cardiomyopathy, hypertrophic
cardiomyopathy, or restrictive cardiomyopathy); (3) valvular disease of moderate or greater
severity; (4) cardiac pacemaker implantation; (5) malignant arrhythmia; (6) chronic obstruc-
tive pulmonary disease, severe anemia, malnutrition, severe kidney dysfunction, and/or an
estimated glomerular filtration rate ≤30 mL/min/1.73 m2; (7) claustrophobia or magnetic
resonance imaging contraindications (such as an allergy to the contrast agent).

The patients underwent CMR examinations during both the early phase following
AAMI (i.e., within 7 days of the onset) and after the six-month follow-up visit. Demographic
data and medical history were collected from the patients in the study. The collected data
included information on laboratory examinations, coronary vascular disease risk factors,
concomitant diseases, and medicines. Ethical approval for this study was obtained from
Shanghai Jiao Tong University which is affiliated to the Shanghai Sixth People’s Hospital
(2017-KY-003 (K)). All of the patients provided written informed consent.

2.2. Definition of LVR

The definition of LVR was an increase in left ventricular end-diastolic volume (LVEDV)
at ≥20% over approximately six months of follow-ups (ΔLVEDV% ≥ 20%) [13].

2.3. CMR Technique

The ECG-gated CMR examinations were performed using a 3-T system (Philips Health-
care, Best, The Netherlands) within seven days of the onset and at the six-month follow-up
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visit. The CMR protocol included a localizer, T2-weighted, cine, first-pass perfusion,
and delay-enhancement sequences. Each long-axis slice was subjected to balanced, steady-
state free precision (bSSFP) cines (with a 60◦ separation around the long axis of the LV
(two, three, and four chambers)). A total of 10–12 continuous slices of short-axis cines were
obtained after the injection of the contrast agent (gadolinium, 0.2 mmol/kg), covering the
entire LV region from the ring of the mitral valve to the apex (parallel slices 8 mm wide
without gap; TE = 1.6 ms, TR = 3.2 ms, flip angle 45, voxel size 2.0 × 1.6 × 8 mm3, field
of view 350 × 350 mm; 30 phases in each cardiac cycle). The gadolinium enhancement
sequences were acquired 10 min after the contrast injection (Magnevist, Bayer Healthcare,
Berlin, Germany).

2.4. CMR Analysis

The LVEF, LV mass (LVM), LV end-diastolic volume (LVEDV), and LV end-systolic
volume (LVESV) were analyzed using standardized protocols. The LVM was derived by
subtracting the papillary muscles at the end diastole [15]. CVI42 (Circle Cardiovascular
Imaging, Calgary, AB, Canada) was used for CMR feature tracking analysis of the bSSFP
cine images. At the end diastole, the borders of the LV endocardium and epicardium
were automatically tracked and manually corrected in the short-axis series with three long-
axis slices. The long-axis cines were used to extract the global longitudinal strain (GLS)
of the LV, whereas the short-axis cines were used to calculate the global circumferential
strain (GCS) and global radial strain (GRS) [16,17]. Using the 16-segment American Heart
Association model, the segments containing positive late gadolinium enhancement (LGE)
were defined as infarct segments. The remote non-infarcted segments were identified
as unenhanced segments which were separated from the infarct segments by a single
unenhanced border segment. The regional peak strains were defined as the average of each
segmental peak value [18] (Figure 1). The quantification of the infarct size (IS) was performed
using LGE images which were obtained from the short axis. The IS was delineated using a
semiautomated computer-aided threshold detection protocol (>5 standard deviations [SDs]
of remote myocardium) and was calculated by dividing the sum of infarct size from all of
the sections by the mass of LV areas (including those without infarct scar) and multiplying
by 100.

Figure 1. According to late gadolinium enhancement, the infarcted segments and remote non-
infarcted segments were defined. Red and green were used to outline the endocardial and epicardial
contours of the left ventricle, respectively. Myocardium was divided into infarcted (I, yellow)
and remote non-infartced segments (R, red) based on the American Heart Association 16-segment
mode after the healthy myocardium was delineated by a blue circle. Remote non-infarcted seg-
ments were defined as unenhanced zone with one unenhanced border segments between them and
infarcted segments.
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2.5. Angiographic Assessments

The angiographic analysis was performed following standard protocols, including
those that have been delineated for TIMI [19]. All of the images were reviewed by a
qualified interventional cardiologist (Prof. PAN).

2.6. Reproducibility Analysis

The data from 10 LVR patients and 10 non-LVR subjects were sampled to evaluate the
inter- and intra-observer variability. The CMR analyses were performed independently
by two cardiologists (Dr. MA and Dr. GAO) who were blinded to each other’s recordings.
The inter-observer variability was tested using the data from different acquisitions. The
observers reanalyzed their own recordings to check for intra-observer variability; these
evaluations were conducted at 2 weeks apart.

2.7. Statistical Analysis

For the continuous variables, the means ± SD or medians and interquartile ranges
(i.e., 25th to 75th percentiles) are reported, and the variable distributions were evaluated
using the Kolmogorov–Smirnov test. Wilcoxon rank-sum tests was used for inter-group
comparisons of the non-normally distributed variables, whereas the t-tests were used for
inter-group comparisons of the normally distributed continuous variables. Fisher’s exact
tests or chi-square tests were used to compare the categorical variables. The results are
displayed as numbers and percentages. Moreover, univariate and multivariate logistic
regression analyses were conducted to identify the prognostic predictors of LVR. A receiver
operating characteristic (ROC) curve analysis was used to identify the parameters that
were best suited for checking the LVR model. The optimal cut-off values were determined
according to the maximum Youden index. The Delong test was used to compare the areas
under the ROC curves (AUCs). We also calculated integrated discrimination improvement
(IDI) by comparing global and regional parameters in order to find the strongest predictors
of LVR following AAMI. The model calibration was assessed using the Hosmer–Lemeshow
goodness-of-fit test, and the inter- and intra-observer reproducibility were determined
using intraclass correlation coefficients. Standard statistical software (i.e., SPSS Statistics
Version 26.0 (IBM Corp. Armonk, NY, USA), R version 4.2.0 (R Foundation for Statistical
Computing, Vienna, Austria), and GraphPad Prism 9 (GraphPad Software, San Diego,
CA, USA)) were used to perform all of the calculations. A two-sided p-value of <0.05 was
considered to be the threshold for statistical significance.

3. Results

3.1. Patient Characteristics

Of the 128 included study participants, five of them were excluded due to them
having a poor CMR image quality, and seven patients did not complete the follow-up.
Consequently, 116 patients with AAMI were included in the final analysis; these patients
were divided into an LVR group (n = 39) and a non-LVR group (n = 77). The average age
was 58.22 ± 12.30 years, and 86.20% of the included patients were male. The patients in the
LVR group had a higher serum level of peak hypersensitive cardiac troponin I (hs-cTnI).
There were no statistically significant differences in the sex, age, heart rate, body mass index,
pain to balloon time, coronary heart disease risk factors, Killip classification at the point
of admission, peak pro-brain natriuretic peptide (pro-BNP) levels, TIMI flow pre-PPCI,
TIMI flow after PPCI, and medication use between the study groups (all p > 0.05). The
demographic and clinical characteristics of the included patients with AAMI are shown in
Table 1.
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Table 1. Demographic and clinical characteristics of the included patients with AAMI.

All
(n = 116)

Non-LVR
(n = 77)

LVR
(n = 39)

p-Value

Age, year 58.22 ± 12.30 56.96 ± 12.95 60.72 ± 10.62 0.121
Male, n (%) 100 (86.20) 67 (87.00) 33(84.60) 0.724
BMI, kg/m2 23.52 ± 4.24 23.07 ± 4.87 24.40 ± 2.44 0.110
Heat rate, bpm 72.75 ± 8.57 72.26 ± 8.25 73.72 ± 9.20 0.389
Pain to balloon time, h 11.12 (7.13,15.20) 10.67 (7.51,14.56) 12.02 (5.75,16.20) 0.916
CHD risk factors, n (%)

Smoking 65 (56.00) 43 (54.80) 22 (56.40) 0.954
Hypertension 59 (50.90) 39 (50.60) 20 (51.30) 0.949
Hyperlipidemia 44 (37.9) 29 (37.70) 15 (38.50) 0.933
Diabetes 53 (45.70) 34 (44.20) 19 (48.70) 0.641

Killip classification on admission,
n (%) 0.122

1 95 (81.90) 67 (87.00) 28 (71.80)
2 16 (13.80) 8 (10.40) 8 (20.50)
3–4 5 (4.30) 2 (2.60) 3 (7.70)

Peak hs-cTnI, ug/L 48.15 ± 28.08 38.40 ± 26.30 67.40 ± 20.74 <0.001
Peak pro-BNP, ng/L 799.30 (476.00,1796.50) 724.30 (427.35,1628.00) 1066.00 (561.10,2400.50) 0.168
TIMI flow pre-PPCI, n (%) 0.943

0 71 (61.20) 46 (59.70) 25 (64.10)
1–2 28 (24.20) 19 (24.70) 9 (23.10)
3 17 (14.70) 12 (15.60) 5 (12.80)

TIMI flow post-PPCI, n (%) 0.123
0–2 11 (9.50) 5 (6.50) 6 (15.40)
3 105 (90.5) 72 (93.50) 33 (84.60)

Medication, n (%)
Statin 101 (87.10) 66 (85.70) 35 (89.70) 0.541
β-blocker 110 (94.80) 73 (94.80) 37 (94.90) 0.988
ACEI/ARB 54 (46.60) 35 (45.50) 19 (48.70) 0.739
Diuretic 54 (46.60) 34 (44.20) 20 (51.30) 0.467
ARNI 31 (26.70) 18 (23.40) 13 (33.30) 0.252
Nitrates 36 (31.00) 24 (31.20) 12 (30.80) 0.965

AAMI, acute anterior myocardial infarction; LVR, left ventricular remodeling; BMI, body mass index; CHD, coro-
nary heart disease; hs-cTnI, hypersensitive serum cardiac troponin I; pro-BNP, pro-brain natriuretic peptide; TIMI,
thrombolysis in myocardial infarction; PPCI, primary percutaneous coronary intervention; ACEI, angiotensin con-
verting enzyme inhibitor; ARB, angiotensin II receptor blocker; ARNI, angiotensin receptor-neprilysin inhibitor;
p-values of factors with bold values are less than 0.05.

3.2. CMR Parameter Analysis

In this study, the initial CMR examinations were performed at 3 days (interquartile
range, IQR: 2–5 days) after the AAMI onset, and the follow-up CMR tests were conducted
at an average of 10 months (IQR: 8–12 months) after the AAMI onset. Compared with
the non-LVR group, the patients who developed LVR presented with a lower LVEF and a
more extensive IS. The GLS and the GCS of LV were statistically significantly decreased
in the LVR group, while there was no difference in LVEDV, LVESV, and GRS. Using a
segment strain analysis, the peak radial strain in infarcted segments (RSinfarct) and the
peak circumferential strain in infarcted segments (CSinfarct) were statistically significantly
lower in the LVR group (p < 0.001). There were no differences in the peak circumferential
strain in remote non-infarcted segments (CSremote) or the peak radial strain in remote non-
infarcted segments (RSremote) between the study groups. The CMR characteristics are listed
in Table 2.
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Table 2. Intergroup comparison of CMR indexes in patients with AAMI.

All
(n = 116)

Non-LVR
(n = 77)

LVR
(n = 39)

p-Value

LVEDV, mL 155.46 ± 32.95 156.15 ± 36.17 154.12 ± 25.79 0.756
LVESV, mL 83.84 ± 21.36 81.15 ± 22.22 89.15 ± 18.69 0.056
LVEF, % 46.32 ± 6.35 48.34 ± 5.87 42.31 ± 5.32 <0.001
GLS, % −10.15 ± 3.13 −11.26 ± 2.58 −7.96 ± 2.98 <0.001
GCS, % −14.09 ± 3.58 −15.10 ± 3.28 −12.08 ± 3.35 <0.001
GRS, % 20.36 ± 5.42 21.03 ± 5.80 19.05 ± 4.38 0.063
Peak CSinfarct,% −7.34 ± 3.88 −8.98 ± 3.42 −4.09 ± 2.43 <0.001
Peak CSremote,% −17.10 ± 3.39 −17.00 ± 3.20 −17.32 ± 3.78 0.634
Peak RSinfarct,% 11.61 ± 6.52 14.17 ± 6.14 6.57 ± 3.73 <0.001
Peak RSremote,% 27.60 ± 7.01 27.78 ± 6.67 27.26 ± 7.73 0.710
IS, %LVMM 20.24 ± 8.91 17.30 ± 8.75 26.05 ± 5.91 <0.001

CMR, cardiovascular magnetic resonance; AAMI, acute anterior myocardial infarction; LVR, left ventricular
remodeling; LVEDV, left ventricular end-diastolic volume; LVESV, left ventricular end-systolic volume; LVEF,
left ventricular ejection fraction; GLS, global longitudinal strain; GCS, global circumferential strain; GRS, global
radial strain; CSinfarct, circumferential strain in infarcted segments; CSremote, circumferential strain in remote non-
infarcted segments; RSinfarct, radial strain in infarcted segments; RSremote, radial strain in remote non-infarcted
segments; IS, infarct size; LVMM, left ventricular myocardial mass. Significant p-values (p < 0.05) marked in bold.

3.3. Cardiovascular Outcomes

The results of univariate and multivariate logistic regression analyses (i.e., in regard to
the predictors of LVR) are presented in Table 3. In the univariate analysis, the predictors
associated with LVR occurrence were as follows: peak hs-cTnI, LVEF, GLS, GCS, peak
CSinfarct, peak RSinfarct, and IS (all p < 0.001). The peak CSinfarct was highly correlated
with the GCS and peak RSinfarct, (r = 0.72, p = 0.006; r = 0.805, p < 0.001). Therefore, the
multivariable models included the following parameters: LVEF, GLS, peak CSinfarct, and IS.
After testing, these four parameters (LVEF, GLS, CSinfarct, and IS) independently predicted
the occurrence of LVR in patients with AAMI (p < 0.05).

Table 3. Logistic regression analysis of predictors for LVR.

Parameters
Univariate Analysis Multivariate Analysis

OR (95%CI) p-Value OR (95%CI) p-Value

Sex, n (%)
Male Reference
Female 1.218 (0.386, 3.575) 0.724

Age, year 1.026 (0.994, 1.062) 0.122
BMI, kg/m2 1.103 (0.989, 1.260) 0.116
HR, bpm 1.020 (0.975, 1.069) 0.386
Pain to balloon time, h 1.006 (0.949, 1.065) 0.839
CHD risk factors, n (%)

Hypertension 1.026 (0.474,2.226) 0.949
Hyperlipidemia 1.034 (0.463,2.277) 0.933
Smoker 1.023 (0.471,2.242) 0.954
Diabetes 1.201 (0.553,2.610) 0.641

Killip classification on admission, n (%)
1 Reference
2 2.393 (0.806, 7.132) 0.112
3–4 3.569 (0.566, 28.381) 0.174

TIMI flow post-PPCI
0–2 2.618 (0.739,9.678) 0.133
3 Reference

Peak pro-BNP, ng/L 1.000 (0.999,1.000) 0.523
Peak hs-cTnI, ug/L 1.045 (1.027,1.067) <0.001
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Table 3. Cont.

Parameters
Univariate Analysis Multivariate Analysis

OR (95%CI) p-Value OR (95%CI) p-Value

CMR parameters
LVEF, mL 0.839 (0.771,0.903) <0.001 0.882 (0.777, 0.990) 0.038
GLS, % 1.634 (1.354,2.043) <0.001 1.347 (1.031,1.818) 0.039
GCS, % 1.339 (1.168,1.572) <0.001
GRS, % 0.931 (0.861,1.003) 0.062
Peak CSinfarct, % 1.873 (1.499,2.419) <0.001 1.726 (1.365, 2.354) <0.001
Peak CSremote, % 0.972 (0.865,1.090) 0.631
Peak RSinfarct, % 0.694 (0.582,0.794) <0.001
Peak RSremote, % 0.989 (0.935,1.046) 0.707
IS, %LVMM 1.156 (1.090,1.241) <0.001 1.098 (1.016,1.202) 0.027

LVR, left ventricular remodeling; BMI, body mass index; HR, heart rate; CHD, coronary heart disease; TIMI,
thrombolysis In myocardial infarction; PPCI, primary percutaneous coronary intervention; pro-BNP, pro-brain
natriuretic peptide; hs-cTnI, hypersensitive serum cardiac troponin I; CMR, cardiovascular magnetic resonance;
LVEF, left ventricular ejection fraction; GLS, global longitudinal strain; GCS, global circumferential strain; GRS,
global radial strain; CSinfarct, circumferential strain in infarcted segments; CSremote, circumferential strain in remote
non-infarcted segments; RSinfarct, radial strain in infarcted segments; RSremote, radial strain in remote non-infarcted
segments; IS, infarct size; LVMM, left ventricular myocardial mass. Significant p-values (p < 0.05) marked in bold.

3.4. ROC Curve Analysis of the Risk Score Model

To predict LVR in the early stages of AAMI, four independent influencing factors of
CMR were allocated between the models in order to construct two predictive models. Model
1, which included LVEF and GLS, evaluated the global change in functionality following
AAMI, while Model 2, consisting of peak CSinfarct and IS, emphasized the impairment of
the infarct segments. In Model 1, the GLS predicted LVR with an AUC of 0.812 (95% CI
0.731–0.893). The addition of the GLS to the LVEF resulted in a better prognostic value and
an improved risk evaluation, with an increase in the AUC from the sole LVEF evaluation
(AUC, 0.789, 95% CI 0.708–0.870) to the LVEF + GLS (AUC, 0.832, 95% CI 0.758–0.907)
(Figure 2a). In Model 2, the AUC for the peak CSinfarct and IS in regard to LVR in the patients
with AAMI were 0.861 (95% CI 0.793–0.930) and 0.778 (95% CI 0.696–0.860), respectively.
After combining the two parameters (CSinfarct+IS), the AUC increased to 0.917 (95% CI
0.870–0.965) (Figure 2b). Each model passed the Hosmer–Lemeshow goodness-of-fit test
(all p > 0.05).

  
(a) (b) 

Figure 2. The area under ROC curves of the global parameters and regional parameters as a marker
to predict LVR. (a) The AUCs of the LVEF, GLS, GLS + LVEF for predicting the occurrence of were
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0.789 (95% CI 0.708–0.870), 0.812 (95% CI 0.731–0.893), and 0.832 (95% CI 0.758–0.907), respectively,
all p < 0.001. (b) The AUCs of CSinfarct, IS, IS+CSinfarct for predicting the occurrence of were 0.861 (95%
CI 0.793–0.930), 0.778 (95% CI 0.696–0.860), and 0.917 (95% CI 0.870–0.965), respectively, all p < 0.001.
ROC, receiver operating characteristic; LVR, left ventricular remodeling; AUCs, the area under ROC
curves; LVEF, left ventricular ejection fraction; GLS, global longitudinal strain; CSinfarct, circumferen-
tial strain in infarcted segments; IS, infarct size.

3.5. Incremental Effects of Global and Regional Parameters

Figure 3 suggests that when it was compared with Model 1 (LVEF + GLS), Model 2
(CSinfarct+IS) showed a better prognostic value for LVR based on the Delong test (p < 0.05).
Moreover, Model 2 demonstrated statistically improved discrimination and reclassification,
with an IDI of 0.190 (p = 0.002).

 
Figure 3. Discriminative prognostic power of GLS + LVEF and peak CSinfarct+IS. Area under ROC
curves of GLS + LVEF in comparison to peak CSinfarct+IS for the prediction of LVR. Peak CSinfarct+IS
revealed a significantly higher AUC than GLS + LVEF did (0.917, 95% CI: 0.870–0.965 p < 0.001 vs.
0.832, 95% CI 0.758–0.907, p < 0.001. AUC difference: 0.085, p < 0.05). GLS, global longitudinal
strain; LVEF, left ventricular ejection fraction; CSinfarct, circumferential strain in infarcted segments;
IS, infarct size; ROC, receiver operating characteristic; LVR, left ventricular remodeling; AUC, the
area under ROC curve.

3.6. Reproducibility

We found good intra- and inter-observer variabilities for the evaluated CMR mea-
surements. Supplement Table S1 and Supplement Figure S1 show the relevant detailed
Bland–Altman graphics and the correlation coefficient data.

4. Discussion

This study focused on the prediction of adverse LVR with CMR parameters. LVR is
a major cause of heart failure following AMI. Strain imaging can detect early or subtle
changes in LV function and can effectively predict the AMI prognosis. This study revealed
that the analysis of both the regional and global parameters in regard to myocardial strain
is valuable for predicting LVR in patients with AAMI who are undergoing PPCI. By
investigating two predictive models further, which were composed of the CMR parameters,
we found that Model 2, which combined peak CSinfarct and IS, manifested more predictive
power than Model 1 did, which included a combination of global parameters, including
LVEF and GLS. The parameters of the MI zone were more efficient and specific for LVR
prediction following AAMI in the present study.

To evaluate LVR following AMI, we investigated AAMI that was caused by LAD occlu-
sion in order to avoid confusing different myocardial injuries that are perfused by different
coronary arteries. LVR resulting from AAMI impairs the heart function more severely than
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the remodeling of non-AAMI, and even the level of myocardial necrosis biomarkers serum
troponin I are the same [2]. All of the patients in this study underwent PPCI treatment.
Revascularization over time can save more myocardium which is helpful to reserve the
heart contraction, on the other hand, oxygen free radicals releasing from successful reperfu-
sion may aggravate myocardial edema or injury. Many factors, such as the severity of the
local ischemia, local deformation, local hormone, stress, and autophagy, affect the myocyte
salvage and collagen synthesis. Following AMI, the contraction becomes imbalanced and
unsynchronized [20]. LVEF is reduced because the loss of vital myocyte is replaced with
the abnormal distribution of collagen, meanwhile the reserved myocardium compensates
the need for circulation by accelerating the segmental motion in non-infarcted segments,
which also changes the mechanical properties of remote non-infarcted myocardium. This
progressively contributes to negative remodeling [20,21]. LVR following AMI represents
a compensatory balance between the infarcted and non-infarcted regions, and the global
parameters may efficiently integrate the changes in the infarcted and non-infarcted regions.
LVEF is a well-known factor contributing to systolic function. Additionally, it has been
associated with a poor prognosis in patients with AMI [22]. However, LVEF had a limited
value in predicting the patient mortality when it was above 45% [23]. Several studies
have verified that the GLS is an important indicator of the prognosis of AMI [10,24]. More
importantly, this study revealed that the addition of GLS to LVEF in a prediction model
improved its predictive power in regard to LVR following AAMI. It seems that GLS detects
more potential damage as well as subclinical damage in regard to LV function when it is
compared with LVEF, which has been reported by Altiok and Ben Driss [25,26].

This study assessed both the global and segmental strain using the feature tracking
module of CVI42, and we have identified GLS as a more accurate indicator of LVR than
LVEF is. However, the factors describing the circumferential motion of the infarct zones
seemed to predict LVR more effectively than GLS did in the present study. GCS is well
recognized as a determinant of AMI prognosis based on the findings of two other studies.
More specifically, Mangion’s team found that the circumferential strain was an indepen-
dent prognostic factor in patients with ST-segment elevation myocardial infarction [27],
and Buss et al. revealed that GCS could predict LVEF alterations at six months following
AMI [28]. There are three layers of myocardium in the left ventricle: the oblique inner
and outer layers and the circular middle layer. The circumferential myofibers are less
predisposed to ischemia and a subsequent infarction owing to its anatomic location. The
inner layer of the myocardium moves longitudinally during systole, whereas the middle
and outer layers move circumferentially. Therefore, the middle and outer layers have a
greater influence on the LV circumferential motion, which may help to maintain the shape
and size of the LV, and it may serve as a functional biomarker of myocardial salvage and the
propensity to reserve the LV pump function in the long term [27]. Circumferential motion
can cause LVR due to the degree of damage. We found that peak CSinfarct and IS could
predict LVR better than LVEF and GLS could (IDI, 0.190 (0.0712–0.3089) p = 0.002). The
evidence demonstrated that the myocardial biomechanical changes that follow MI were
initially limited to the MI region, but they gradually extended to the neighboring border
zones and the remote myocardium over the 28 days post-MI [29]. This might account
for why the regional parameters are more sensitive than the global one in predicting the
LVR in patients with AAMI. In addition, we found that the peak CSinfarct+ LVEF showed a
similar predictive power as the peak CSinfarct+IS did (Supplement Figure S2); the former
combination will be available for patients with impaired renal function who undergo an
abbreviated CMR protocol without contrast.

It is vital to explore the predictors of LVR in regard to the clinical adverse outcomes
in patients with AMI. This information would be extremely helpful for patients in the
high-risk group, who could receive further novel therapies in addition to routine post-AMI
medications, as well as more aggressive up-titration of prognostic medicines (e.g., beta
blockers, ACEI, and mineralocorticoid receptor antagonists) and more in-depth follow-
ups in order to identify an adverse LVR. For example, this information could aid the
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prescription of primary prevention implantable cardioverter-defibrillators which aim to
reduce the major clinical events that are associated with AMI.

5. Limitations

We acknowledge several limitations of the present research. Firstly, this was a single-
center study, and therefore, the generalizability of our findings is unclear. Moreover, only
128 patients were diagnosed with AAMI and treated with PPCI. Hence, the enrolled sample
size was small, which might have affected the accuracy of the cutoff values that were
obtained in the multivariate analysis. The sample size should be expanded to obtain more
reliable clinical conclusions, and the follow-up time should be extended. New parameter
such as the sphericity index of LV will be explored in future studies.

6. Conclusions

The current study demonstrated that both the global (GLS, LVEF) and regional param-
eters (peak CSinfarct, IS) were strong independent predictors of LVR in patients with AAMI.
Moreover, the peak CSinfarct and IS might play a stronger role in predicting LVR in patients
with AAMI than the global parameters do.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/diagnostics12112780/s1, Table S1: Intraclass correlation coefficient
of CMR strain analysis; Figure S1: Bland–Altman analysis of LV strain indexes; Figure S2: Receiver
operating characteristic analysis for predication of LVR after PPCI.

Author Contributions: Conceptualization, W.M. and J.P.; methodology, Y.G.; formal analysis, C.G.
and W.M.; investigation, X.L. and S.K.; writing—review and editing, Y.L. and W.M.; supervision,
J.P. All authors approved the final manuscript. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was supported by the Shanghai Medical Innovation Research Special Project
of Science and Technology Innovation Action Plan in 2021 (grant number: 21Y11909400) funded by
Shanghai Science and Technology Committee and Hospital-level exploratory clinical research projects
in 2021 (grant number: ynts202107) funded by Shanghai Sixth People’s Hospital.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author on reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Szummer, K.; Wallentin, L.; Lindhagen, L.; Alfredsson, J.; Erlinge, D.; Held, C.; James, S.; Kellerth, T.; Lindahl, B.; Ravn-
Fischer, A.; et al. Improved outcomes in patients with ST-elevation myocardial infarction during the last 20 years are related to
implementation of evidence-based treatments: Experiences from the SWEDEHEART registry 1995–2014. Eur. Heart J. 2017, 38,
3056–3065. [CrossRef]

2. Masci, P.G.; Ganame, J.; Francone, M.; Desmet, W.; Lorenzoni, V.; Iacucci, I.; Barison, A.; Carbone, I.; Lombardi, M.; Agati, L.; et al.
Relationship between location and size of myocardial infarction and their reciprocal influences on post-infarction left ventricular
remodelling. Eur. Heart J. 2011, 32, 1640–1648. [CrossRef]

3. Granger, C.B.; Goldberg, R.J.; Dabbous, O.; Pieper, K.S.; Eagle, K.A.; Cannon, C.P.; Van de Werf, F.; Avezum, A.; Goodman, S.G.;
Flather, M.D.; et al. Predictors of Hospital Mortality in the Global Registry of Acute Coronary Events. Arch. Intern. Med. 2003, 163,
2345–2353. [CrossRef]

4. Morrow, D.A.; Antman, E.M.; Charlesworth, A.; Cairns, R.; Murphy, S.A.; de Lemos, J.A.; Giugliano, R.P.; McCabe, C.H.;
Braunwald, E. TIMI Risk Score for ST-Elevation Myocardial Infarction: A Convenient, Bedside, Clinical Score for Risk Assessment
at Presentation. Circulation 2000, 102, 2031–2037. [CrossRef]

5. Pontone, G.; Guaricci, A.I.; Andreini, D.; Ferro, G.; Guglielmo, M.; Baggiano, A.; Fusini, L.; Muscogiuri, G.; Lorenzoni, V.;
Mushtaq, S.; et al. Prognostic Stratification of Patients With ST-Segment–Elevation Myocardial Infarction (PROSPECT). Circ.
Cardiovasc. Imaging 2017, 10, e006428. [CrossRef]

61



Diagnostics 2022, 12, 2780

6. Ibanez, B.; Aletras, A.H.; Arai, A.E.; Arheden, H.; Bax, J.; Berry, C.; Bucciarelli-Ducci, C.; Croisille, P.; Dall’Armellina, E.;
Dharmakumar, R.; et al. Cardiac MRI Endpoints in Myocardial Infarction Experimental and Clinical Trials: JACC Scientific Expert
Panel. J. Am. Coll. Cardiol. 2019, 74, 238–256. [CrossRef]

7. Reindl, M.; Eitel, I.; Reinstadler, S.J. Role of Cardiac Magnetic Resonance to Improve Risk Prediction following Acute ST-elevation
Myocardial Infarction. J. Clin. Med. 2020, 9, 1041. [CrossRef]

8. Solomon, S.D.; Skali, H.; Anavekar, N.S.; Bourgoun, M.; Barvik, S.; Ghali, J.K.; Warnica, J.W.; Khrakovskaya, M.; Arnold, J.M.O.;
Schwartz, Y.; et al. Changes in Ventricular Size and Function in Patients Treated With Valsartan, Captopril, or Both After
Myocardial Infarction. Circulation 2005, 111, 3411–3419. [CrossRef]

9. Ibanez, B.; James, S.; Agewall, S.; Antunes, M.J.; Bucciarelli-Ducci, C.; Bueno, H.; Caforio, A.L.P.; Crea, F.; Goudevenos, J.A.;
Halvorsen, S.; et al. 2017 ESC Guidelines for the management of acute myocardial infarction in patients presenting with
ST-segment elevation. Eur. Heart J. 2018, 39, 119–177. [CrossRef]

10. Holzknecht, M.; Reindl, M.; Tiller, C.; Reinstadler, S.J.; Lechner, I.; Pamminger, M.; Schwaiger, J.P.; Klug, G.; Bauer, A.; Metzler, B.; et al.
Global longitudinal strain improves risk assessment after ST-segment elevation myocardial infarction: A comparative prognostic
evaluation of left ventricular functional parameters. Clin. Res. Cardiol. 2021, 110, 1599–1611. [CrossRef]

11. Bulluck, H.; Carberry, J.; Carrick, D.; McCartney, P.J.; Maznyczka, A.M.; Greenwood, J.P.; Maredia, N.; Chowdhary, S.;
Gershlick, A.H.; Appleby, C.; et al. A Noncontrast CMR Risk Score for Long-Term Risk Stratification in Reperfused ST-Segment
Elevation Myocardial Infarction. JACC Cardiovasc. Imaging 2022, 15, 431–440. [CrossRef]

12. Stiermaier, T.; Jobs, A.; de Waha, S.; Fuernau, G.; Pöss, J.; Desch, S.; Thiele, H.; Eitel, I. Optimized Prognosis Assessment in
ST-Segment–Elevation Myocardial Infarction Using a Cardiac Magnetic Resonance Imaging Risk Score. Circ. Cardiovasc. Imaging
2017, 10, e006774. [CrossRef]

13. Legallois, D.; Hodzic, A.; Alexandre, J.; Dolladille, C.; Saloux, E.; Manrique, A.; Roule, V.; Labombarda, F.; Milliez, P.; Beygui, F.
Definition of left ventricular remodelling following ST-elevation myocardial infarction: A systematic review of cardiac magnetic
resonance studies in the past decade. Heart Fail. Rev. 2022, 27, 37–48. [CrossRef]

14. Thygesen, K.; Alpert, J.S.; Jaffe, A.S.; Simoons, M.L.; Chaitman, B.R.; White, H.D.; Thygesen, K.; Alpert, J.S.; White, H.D.;
Jaffe, A.S.; et al. Third universal definition of myocardial infarction. Eur. Heart J. 2012, 33, 2551–2567. [CrossRef]

15. Gao, C.; Tao, Y.; Pan, J.; Shen, C.; Zhang, J.; Xia, Z.; Wan, Q.; Wu, H.; Gao, Y.; Shen, H.; et al. Evaluation of elevated left ventricular
end diastolic pressure in patients with preserved ejection fraction using cardiac magnetic resonance. Eur. Radiol. 2019, 29,
2360–2368. [CrossRef]

16. Bondarenko, O.; Beek, A.M.; Hofman, M.B.M.; Kühl, H.P.; Twisk, J.W.R.; Van Dockum, W.G.; Visser, C.A.; Van Rossum, A.C.
Standardizing the Definition of Hyperenhancement in the Quantitative Assessment of Infarct Size and Myocardial Viability Using
Delayed Contrast-Enhanced CMR. J. Cardiovasc. Magn. Reson. 2005, 7, 481–485. [CrossRef]

17. Gao, C.; Gao, Y.; Hang, J.; Wei, M.; Li, J.; Wan, Q.; Tao, Y.; Wu, H.; Xia, Z.; Shen, C.; et al. Strain parameters for predicting the
prognosis of non-ischemic dilated cardiomyopathy using cardiovascular magnetic resonance tissue feature tracking. J. Cardiovasc.
Magn. Reson. 2021, 23, 21. [CrossRef]

18. Lange, T.; Stiermaier, T.; Backhaus, S.J.; Boom, P.C.; Kowallick, J.T.; de Waha-Thiele, S.; Lotz, J.; Kutty, S.; Bigalke, B.;
Gutberlet, M.; et al. Functional and prognostic implications of cardiac magnetic resonance feature tracking-derived remote
myocardial strain analyses in patients following acute myocardial infarction. Clin. Res. Cardiol. 2021, 110, 270–280. [CrossRef]

19. Sheehan, F.H.; Braunwald, E.; Canner, P.; Dodge, H.T.; Gore, J.; Van Natta, P.; Passamani, E.R.; Williams, D.O.; Zaret, B. The effect
of intravenous thrombolytic therapy on left ventricular function: A report on tissue-type plasminogen activator and streptokinase
from the Thrombolysis in Myocardial Infarction (TIMI Phase I) trial. Circulation 1987, 75, 817–829. [CrossRef]

20. Prabhu, S.D.; Frangogiannis, N.G. The Biological Basis for Cardiac Repair After Myocardial Infarction. Circ. Res. 2016, 119, 91–112.
[CrossRef]

21. Liehn, E.A.; Postea, O.; Curaj, A.; Marx, N. Repair after Myocardial Infarction, between Fantasy and Reality: The Role of
Chemokines. J. Am. Coll. Cardiol. 2011, 58, 2357–2362. [CrossRef]

22. The Multicenter Postinfarction Research Group Risk Stratification and Survival after Myocardial Infarction. N. Engl. J. Med. 1983,
309, 331–336. [CrossRef]

23. Curtis, J.P.; Sokol, S.I.; Wang, Y.; Rathore, S.S.; Ko, D.T.; Jadbabaie, F.; Portnay, E.L.; Marshalko, S.J.; Radford, M.J.; Krumholz, H.M.
The association of left ventricular ejection fraction, mortality, and cause of death in stable outpatients with heart failure. J. Am.
Coll. Cardiol. 2003, 42, 736–742. [CrossRef]

24. Reindl, M.; Tiller, C.; Holzknecht, M.; Lechner, I.; Eisner, D.; Riepl, L.; Pamminger, M.; Henninger, B.; Mayr, A.; Schwaiger, J.P.; et al.
Global longitudinal strain by feature tracking for optimized prediction of adverse remodeling after ST-elevation myocardial
infarction. Clin. Res. Cardiol. 2021, 110, 61–71. [CrossRef]

25. Altiok, E.; Tiemann, S.; Becker, M.; Koos, R.; Zwicker, C.; Schroeder, J.; Kraemer, N.; Schoth, F.; Adam, D.; Friedman, Z.; et al. My-
ocardial Deformation Imaging by Two-Dimensional Speckle-Tracking Echocardiography for Prediction of Global and Segmental
Functional Changes after Acute Myocardial Infarction: A Comparison with Late Gadolinium Enhancement Cardiac Magnetic
Resonance. J. Am. Soc. Echocardiogr. 2014, 27, 249–257. [CrossRef]

26. Ben Driss, A.; Lepage, C.B.D.; Sfaxi, A.; Hakim, M.; Elhadad, S.; Tabet, J.Y.; Salhi, A.; Carreira, V.B.; Hattab, M.; Meurin, P.; et al.
Strain predicts left ventricular functional recovery after acute myocardial infarction with systolic dysfunction. Int. J. Cardiol. 2020,
307, 1–7. [CrossRef]

62



Diagnostics 2022, 12, 2780

27. Mangion, K.; Carrick, D.; Carberry, J.; Mahrous, A.; McComb, C.; Oldroyd, K.G.; Eteiba, H.; Lindsay, M.; McEntegart, M.;
Hood, S.; et al. Circumferential Strain Predicts Major Adverse Cardiovascular Events Following an Acute ST-Segment–Elevation
Myocardial Infarction. Radiology 2019, 290, 329–337. [CrossRef]

28. Buss, S.J.; Krautz, B.; Hofmann, N.; Sander, Y.; Rust, L.; Giusca, S.; Galuschky, C.; Seitz, S.; Giannitsis, E.; Pleger, S.; et al. Prediction
of functional recovery by cardiac magnetic resonance feature tracking imaging in first time ST-elevation myocardial infarction.
Comparison to infarct size and transmurality by late gadolinium enhancement. Int. J. Cardiol. 2015, 183, 162–170. [CrossRef]

29. Torres, W.M.; Jacobs, J.; Doviak, H.; Barlow, S.C.; Zile, M.; Shazly, T.; Spinale, F.G. Regional and temporal changes in left
ventricular strain and stiffness in a porcine model of myocardial infarction. Am. J. Physiol. Circ. Physiol. 2018, 315, H958–H967.
[CrossRef]

63



Citation: Huang, W.; Sun, R.; Liu, W.;

Xu, R.; Zhou, Z.; Bai, W.; Hou, R.;

Xu, H.; Guo, Y.; Yu, L.; et al.

Prognostic Value of Late Gadolinium

Enhancement in Left Ventricular

Noncompaction: A Multicenter

Study. Diagnostics 2022, 12, 2457.

https://doi.org/10.3390/

diagnostics12102457

Academic Editors: Minjie Lu and

Arlene Sirajuddin

Received: 31 July 2022

Accepted: 27 September 2022

Published: 11 October 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

diagnostics

Article

Prognostic Value of Late Gadolinium Enhancement in Left
Ventricular Noncompaction: A Multicenter Study

Wei Huang 1,†, Ran Sun 1,†, Wenbin Liu 2, Rong Xu 1, Ziqi Zhou 1, Wei Bai 1, Ruilai Hou 1, Huayan Xu 1,

Yingkun Guo 1, Li Yu 3,*,† and Lu Ye 4,*,†

1 Department of Radiology, Key Laboratory of Birth Defects and Related Diseases of Women and Children of
Ministry of Education, West China Second University Hospital, Sichuan University, Chengdu 610017, China

2 Department of Radiology, Hospital of Chengdu University of Traditional Chinese Medicine,
Chengdu 610075, China

3 Department of Pediatric Cardiology, West China Second University Hospital, Sichuan University,
Chengdu 610017, China

4 Department of Ultrasound, West China Second University Hospital, Sichuan University,
Chengdu 610017, China

* Correspondence: yulischuaxi@scu.edu.cn (L.Y.); yelu2001@scu.edu.cn (L.Y.)
† These authors contributed equally to this work.

Abstract: Current diagnostic criteria for left ventricular noncompaction (LVNC) may be poorly
related to adverse prognosis. Late gadolinium enhancement (LGE) is a predictor of major adverse
cardiovascular events (MACE), but risk stratification of LGE in patients with LVNC remains unclear.
We retrospectively analyzed the clinical and cardiovascular magnetic resonance (CMR) data of 75
patients from three institutes and examined the correlation between different LGE types and MACE
based on the extent, pattern (including a specific ring-like pattern), and locations of LGE in LVNC. A
total of 51 patients (68%) presented LGE. A specific ring-like pattern was observed in 9 (12%). MACE
occurred in 29 (38.7%) at 4.3 years of follow-up (interquartile range: 2.1–5.7 years). The adjusted
hazard ratio (HR) for patients with ring-like LGE were 6.10 (95% CI, 1.39–26.75, p < 0.05). Free-wall
or mid-wall LGE was associated with an increased risk of MACE after adjustment (HR 2.85, 95% CI,
1.31–6.21; HR 4.35, 95% CI, 1.23–15.37, respectively, p < 0.05). The risk of MACE in LVNC significantly
increased when the LGE extent was greater than 7.5% and ring-like, multiple segments, and free-wall
LGE were associated with MACE. These results suggest the value of LGE risk stratification in patients
with LVNC.

Keywords: cardiovascular magnetic resonance; left ventricular noncompaction; hypertrabeculation;
diagnostic criteria; risk stratification; late gadolinium enhancement

1. Introduction

Left ventricular noncompaction (LVNC), an uncommon cardiomyopathy character-
ized by a thickened endocardial layer with prominent trabeculae and a thinned, compacted
epicardial layer [1], can occur as an isolated anomaly or associated with left ventricular
dilation or hypertrophy, or various forms of congenital heart disease [2–4], and may lead
to serious outcomes such as heart failure, thromboembolism, implantable cardioverter-
defibrillator (ICD) therapy, heart transplantation, or sudden cardiac death [5,6]. Although
several definitions have been proposed, currently diagnosis is mainly based on morpho-
logic findings, and have the risk of overdiagnosis [1,7–9]. Several studies show a poor
correlation between diagnostic criteria and adverse clinical events [10–12]. Furthermore,
risk stratification in LVNC is particularly challenging and not available. A recent JACC
paper proposes a risk prediction model of LVNC, in which late gadolinium enhancement
(LGE) being one of the main prognostic factors [13,14]. LGE has negative prognostic impli-
cations in heart diseases, including hypertrophic cardiomyopathy, dilated cardiomyopathy,
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and LVNC [12,15–20]; however, previous studies have focused primarily on the presence
of LGE but do not provide a detailed risk stratification analysis. The relationship between
dose-response, LGE location and pattern, and specific clinical outcomes are poorly un-
derstood [14]. Therefore, we conducted a multicenter study to evaluate the association
between the extent, location, or pattern of LGE and the impact on prognosis in patients
with LVNC and hypertrabeculation patients. It is of great significance for clinicians and
radiologists to judge the risk stratification of LVNC and hypertrabeculation patients intu-
itively and concisely. The guidelines of LVNC were lacking currently, and this evaluation
may contribute to the establishment of hypertrabeculated LVNC guidelines and direct
clinical management strategies (Figure 1).

Figure 1. The graphic abstract. CMR, cardiovascular magnetic resonance; NC/C noncompact–
tion/compacted; LGE, late gadolinium enhancement.

2. Materials and Methods

2.1. Study Population

We searched the clinical and cardiovascular magnetic resonance (CMR) databases at
three institutions for patients’ diagnosis descripted as LVNC or hypertrabeculation between
January 2013 and December 2018, and the total number is 85. The CMR images of these
patients were measured again according to Petersen’s criteria by two radiologists with at
least two years of experience. The inclusion criteria followed Petersen et al.’s CMR criteria:
(1) CMR images with a distinct two-layered appearance of trabeculated and compacted
myocardium; (2) There are prominent myocardial trabeculations in the noncompacted
myocardium and deep intertrabecular recesses communicating with the LV; and (3) Subjects
with increased LV trabeculation as measured by a noncompaction/compacted (NC/C)
ratio ≥ 1.0 anywhere in the myocardial segments on the CMR images. Current diagnosis
is mainly based on this criterion [8,14]. Both LVNC and hypertrabeculation patients were
included in the cohort. The exclusion criteria were as follows: (1) presence of other known
coexisting cardiac abnormalities, including congenital heart disease, coronary heart disease,
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valvular heart disease, hypertrophic cardiomyopathy, dilated cardiomyopathy or other
types of cardiomyopathy, and myocarditis; (2) non-enhanced or poor image quality; and
(3) incomplete clinical records. A total of 75 patients were eventually included in the cohort.
The Ethics Committee of Clinical Trials and Biomedicine at the West China Hospital of
Sichuan University and the ethics committees of other authors’ hospitals approved this
study. This study was performed in accordance with the Declaration of Helsinki (2000).
Informed consent was obtained from all participants before study participation.

2.2. CMR Protocol

Standard gadolinium-enhanced CMR scanning was performed by a 3.0-T whole-body
scanner (Skyra; Siemens Medical Solutions, Erlangen, Germany) with a two-element cardiac
phased-array coil and ECG-triggering device. After acquiring localization images, 8–12
continuous short-axis cine images that covered the whole left ventricle were obtained by
steady-state free-precession sequence. All cine images were acquired at end-expiration.
Gadobenate dimeglumine (MultiHance 0.5 mmol/mL; Bracco, Milan, Italy) was injected
intravenously at a dose of 0.1–0.2 mL/kg body weight and a flow rate of 2.5–3.0 mL/s
after a 20–25 mL saline flush at a rate of 3.0 mL/s. LGE images were obtained using the
inversion recovery TrueFISP sequence 10–15 min after contrast injection.

2.3. Image Analysis

All CMR data were analyzed using the commercially available software cvi42 (Circle
Cardiovascular Imaging, Inc., Calgary, AB, Canada). Image analysis was performed to
evaluate conventional cardiac function. For the cine imaging analysis, left ventricular
structure and function parameters were measured on the short and long axis at end-diastole
and end-systole, respectively. The left ventricular geometric parameters included the ratio
of non-compacted to compacted myocardium, the end-diastolic volume (EDV), and end-
systolic volume (ESV) mass. Cardiac function measurements, including the LV EDV, LV
ESV, LV ejection fraction (EF), LV stroke volume, and LV mass, were analyzed by manually
tracing the endocardial and epicardial contours. When delineated, the papillary muscles
were excluded from the compacted myocardium. The end-diastolic and end-systolic
phases were defined as those with maximum and minimum visual areas, respectively.
The endocardial and epicardial boundaries of all images were manually delineated by a
radiologist with at least two years of experience who was blinded to the clinical information.
In addition, the ratio of NC/C was calculated in end-diastole. In each of three diastolic
long-axis views (i.e., horizontal and vertical long-axis and LV outflow tract), the segment
with the most pronounced trabeculations was chosen for measurement of the thickness
of the non-compacted and the compacted myocardium perpendicular to the compacted
myocardium, and only the maximal ratio was then used for analysis. The presence and
extent of LGE were assessed and quantified on short-axis images, and LGE was deemed
present if myocardial enhancement was confirmed on short-axis areas by using a signal
intensity threshold of 5 standard deviations (SD) [21,22] above the mean signal of the
remote normal myocardium, expressed as a percentage of scar mass/total LV mass. The
presence of LGE was determined by two independent radiologists, with a third providing
adjudication if necessary. An experienced radiologist categorized the LGE location and
pattern. Visual assessment for the presence and distribution of LGE areas for each left
ventricular (LV) myocardial segment was done using a standard 17-segment cardiac model.
The definition of ring-like was that LGE present in at least three contiguous segments in
the same short-axis slice [23].

2.4. Follow-Up

All patients were followed up on the telephone by using the standard questionnaire
interview and the clinical medical records, which was performed by experienced physicians
blinded to the clinical and CMR data. The clinical endpoint of this study was MACEs,
defined as HF hospitalizations, thromboembolic events, appropriate ICD therapy, heart
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transplant, and sudden cardiac death. The duration of follow-up was calculated from the
date of first CMR examination to the first occurrence of an endpoint. The median follow-up
was 4.3 years (interquartile range: 2.1–5.7 years).

2.5. Statistical Analysis

Statistical analysis was performed with SPSS software (version 26.0, IBM Corp., Armonk,
NY, USA). Continuous variables are expressed as means ± SD and categorical data as percent-
ages. Baseline characteristics were compared using the Kruskal–Wallis rank test for continuous
data and the Fisher exact test for categorical data. The Kaplan–Meier method was used to
evaluate survival, and multivariate Cox regression analyses were performed to compute the
hazard ratio (HR) and 95% confidence interval (CI). A p-value < 0.05 was significant. The
proportional hazard models were adjusted for LVEF, sex, and age, which may confound the
association between LGE and results.

3. Results

3.1. Study Population

The final cohort comprised 75 patients; a total of 52 (69.3%) were men, the median
LVEF was 29.1% (IQ range: 17.5–37.7%), and LGE was present in 51 (68%). Patients
with and without LGE had similar baseline ages. Patients with LGE had higher diastolic
blood pressures (p = 0.023), lower LVEF (p = 0.005), greater LVEDV (p = 0.001) and LVESV
(p < 0.001), larger left ventricular systolic mass (p = 0.001), and diastolic mass (p = 0.001).
NYHA class ≥ III (n = 38, 50.7%) were common in all participants, and patients with LGE
tended to have a poor NYHA functional (p = 0.01). Baseline characteristics are presented
in Table 1. Two experienced radiologists determined LGE, and there was no significant
difference between the two diagnoses.

Of the patients with LGE, 9 (12%) patients displayed a ring-like pattern and 42 (56%) a
non-ring-like scar pattern. LGE was present only in the septum in 27 (36%) patients, only
in the LV free wall in 16 (21.3%), and in both locations in 8 (10.7%). LGE was present only
in a single segment in 37 (49.3%) patients, and in multiple segments in 14 (18.7%). LGE was
categorized as mid-wall in 43 (57.3%) patients, and non-mid-wall in 8 (10.7%). Additionally,
the LGE extent was categorized as three groups ( >0 and ≤7.5%, >7.5% and ≤15%, and
>15%).

Table 1. Baseline Characteristic.

LGE

NO LGE
(n = 24)

0–7.5
(n = 23)

7.5–15
(n = 10)

>15
(n = 18)

p Value *

Age 42.9 ± 20.8 49.0 ± 14.0 50.8 ± 17.7 42.5 ± 14.2 0.382
Male 14 (58.3%) 19 (82.6%) 7 (70%) 12 (66.7%) 0.159

Height 161.9 ± 8.8 165.7 ± 6.1 167.3 ± 6.8 165.8 ± 7.8 0.035
Weight 60.4 ± 12.5 67.7 ± 11.6 67.5 ± 12.0 62.4 ± 9.0 0.108

Heart rate 88.8 ± 21.7 81.8 ± 20.2 77.0 ± 8.2 87.6 ± 31.7 0.185
Systolic blood pressure 112.3 ± 15.5 121.56 ± 16.3 119.7 ± 17.9 113.5 ± 18.1 0.178
Diastolic blood pressure 71.4 ± 13.0 78.6 ± 11.4 77.7 ± 8.8 75.2 ± 12.8 0.023

Hypertension 2 (8.3%) 3 (13.0%) 0 3 (16.7%) 0.656
Alcohol 5 (20.8%) 9 (39.1%) 2 (20%) 7 (38.9%) 0.208
Smoke 5 (20.8%) 11 (47.8%) 1 (10%) 7 (38.9%) 0.158

Medications
ACE inhibitor 13 (54.2%) 15 (65.2%) 4 (40%) 7 (38.9%) 0.798
Beta-blocker 14 (58.3%) 22 (95.7%) 8 (80%) 15 (83.3%) 0.003

ARB 4 (16.7%) 5 (21.7%) 4 (40%) 6 (33.3%) 0.240
NYHA class ≥ 3 7 (29.2%) 14 (60.9%) 5 (50%) 12 (66.7%) 0.011
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Table 1. Cont.

LGE

NO LGE
(n = 24)

0–7.5
(n = 23)

7.5–15
(n = 10)

>15
(n = 18)

p Value *

CMR measurements
LVEF (%) 35.2 ± 13.4 25.3 ± 12.6 28.0 ± 14.5 26.2 ± 15.7 0.005

LVEDV (mL) 209.4 ± 65.1 297.4 ± 100.5 289.1 ± 89.0 258.3 ± 85.9 0.001
LVEDVi (mL/m2) 120.7 ± 32.3 161.5 ± 52.2 155.4 ± 39.0 145.2 ± 45.5 0.002

LVESV (mL) 140.5 ± 66.8 227.6 ± 89.6 216.7 ± 94.3 200.4 ± 87.3 0.0005
LVESVi (mL/m2) 80.8 ± 35.4 123.3 ± 46.2 116.1 ± 45.3 112.5 ± 47.0 0.0009

LVSV (mL) 68.9 ± 25.9 69.8 ± 33.3 72.4 ± 22.4 61.9 ± 21.2 0.883
LVSVi (mL/m2) 39.9 ± 13.9 38.2 ± 18.2 39.3 ± 11.8 35.2 ± 12.9 0.388
LV Mass, ED (g) 105.8 ± 33.8 161.3 ± 44.5 127.4 ± 32.5 128.3 ± 43.8 0.001

LV Mass index, ED (g/m2) 60.8 ± 16.7 87.3 ± 21.9 68.5 ± 14.1 71.9 ± 22.8 0.001
LV Mass, ES (g) 116.6 ± 37.2 174.9 ± 44.6 142.6 ± 34.2 145.6 ± 54.5 0.001

LV Mass index, ES (g/m2) 67.2 ± 19.4 94.8 ± 22.2 76.7 ± 13.9 81.4 ± 28.2 0.001
NC/C 3.0 ± 1.4 2.6 ± 1.6 2.5 ± 1.0 3.0 ± 2.0 0.116

Values are mean ± standard deviation or number (percentage). * Kruskal-Wallis Rank Test for continuous
variables; Fisher Exact Test for categorical variables. ACE, angiotensin-converting enzyme; ARB, angiotensin
II receptor blocker; NYHA, New York Heart Association; LVEF, left ventricular ejection fraction; LVEDV, left
ventricular end diastolic volume; LVESV, left ventricular end systolic volume; LVSV, left ventricular stroke volume;
NC/C, non-compacted/compacted ratio.

3.2. Outcome of Follow-Up

Over a median follow-up period of 4.3 years (IQ range: 2.1–5.7 years), two patients
were lost. Of the 73 patients who completed follow-up, MACEs occurred in 29 (38.7%)
patients. A total of 9 (31.0%) had HF hospitalizations, 8 (27.6%) underwent primary
prevention ICD implantation, 2 (6.9%) had cardiac transplantation, and 10 (34.5%) had
sudden cardiac death. MACEs occurred in 25 (50%) patients with LGE and in 4 (17.4%)
without LGE (HR: 5.39; 95% CI: 1.59–18.31; p = 0.007). After adjustment of LVEF, age,
and sex, LGE was associated with a higher risk of MACEs (HR: 3.84; 95% CI: 1.10–13.40;
p = 0.035, Table 2 and Figure 2A).

Extent of LGE. Estimated adjusted HRs for patients with LGE extents of 0–7.5%, 7.5–
15%, and >15% were 2.01 (95% CI: 0.50–8.03; p = 0.323), 7.42 (95% CI: 1.76–31.3; p = 0.006),
and 9.02 (95% CI: 2.11–38.52; p = 0.003), respectively, compared to the patients without LGE
(Table 2 and Figure 2B).

Table 2. Individual proportional hazard models investigating the association between major adverse
cardiovascular events and late gadolinium enhancement (Presence and Extent).

Adjusted for LVEF, Sex, and Age

n Endpoint HR (95% CI) Individual p Value Overall p Value

Presence and extent

LGE No 23 4 (17.4%) 1.00 - 0.002

Any 50 25 (50.0%) 3.84
(1.10–13.40) 0.035

LGE No 23 4 (17.4%) 1.00 - <0.001
(0–7.5%) 23 8 (34.8%) 2.01 (0.50–8.03) 0.323
(7.5–15%) 10 7 (70%) 7.42 (1.76–31.3) 0.006

>15% 17 10 (58.8%) 9.02
(2.11–38.52) 0.003

Values are n or n (%) unless otherwise indicated. p values are quoted for each model overall and for the individual
components. LVEF, left ventricular ejection fraction; HR, hazard ratio; CI, confidence interval.
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Figure 2. Impact of LGE presence and extent of left ventricular on long–term outcomes. Kaplan–
Meier and COX regression analysis survival curves depicting time to MACE. Kaplan–Meier curve
for LGE presence (A) and Cox regression analysis for LGE extent (B); MACE, major adverse cardi–
ovascular events.

Pattern of LGE. Estimated adjusted HRs for patients with ring-like and non-ring-like scar
were 6.10 (95% CI: 1.39–26.75; p = 0.016) and 3.59 (95% CI: 0.99–12.39; p = 0.053) compared to
those patients without LGE. Patients with LGE only in single segment and in multiple segments
had adjusted HRs for the MACEs of 2.96 (95% CI: 0.82–10.69; p = 0.098) and 8.35 (95% CI:
2.10–33.17; p = 0.003) compared to those patients without LGE (Table 3 and Figure 3A).

Table 3. Individual proportional hazard models investigating the association between major ad–verse
cardiovascular events and late gadolinium enhancement (Location and Pattern).

Adjusted for LVEF, Sex, and Age

n Endpoint HR (95% CI) Individual p Value Overall p Value

Location and
pattern

LGE (ring-like) Absent 23 4 (17.4%) 1.00 - 0.004

No ring-like 41 20 (48.8%) 3.59 (0.99–12.39) 0.053

Ring-like 9 5 (55.6%) 6.10 (1.39–26.75) 0.016

LGE (segment) Absent 23 4 (17.4%) 1.00 - 0.001

Single 36 16 (44.4%) 2.96 (0.82–10.69) 0.098

Multiple 14 9 (64.3%) 8.35 (2.10–33.17) 0.003

LGE (Free-wall) No 51 17 (33.3%) 1.00 0.002

Yes 22 12 (54.5%) 2.85 (1.31–6.21) 0.008

LGE (Free-wall) Absent 23 4 (17.4%) 1.00 - 0.001

Septal only 27 12 (44.4%) 2.57 (0.69–9.60) 0.160

Free-wall only 15 7 (46.7%) 4.92 (1.18–20.58) 0.029

Both 8 6 (75%) 10.29 (2.42–43.75) 0.002

LGE (Mid-wall) Absent 23 4 (17.4%) 1.00 -

Without Mid-wall 8 2 (25%) 1.86 (0.30–11.61) 0.507

Mid-wall 42 23 (54.8%) 4.35 (1.23–15.37) 0.023

Values are n or n (%) unless otherwise indicated. p values are quoted for each model overall and for the individual
components. LVEF, left ventricular ejection fraction; HR, hazard ratio; CI, confidence interval.
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Figure 3. Impact of ring–like and free–wall LGE of left ventricular on long–term outcomes. Cox
re–gression analysis for ring–like LGE (A) and free–wall LGE (B).

Location of LGE. Estimated adjusted HRs for patients with LGE only in the septum,
only in the free-wall, and in both locations were 2.57 (95% CI: 0.69–9.60; p = 0.16), 4.92 (95%
CI: 1.18–20.58; p = 0.029), and 10.29 (95% CI: 2.42–43.75; p = 0.002), respectively, compared
to the patients without LGE. Patients with free-wall LGE had an estimated adjusted HR
of 2.85 (95% CI: 1.31–6.21; p = 0.008) compared to those without free-wall LGE. Patients
with mid-wall LGE and other myocardial locations had adjusted HRs for the MACEs of
4.35 (95% CI: 1.23–15.37; p = 0.023) and 1.86 (95% CI: 0.30–11.61; p = 0.507), respectively,
compared to those without LGE (Table 3 and Figure 3B).

NC/C ratio. The NC/C ratio was categorized as hypertrabeculation (NC/C ratio ≥1
and <2.3) and non-compaction (NC/C ratio ≥ 2.3); the risk between the two groups did
not reach statistical significance (HR: 1.03 95% CI, 0.49–2.17; p = 0.93) (Table 4).

Table 4. Individual proportional hazard models investigating the association between major adverse
cardiovascular events and NC/C ratio.

NC/C Adjusted for LVEF, Sex, and Age

n Endpoint HR (95% CI) Individual p Value Overall p Value

Myocardial hypertra-
beculation(NC/C

ration ≥ 1 and <2.3)
29 13 (44.8%) 1.00 - 0.93

Noncompaction(NC/C
ratio ≥ 2.3) 44 16 (36.4%) 1.03 (0.49–2.17) 0.93

Values are n or n (%) unless otherwise indicated. p values are quoted for each model overall and for the individual
components. NC/C, noncompaction/compacted; HR, hazard ratio; CI, confidence interval.

4. Discussion

The major clinical messages arising from our study were as follows:

(1) The >7.5% LGE extent may be associated with a significantly poor long-term prognosis
in hypertrabeculation and LVNC patients.

(2) Ring-like LGE and multiple segments LGE were associated with a particularly high
risk of MACEs, which deserves extra clinical attention.

(3) The NC/C ratio poorly correlates with clinical outcomes, LGE should be considered
in diagnoses as a risk predictor, and our study provided useful risk stratification.

Myocardial fibrosis can significantly affect patients’ prognoses. LGE is of great sig-
nificance in identifying high-risk patients. This finding has been widely confirmed in
heart diseases [24,25]. However, the detail risk stratification about LGE and specific LGE
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pattern in the prognosis of patients with myocardial hypertrabeculation and LVNC are
not yet clear [20]. Seventy-five patients from three study centers with CMR-confirmed
hypertrabeculation and LVNC were enrolled. During the median follow-up of 4.3 years
(IQ range: 2.1–5.7 years), major cardiovascular events (cardiac death, heart failure, throm-
boembolism, appropriate ICD therapy, and cardiac transplantation) were endpoints. The
risk stratification of LGE extent, pattern, and location was determined. The results showed
that LGE had a significant impact on the prognosis of patients with hypertrabeculation or
LVNC. Risk of MACEs increased significantly with a greater extent of LGE. Our data also
showed that patients with different LGE locations or patterns had a different MACE risk,
which facilitates the use of CMR for prognostic risk stratification in hypertrabeculation or
LVNC patients with LGE.

Patients with LGE were placed in three groups according to the extent of enhancement.
After being adjusted for LVEF, sex, and age, the absence of LGE was still associated with a
lower risk of MACE. The risks increased significantly when the LGE extent was greater
than 7.5%; HRs were 7.42 and 9.02 in the 7.5–15% and >15% groups, respectively. In a prior
study, a ≥15% LGE extent was considered a potentially clinically relevant threshold in
HCM [26]; however, our data indicate that the prognosis relevant threshold may be lower
in patients with LVNC.

A recent study points out that a specific ring-like LGE pattern is associated with a
particularly high risk of malignant arrhythmic events, which are significant and indepen-
dent of the total LGE burden and the presence of other additional risk factors; the HR of
a ring-like pattern in this study was 68.98 (95% CI, 14.67–324.39; p < 0.01) compared to
the absence of LGE [27]. In our study, the LGE pattern was classified as a ring-like and
non-ring-like scar. The definition of ring-like was that LGE was present in at least three
contiguous segments in the same short-axis slice (Figure 4) [23]. The result of our study
is in line with previous reports. The risk of MACE was significantly higher in ring-like
LGE patients than patients with non-ring-like LGE and without LGE by Kaplan–Meier
analysis. After multivariate adjustment, the presence of ring-like LGE remained associated
with an increased risk of the endpoint (HR: 6.10 95% CI, 1.39–26.75; p = 0.016). This finding
indicates that ring-like LGE is also a predictor of adverse events in patients with LVNC
or hypertrabeculation. In particular, ring-like LGE also presented even the extent of LGE
was low (<7.5%). The worse prognosis may relate to insults of the conduction system. In
this regard, qualitative indicators are more convenient for radiologists to diagnose than
quantitative analyses by CVi.

 

Figure 4. Examples of 4 patients with ring-like or no ring-like LGE. Ring-like LGE (A,B) and no
ring-like LGE (C,D); 4CH: the four-cavity heart; 2CH: the two-cavity heart.

Analogously, it is more intuitive to determine whether LGE is present in multiple
segments of the left ventricle. We showed that patients with multiple LGE segments were
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at higher risk of MACEs. In contrast, those with single-segment LGE were at similar risk to
those without LGE. In patients with multiple LGE segments, LGE is not only present in
consecutive segments at the same short-axis level but also scattered in a total of 17 segments.

Mahrholdt et al. showed that in a setting of HHV6 and combined PVB19/HHV6
myocarditis, LGE is predominantly located in the anteroseptal region [28]. Aquaro et al.
found that LGE present in the anteroseptal wall in patients with acute myocarditis was
associated with a worse prognosis [17]. This finding is similar in DCM in those patients
with septal LGE had a higher risk of all-cause mortality [15]. However, we showed that
free-wall LGE was associated with increased MACEs in LVNC. A greater risk was seen in
concomitant free-wall and septum LGE, which indicates that the prognosis of patients with
LVNC or hypertrabeculation may have greater relevance with free-wall LGE. In agreement
with previous studies, we observed that the most common distribution of LGE in LVNC
or hypertrabeculation patients was mid-myocardial and associated with a poor prognosis,
similar to other cardiac diseases [29].

Current criteria for the diagnosis of LVNC lead to high disease prevalence in patients
referred for CMR, and the NC/C ratio > 2.3 is common in a large population-based cohort,
indicating that the NC/C ratio alone for LVNC or hypertrabeculation diagnosis may
have low specificity [10,30]. Some studies suggest that the NC/C ratio and the extent of
trabeculation do not correlate with adverse outcomes [31], which is in line with our data.
These results suggest that a more comprehensive criteria model including LGE should be
used. Our study provides several risk stratification models of LGE that are significantly
associated with the prognosis in patients with LVNC.

Study limitation. This study has some limitations. Although this is a multicenter study,
the low number of patients limited statistical power. Secondly, all the three centers are
large referral hospitals. Some patients who came to our hospitals were referred by multiple
primary hospitals with more severe symptoms, therefore, they had a lower LVEF overall,
and there may be some selection bias. However, this study also provides more prognostic
information for patients with relatively severe symptoms.

5. Conclusions

In LVNC or hypertrabeculation, the risk of MACE increases significantly when the
LGE extent is greater than 7.5% or presence as ring-like LGE. Moreover, multiple segments
and free-wall LGE are associated with MACE. The detailed study and risk stratification of
LGE in LVNC or hypertrabeculation patients will help improve the diagnostic criteria and
make this criterion more closely to clinical prognosis. This study provided useful models
based on the extent, pattern, and location of LGE, which provide a much-needed approach
to quantify risk.
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Abstract: Cardiac complications are common in antiretroviral therapy-treated (ART-treated) acquired
immune deficiency syndrome (AIDS) patients, and the incidence increases with age. Myocardial
injury in ART-treated AIDS patients with a relatively longer disease duration has been evaluated.
However, there is no relevant study on whether patients with a short AIDS duration have cardiac
dysfunction. Thirty-seven ART-treated males with AIDS and eighteen healthy controls (HCs) were
prospectively included for CMR scanning. Clinical data and laboratory examination results were
collected. The ART-treated males with AIDS did not have significantly reduced biventricular ejection
fraction, myocardial edema, or late gadolinium enhancement. Compared with the HCs, the biven-
tricular volume parameters and left ventricle myocardial strain indices in ART-treated males with
AIDS were not significantly reduced (all p > 0.05). ART-treated males with AIDS were divided into
subgroups according to their CD4+ T-cell counts (<350 cells/μL and ≥350 cells/μL) and duration
of disease (1–12 months, 13–24 months, and 25–36 months). There was no significant decrease
in left or right ventricular volume parameters or myocardial strain indices among the subgroups
(all p > 0.05). In Pearson correlation analysis, CD4+ T-cell counts were not significantly correlated
with biventricular volume parameters or left ventricular myocardial strain indices. In conclusion,
ART-treated males with AIDS receiving ART therapy with a short disease duration (less than 3 years)
might not develop obvious cardiac dysfunction as evaluated by routine CMR, so it is reasonable to
appropriately extend the interval between cardiovascular follow-ups to more than 3 years.

Keywords: acquired immune deficiency syndrome; CMR; cardiovascular complications

1. Introduction

Acquired immune deficiency syndrome (AIDS) is a serious global public health con-
cern. In AIDS patients, mortality rates have decreased and survival duration has in-
creased with increased use of antiretroviral treatment (ART). Therefore, the management
of HIV/AIDS has become a long-term process. During this long process, multiple fac-
tors, including myocardial viral infections, immune activation, inflammation, metabolic
abnormalities, nutritional deficiency, and so on, have been proposed to have negative
impacts on the heart and to cause cardiac complications [1]. Except for a strong association
between HIV and atherosclerosis, myocardial diseases, especially dilated cardiomyopathy
and myocarditis, have been reported frequently [2]. Previous studies reported that the
incidence of cardiac complications in AIDS patients is approximately 25–75%, and the
incidence increases as AIDS patients age [3–6]. In addition, a review concluded that AIDS

Diagnostics 2022, 12, 2417. https://doi.org/10.3390/diagnostics12102417 https://www.mdpi.com/journal/diagnostics75



Diagnostics 2022, 12, 2417

patients affected by cardiac complications always had a poor prognosis [7]. AIDS-related
symptomatic heart failure will become one of the leading causes of HIV/AIDS deaths
worldwide in the future [8]. Therefore, timely evaluation of cardiac complications is of
paramount significance in AIDS patients.

Echocardiography is the main modality for evaluating cardiac complications in AIDS
patients in long-term follow-up with a relatively lower cost. However, due to the intrinsic
limitations of echocardiography, such as a lower accuracy of cardiac function evaluation,
poor repeatability, and an inability to characterize the myocardium, cardiac magnetic
resonance (CMR) is often recommended for the assessment of myocardial involvement
and accurate function evaluation in AIDS patients, especially in those in whom cardiac
complications are suspected and those having clinical symptoms. A CMR study indicated
that HIV infection treated with ART is more likely to result in changes in myocardial
structure and function and a higher prevalence of subclinical myocardial edema, myocar-
dial fibrosis, and frequent pericardial effusions [9]. Holloway and colleagues found that
cardiac steatosis and fibrosis are highly associated with cardiac dysfunction, cardiovascular
morbidity, and mortality in HIV patients [10]. Early evaluation of cardiac dysfunction
could provide objective evidence for timely intervention. However, the patients included in
the above studies have different and heterogeneous disease courses, with relatively longer
disease courses in general. There is no unified conclusion on the time point of cardiac
complication onset in patients receiving ART treatment. In addition, the number of AIDS
cases diagnosed in males each year is significantly higher than that in females, and males
have a more favorable response to ART treatment and have a higher cardiovascular risk
than females [11–14]. Therefore, in this study, we aimed to perform an early evaluation
of cardiac complications by CMR in male AIDS patients treated with ART with a short
disease duration.

2. Materials and Methods

2.1. Study Population

After approval by the Ethics Committee of Chengdu Public Health Clinical Medical
Center, 39 male human immunodeficiency virus (HIV)-positive patients diagnosed with
AIDS were prospectively enrolled and underwent enhanced CMR examination. Inclusion
criteria were as follows: (1) 18 years < age < 70 years; (2) disease duration ≤ 36 months;
(3) ART therapy initiation after diagnosis; (4) sinus heart rate and no cardiovascular history,
including congenital heart disease, heart valve disease, cardiomyopathies, coronary heart
disease, and so on; and (5) no malignant tumors or non-HIV-related respiratory diseases.
Exclusion criteria were as follows: (1) CMR contraindications; (2) acute kidney injury or
severe chronic kidney disease (GFR < 30 mL/min/1.73 m2); and (3) poor image quality im-
peding postprocessing. Finally, 2 patients who could not hold their breath, which resulted in
poor image quality, were excluded, and 37 patients were included. Eighteen age-matched
healthy males were enrolled as healthy controls (HCs). All participants signed informed
consent forms. Basic information and laboratory data were collected.

2.2. CMR Scanning Protocol and Imaging Postprocessing

All participants underwent a CMR scan using a 1.5-T whole-body scanner (Signa HDxt;
GE Medical Systems, United States of America) in the supine position. Image acquisition
was performed during the breath-holding period at the end of inspiration. A series of
8–12 continuous short-axis views of the left ventricle (LV) from the mitral valve to the
level of the LV apex were obtained using steady-state free-precession sequences with the
following parameters: repetition time, 4 ms; echo time, 2 ms; slice thickness, 6.0–8.0 mm;
flip angle, 39◦; field of view, 360 × 360 mm2; and matrix size, 256 × 256. Two-chamber and
four-chamber long-axis cine images were also acquired. T2WI black blood images were
obtained with a triple-inversion recovery sequence including a left ventricle four-chamber
long-axis section and left ventricle short-axis basal, middle, and apical sections. Ten to
fifteen minutes after intravenous injection of Meglumine Gadopentetate (Beilu, Beijing,
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China) (0.2 mL/kg body weight, flow rate of 3–5 mL/s), late gadolinium enhancement
(LGE) images were obtained using the inversion recovery TrueFISP sequence (inversion
time was based on TI scout) for the short-axis (slice thickness 8 mm) and 2-chamber and
4-chamber long-axis sections.

2.3. Data Analyses

All CMR data were analyzed using the commercially available software cvi42 (Circle
Cardiovascular Imaging, Inc., Calgary, AB, Canada). The series of short-axis cine images
and 2-chamber and 4-chamber short-axis cine images were loaded into the short 3D mod-
ule and issue feature tracking module. Epicardial and endocardial borders were traced
manually to compute cardiac function parameters and myocardial deformation parameters.
Biventricular function parameters included left ventricular ejection fraction (LVEF), left ven-
tricular end-diastolic volume (LVEDV), left ventricular end-systolic volume (LVESV), left
ventricular stroke volume (LVSV), left ventricular myocardial mass (LVM), right ventricular
ejection fraction (RVEF), right ventricular end-diastolic volume (RVEDV), right ventricular
end-systolic volume (RVESV), and right ventricular stroke volume (RVSV). LV remodeling
was defined as the ratio of LVEDV to LV mass (LVRI). Myocardial strain indices included
global radial strain (GRS), global circumferential strain (GCS), global longitudinal strain
(GLS), global diastolic strain rate radial (GDSR), global diastolic strain rate circumferential
(GDSC), and global diastolic strain rate longitudinal (GDSL). Segmental myocardial strain
indices for the basal, middle, and apical parts of the LV were also acquired.

2.4. Statistical Analysis

Statistical analyses were performed with SPSS (version 21.0 for Windows; SPSS, Inc.,
Chicago, IL, USA). Continuous variables are expressed as the mean ± standard deviation
or the median and interquartile range. Categorical variables are presented as frequencies
(percentages) and were compared using the chi-square test. Normal distribution was tested
with the Kolmogorov–Smirnov test. Continuous variables were compared using ANOVA
and independent t tests (normal distribution) or Kruskal–Wallis and Mann–Whitney U tests.
Pearson’s test was performed to evaluate the relationship between CD4+ T-cell counts
and parameters of cardiac function and myocardial strain. p-value < 0.05 was considered
statistically significant.

3. Results

3.1. Baseline Characteristics

Thirty-seven ART-treated males with AIDS and eighteen HCs were included in
this study. The baseline clinical characteristics are presented in Table 1. There was no
significant difference in age, blood pressure, or body mass index between ART-treated
males with AIDS and HCs (all p > 0.05). The mean age of ART-treated males with AIDS
was 37.62 ± 11.10 years old. All patients received ART therapy, and the duration was
20.58 ± 3.72 months. Blood CD4+ T-cell counts were 358.21 ± 57.41 cells/μL. Regarding
HIV-related comorbidities, we found that syphilis was present in 5 (13.51%) patients, gran-
ulocytopenia was present in 3 (8.11%) patients, HIV-related pneumonia was present in
9 (24.32%) patients, metabolic syndrome was present in 10 (27.03%) patients, and oral
fungal infection was present in 2 (5.41%) patients. No patients had cardiovascular symp-
toms, and electrocardiography and echocardiography findings were negative in all patients.
Regarding myocardial injury biomarkers, no significant abnormality was found in the
myocardial enzyme spectrum or high-sensitivity c-TnT in 37 patients.

3.2. Comparison between the AIDS Group and the Healthy Control Group

No ART-treated males with AIDS had biventricular ejection fraction reduction, my-
ocardial edema, or LGE. Biventricular function and LV deformation indices were compared
between ART-treated males with AIDS and HCs (as shown in Table 2). Compared with
the LVM of healthy controls, the LVM of ART-treated males with AIDS tended to be
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lower (78.14 ± 15.41 g vs. 85.26 ± 15.13 g, p = 0.053), while LVMi (43.37 ± 8.98 g/m2 vs.
45.01 ± 6.34 g/m2, p = 0.236) was similar between the groups after standardization by body
surface area.

Table 1. Baseline characteristics.

Characteristics AIDS Males (n = 37) Healthy Controls (n = 18) p-Value

General Characteristics

Age, y 37.62 ± 11.10 39.56 ± 11.24 0.549
Body mass index, kg/m2 21.88 ± 3.99 23.57 ± 2.53 0.106

Systolic BP, mmHg 126.41 ± 11.37 127.44 ± 10.03 0.743
Diastolic BP, mmHg 81.19 ± 6.79 83.11 ± 4.390 0.280
Electrocardiogram negative

Risk for HIV infection

Heterosexual, % 19 (51.35) MSM, % 14 (37.84)
IVDU, % 2 (5.41) Other, % 2 (5.41)

Complication for AIDS patients

Diabetes, % 0 (0.00) Cardiovascular disease, % 0 (0.00)
Granulocytopenia, % 3 (8.11) Metabolic syndrome, % 10 (27.03)

Erythra, % 1 (2.70) Oral fungal infections, % 2 (5.41)
Pneumonia, % 9 (24.32) HBV co-infection, % 3 (8.11)

HCV co-infection, % 2 (5.41) Liver dysfunction, % 22 (59.46)
Renal dysfunction, % 1 (2.70) Tuberculosis, % 6 (16.22)

Syphilis, % 5 (13.51) malignant tumor, % 0 (0.00)

Plasma metabolites in AIDS patients

TSHD, months 20.58 ± 3.72 CD4+ T-cell counts, cells/μL 358.21 ± 57.41
Total duration of ART, % 37 (100.00%) CHOL, mmol/L 4.57 ± 0.68

Hs-cTnT < 3.00, ng/mL, % 37 (100.00%) CK-MB, ng/mL 0.52 ± 0.14
Myo < 21.00, ng/mL, % 37 (100.00%) TG, mmol/L 1.58 ± 0.11

CK-MB, μL 21.45 ± 2.79 LDH, μL 187.06 ± 19.56
HBDH, μL 159.72 ± 21.34 CK, μL 80.19 ± 5.83

Data are summarized by mean ± SD if they are normal distribution, or median (first and third quartiles) if they are
abnormal distribution and n (%) for categorical variables. p-values are obtained using the Student t-test, or Mann–
Whitney U test (for non-normal data), X2 test, or Fisher exact test. MSM, male who has sex with males; IVDU,
intravenous drug user; TSHD, time since HIV diagnosis; ART, antiretroviral therapy; Hs-cTnT, high-sensitivity
troponin T; Myo, myoglobin; CK-MB, creatine kinase isoenzyme; HBDH, hydroxybutyrate dehydrogenase; CHOL,
cholesterol; TG, triglycerides; LDH, lactate dehydrogenase; CK, creatine kinase.

Table 2. CMR characteristics of ART-treated AIDS males and healthy controls.

Cardiac Function
ART-Treated AIDS Males

(n = 37)
Healthy Controls (n = 18) p-Value

LVEDV (mL) 122.79 ± 21.95 124.39 ± 26.18 0.706
LVESV (mL) 47.35 ± 9.30 49.73 ± 13.29 0.603
LVSV (mL) 75.43 ± 15.72 74.67 ± 15.26 0.816
LVEF (%) 61.75 ± 4.90 60.33 ± 4.66 0.307
LVM (g) 78.14 ± 15.41 85.26 ± 15.13 0.053

LVRI (mL/g) 1.59 ± 0.24 1.48 ± 0.27 0.200
RVEDV (mL) 127.78 ± 26.31 127.09 ± 24.34 0.802
RVESV (mL) 62.22 ± 18.77 62.01 ± 11.72 0.957
RVSV (mL) 65.56 ± 14.06 65.08 ± 17.38 0.513
RVEF (%) 51.94 ± 8.75 50.89 ± 6.08 0.872

LVEDVi (mL/m2) 68.44 ± 14.84 65.83 ± 12.55 0.720
LVESVi (mL/m2) 26.39 ± 6.13 26.31 ± 6.64 0.914
LVSVi (mL/m2) 42.05 ± 10.13 39.53 ± 7.29 0.484

LVMi (g/m2) 43.37 ± 8.98 45.01 ± 6.34 0.236
RVEDVi (mL/m2) 71.29 ± 17.19 67.41 ± 12.19 0.554
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Table 2. Cont.

Cardiac Function
ART-Treated AIDS Males

(n = 37)
Healthy Controls (n = 18) p-Value

RVESVi (mL/m2) 34.74 ± 11.53 32.95 ± 6.29 0.788
RVSVi (mL/m2) 36.55 ± 8.97 34.46 ± 8.57 0.441

GRS (%) 24.89 ± 5.60 22.67 ± 4.00 0.216
GCS (%) −17.39 ± 1.90 −17.08 ± 1.83 0.518
GLS (%) −17.97 ± 1.99 −11.75 ± 1.35 0.375
BRS (%) 31.23 ± 6.99 30.75 ± 7.26 0.693
BCS (%) −14.69 ± 2.20 −14.58 ± 1.78 0.673
BLS (%) −8.73 ± 2.94 −8.86 ± 2.24 0.851
MRS (%) 24.89 ± 5.67 20.12 ± 5.08 0.360
MCS (%) −17.30 ± 2.09 −16.44 ± 2.40 0.159
MLS (%) −11.90 ± 2.82 −11.33 ± 2.29 0.216
ARS (%) 25.00 ± 10.02 20.94 ± 9.86 0.441
ACS (%) −20.30 ± 2.95 −20.48 ± 2.70 0.693
ALS (%) −14.65 ± 1.46 −14.62 ± 1.60 0.425

BDSR (1/s) −2.43 ± 0.77 −2.05 ± 0.48 0.060
BDSC (1/s) 0.91 ± 0.19 0.92 ± 0.22 0.828
BDSL (1/s) 0.49 ± 0.43 0.62 ± 0.22 0.206
MDSR (1/s) −1.57 ± 0.42 −1.40 ± 0.53 0.215
MDSC (1/s) 1.58 ± 0.24 1.02 ± 0.29 0.066
MDSL (1/s) 0.74 ± 0.17 0.76 ± 1.67 0.663
ADSR (1/s) −2.06 ± 1.10 −1.84 ± 1.14 0.504
ADSC (1/s) 1.44 ± 0.40 1.37 ± 0.37 0.500
ADSL (1/s) 0.88 ± 0.17 0.85 ± 0.15 0.532
GDSR (1/s) −1.67 ± 0.67 −1.51 ± 0.55 0.368
GDSC (1/s) 1.07 ± 0.22 1.01 ± 0.21 0.360
GDSL (1/s) 0.69 ± 0.16 0.72 ± 0.16 0.459

Data are summarized by mean ± SD if they are normal distribution or median (first and third quartiles) if
they are abnormal distribution and n (%) for categorical variables. p-values are obtained using the Student
t-test, or Mann–Whitney U test (for non-normal data), X2 test, or Fisher exact test. LVEDV, left ventricular
end-diastolic volume; LVESV, left ventricular end-systolic volume; LVSV, left ventricular systolic volume; LVEF,
left ventricular ejection fraction; LVM, left ventricular mass; LVRI, left ventricular remodeling index; RVEDV, right
ventricular end-diastolic volume; RVESV, right ventricular end-systolic volume; RVSV, right ventricular systolic
volume; RVEF, right ventricular ejection fraction; LVEDVi, left ventricular end-diastolic volume index; LVESVi,
left ventricular end-systolic volume; LVMi, Left Ventricular Mass Index; RVEDVi, right ventricular end-diastolic
volume index; RVESVi, right ventricular end-systolic volume; RVSVi, right ventricular systolic volume index;
GRS, global radial strain; GCS, global circumferential strain; GLS, global longitudinal strain; BRS, basal radial
strain; BCS, basal circumferential strain; BLS, global longitudinal strain; MRS, middle radial strain; MCS, middle
circumferential strain; MLS, middle longitudinal strain; ARS, apical radial strain; ACS, apical circumferential
strain; ALS, apical longitudinal strain; BDSR, basal peak diastolic strain rate radial; BDSC, basal peak diastolic
strain rate circumferential; BDSL, basal peak diastolic strain rate longitudinal; MDSR, middle peak diastolic strain
rate radial; MDSC, middle peak diastolic strain rate circumferential; MDSL, middle peak diastolic strain rate
longitudinal; ADSR, apical peak diastolic strain rate radial; ADSC, apical peak diastolic strain rate circumferential;
ADSL, apical peak diastolic strain rate longitudinal; GDSR, global peak diastolic strain rate radial; GDSC, global
peak diastolic strain rate circumferential; GDSL, global peak diastolic strain rate longitudinal.

In the group of ART-treated males with AIDS, LVEF (61.75 ± 4.90% vs. 60.33 ± 4.66%,
p = 0.307), RVEF (51.94 ± 8.75% vs. 50.89 ± 6.08%, p = 0.872), and LVRI (1.59 ± 0.24 mL/g
vs. 1.48 ± 0.27 mL/g, p = 0.200) were not significantly decreased compared to those
of HCs, nor were biventricular volume parameters significantly reduced (all p > 0.05).
Figure 1 shows that the myocardial deformation parameters GRS, GCS, and GLS were not
significantly different between the AIDS group and the HC group (all p > 0.05, see also
Figure 2). Moreover, the diastolic function indices of males with AIDS, including GDSR,
GDSC, and GDSL, were not significantly reduced. Segmental analysis in the basal, middle,
and apical segments also did not show significant decreases.

3.3. Subgroup Analysis According to CD4+ T-Cell Counts

According to the CD4+ T-cell counts, ART-treated males with AIDS were divided into
two groups: those with CD4+ T-cell counts < 350 cells/μL (moderate or severe reduction of
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immune function) and those with CD4+ T-cell counts ≥ 350 cells/μL (normal or slightly de-
creased immune function). The results of a comparison of cardiac function and myocardial
strain are shown in Table 3. Compared with HCs, no significant decrease in biventricular
ejection fraction or volume was found in ART-treated males with AIDS with different levels
of CD4+ T-cell counts (all p > 0.05). LVRI was not significantly different in the three groups
(1.54 ± 0.19 mL/g vs. 1.64 ± 0.27 mL/g vs. 1.48 ± 0.27 mL/g, p = 0.151). Figure 3 reports
the results of the subgroup comparison: ART-treated males with AIDS with lower CD4+
T-cell counts did not have lower peak strain in any of the three directions compared to ART-
treated males with AIDS with CD4+ T-cell counts ≥ 350 cells/μL and HCs (all p > 0.05). A
diastolic function comparison showed that GDSR (−1.68 ± 0.44 1/s vs. −1.67 ± 0.84 1/s vs.
−1.51 ± 0.55 1/s, p = 0.669), GDSC (1.02 ± 0.2 1/s vs. 1.11 ± 0.23 1/s vs. 1.01 ± 0.21 1/s,
p = 0.294), and GDSL (0.67 ± 0.11 1/s vs. 0.7 ± 0.19 1/s vs. 0.72 ± 0.16 1/s, p = 0.677) were
similar among the ART-treated AIDS male subgroups and HCs. Segmental analysis in
basal, middle, and apical segments did not show significant decreases.

 

Figure 1. Plots for comparison of left ventricular global radial strain (a), global circumferential strain (b),
global longitudinal strain (c), global diastolic strain rate radial(d), global diastolic strain rate circum-
ferential (e), and global diastolic strain rate longitudinal (f).

3.4. Subgroup Analysis According to Disease Duration

According to disease duration, the ART-treated males with AIDS were divided into
three subgroups: those with a disease duration of 1–12 months, 13–24 months, and
25–36 months. There was no significant difference in the remaining left and right ven-
tricular function and structure in these three subgroups compared to the healthy control
group (shown in Table 4, all p > 0.05). Figure 4 shows the results of the subgroup analysis
based on disease duration. None of the myocardial strain parameters were decreased in
ART-treated AIDS patients with different disease durations compared to HCs (all p > 0.05).

3.5. Correlation Analysis

The results of the correlation analysis between CD4+ T-cell counts and CMR parame-
ters are presented in Table 5. In Pearson correlation analysis, CD4+ T-cell counts were not
significantly correlated with biventricular volume parameters or left ventricular myocardial
strain indices (all p > 0.05).
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Figure 2. Left ventricular global longitudinal strain between ART-treated AIDS males and HCs.
(a–d) AIDS, male, 27 years old. (e–h) HC, male, 30 years old. (a,e) Short axis; (b,f) four chamber;
(c,g) two chamber; (d,h) GLS curve.

Table 3. Subgroup analysis according to the CD4+ T-cell counts.

Cardiac Function
CD4 < 350

cells/μL
(n = 17)

CD4 ≥ 350
cells/μL
(n = 20)

Healthy
Controls
(n = 18)

p-Value

LVEDV (mL) 117.04 ± 17.23 127.67 ± 24.66 124.39 ± 26.18 0.376
LVESV (mL) 46.14 ± 5.54 48.38 ± 11.65 49.73 ± 13.29 0.616
LVSV (mL) 70.89 ± 16.38 79.29 ± 14.42 74.67 ± 15.26 0.256
LVEF (%) 61.10 ± 6.18 62.30 ± 3.55 60.33 ± 4.66 0.456
LVM (g) 76.60 ± 12.60 79.44 ± 17.67 85.26 ± 15.13 0.245

LVRI (mL/g) 1.54 ± 0.19 1.64 ± 0.27 1.48 ± 0.27 0.151
RVEDV (mL) 125.18 ± 23.00 130.00 ± 29.24 127.09 ± 24.34 0.849
RVESV (mL) 61.76 ± 15.40 62.62 ± 21.63 62.01 ± 11.72 0.987
RVSV (mL) 63.42 ± 13.00 67.38 ± 14.99 65.08 ± 17.38 0.730
RVEF (%) 51.07 ± 8.63 52.67 ± 9.01 50.89 ± 6.08 0.754

LVEDVi (mL/m2) 64.81 ± 10.31 71.52 ± 17.49 65.83 ± 12.55 0.290
LVESVi (mL/m2) 25.48 ± 2.80 27.16 ± 7.96 26.31 ± 6.64 0.722
LVSVi (mL/m2) 39.33 ± 9.68 44.36 ± 10.16 39.53 ± 7.29 0.169

LVMi (g/m2) 42.25 ± 6.00 44.32 ± 10.97 45.01 ± 6.34 0.593
RVEDVi (mL/m2) 69.40 ± 13.86 72.90 ± 19.81 67.41 ± 12.19 0.560
RVESVi (mL/m2) 34.19 ± 8.69 35.21 ± 13.71 32.95 ± 6.29 0.794
RVSVi (mL/m2) 35.21 ± 7.98 37.69 ± 9.79 34.46 ± 8.57 0.504

GRS (%) 23.57 ± 3.96 26.01 ± 6.57 22.67 ± 4.00 0.120
GCS (%) −17.32 ± 1.70 −17.45 ± 2.10 −17.08 ± 1.83 0.832
GLS (%) −11.73 ± 2.21 −12.17 ± 1.82 −11.75 ± 1.35 0.705
BRS (%) 29.27 ± 6.11 32.89 ± 7.40 30.75 ± 7.26 0.292
BCS (%) −14.74 ± 2.29 −14.64 ± 2.19 −14.58 ± 1.78 0.973
BLS (%) −8.77 ± 2.92 −8.70 ± 3.03 −8.86 ± 2.24 0.984
MRS (%) 21.13 ± 4.55 22.53 ± 6.53 20.12 ± 5.08 0.404
MCS (%) −16.93 ± 1.82 −17.62 ± 2.30 −16.44 ± 2.40 0.262
MLS (%) −11.43 ± 3.45 −12.31 ± 2.17 −11.33 ± 2.29 0.467
ARS (%) 23.67 ± 6.41 26.13 ± 12.37 20.94 ± 9.86 0.288
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Table 3. Cont.

Cardiac Function
CD4 < 350 cells/μL

(n = 17)
CD4 ≥ 350 cells/μL

(n = 20)

Healthy
Controls
(n = 18)

p-Value

ACS (%) −20.54 ± 2.64 −20.09 ± 3.25 −20.48 ± 2.70 0.877
ALS (%) −14.31 ± 1.45 −14.95 ± 1.43 −14.62 ± 1.60 0.441

BDSR (1/s) −2.28 ± 0.60 −2.55 ± 0.88 −2.05 ± 0.48 0.088
BDSC (1/s) 0.94 ± 0.20 0.88 ± 0.19 0.92 ± 0.22 0.686
BDSL (1/s) 0.60 (0.49, 0.68) 0.58 (−0.06, 0.64) 0.59 (0.46, 0.72) 0.067
MDSR (1/s) −1.52 ± 0.39 −1.61 ± 0.45 −1.40 ± 0.53 0.402
MDSC (1/s) 1.09 ± 0.19 1.21 ± 0.26 1.02 ± 0.29 0.063
MDSL (1/s) 0.70 ± 0.14 0.77 ± 0.19 0.76 ± 1.67 0.406
ADSR (1/s) −1.98 ± 0.68 −2.12 ± 1.37 −1.84 ± 1.14 0.745
ADSC (1/s) 1.39 ± 0.36 1.49 ± 0.44 1.37 ± 0.37 0.581
ADSL (1/s) 0.85 ± 0.16 0.91 ± 0.18 0.85 ± 0.15 0.426
GDSR (1/s) −1.68 ± 0.44 −1.67 ± 0.84 −1.51 ± 0.55 0.669
GDSC (1/s) 1.02 ± 0.20 1.11 ± 0.23 1.01 ± 0.21 0.294
GDSL (1/s) 0.67 ± 0.11 0.70 ± 0.19 0.72 ± 0.16 0.677

abbreviations as in Table 2. The distribution of some groups of data is not satisfied but close to the normal
distribution, so the median is used to represent its concentration.

 

Figure 3. Plots for comparison of left ventricular global radial strain (a), global circumferential strain (b),
global longitudinal strain (c), global diastolic strain rate radial (d), global diastolic strain rate circumfer-
ential (e), and global diastolic strain rate longitudinal (f).

Table 4. Subgroup analysis based on disease duration.

Cardiac
Function

1–12 Months
(n = 10)

13–24 Months
(n = 12)

25–36 Months
(n = 15)

Healthy
Controls
(n = 18)

p-Value

LVEDV (mL) 116.12 ± 15.77 131.62 ± 25.00 120.16 ± 21.96 124.39 ± 26.18 0.496
LVESV (mL) 48.37 ± 5.76 48.67 ± 11.35 45.62 ± 9.72 49.73 ± 13.29 0.671
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Table 4. Cont.

Cardiac
Function

1–12 Months
(n = 10)

13–24 Months
(n = 12)

25–36 Months
(n = 15)

Healthy
Controls
(n = 18)

p-Value

LVSV (mL) 67.75 ± 13.07 82.95 ± 16.12 74.55 ± 15.16 74.67 ± 15.26 0.176
LVEF (%) 58.05 ± 4.75 62.75 ± 3.38 63.41 ± 4.97 60.33 ± 4.66 0.050
LVM (g) 79.72 ± 14.86 79.69 ± 19.35 75.85 ± 12.84 85.26 ± 15.13 0.232

LVRI (mL/g) 1.48 ± 0.21 1.68 ± 0.23 1.60 ± 0.25 1.48 ± 0.27 0.171
RVEDV (mL) 121.65 ± 26.58 139.47 ± 28.33 122.52 ± 22.84 127.09 ± 24.34 0.398
RVESV (mL) 61.33 ± 18.59 67.36 ± 16.62 58.71 ± 20.76 62.01 ± 11.72 0.524
RVSV (mL) 60.32 ± 12.83 72.12 ± 17.40 63.81 ± 10.25 65.08 ± 17.38 0.334
RVEF (%) 50.24 ± 8.77 51.72 ± 6.78 52.23 ± 10.37 50.89 ± 6.08 0.709
LVEDVi

(mL/m2) 65.05 ± 11.69 73.09 ± 16.82 66.97 ± 15.06 65.83 ± 12.55 0.661

LVESVi
(mL/m2) 27.03 ± 4.11 27.01 ± 7.20 25.47 ± 6.61 26.31 ± 6.64 0.807

LVSVi
(mL/m2) 38.02 ± 8.80 46.09 ± 10.82 41.50 ± 9.81 39.53 ± 7.29 0.254

LVMi (g/m2) 44.30 ± 7.46 44.15 ± 11.63 42.12 ± 7.89 45.01 ± 6.34 0.571
RVEDVi
(mL/m2) 68.02 ± 16.36 77.56 ± 18.61 68.47 ± 16.31 67.41 ± 12.19 0.482

RVESVi
(mL/m2) 34.13 ± 10.50 37.58 ± 10.92 32.88 ± 12.91 32.95 ± 6.29 0.500

RVSVi
(mL/m2) 33.88 ± 8.65 39.68 ± 10.49 35.58 ± 7.49 34.46 ± 8.57 0.453

GRS (%) 24.91 ± 3.22 24.64 ± 4.94 25.07 ± 7.39 22.67 ± 4.00 0.509
GCS (%) −17.56 ± 1.47 −16.90 ± 1.75 −17.67 ± 2.28 −17.08 ± 1.83 0.583
GLS (%) −11.34 ± 2.07 −12.05 ± 2.22 −12.32 ± 1.77 −11.75 ± 1.35 0.600
BRS (%) 28.39 ± 6.31 32.69 ± 8.56 31.95 ± 5.84 30.75 ± 7.26 0.527
BCS (%) −14.54 ± 1.76 −13.54 ± 2.60 −15.71 ± 1.71 −14.58 ± 1.78 0.156
BLS (%) −8.03 ± 2.23 −8.63 ± 3.41 −9.28 ± 3.03 −8.86 ± 2.24 0.809
MRS (%) 21.94 ± 3.74 22.51 ± 1.78 21.35 ± 7.07 20.12 ± 5.08 0.598
MCS (%) −17.39 ± 1.79 −16.97 ± 1.78 −17.51 ± 2.57 −16.44 ± 2.40 0.543
MLS (%) −11.18 ± 3.23 −11.83 ± 2.47 −12.45 ± 2.89 −11.33 ± 2.29 0.458
ARS (%) 26.87 ± 4.26 21.69 ± 7.91 26.40 ± 13.55 20.94 ± 9.86 0.405
ACS (%) −20.85 ± 2.67 −20.00 ± 2.57 −20.17 ± 3.57 −20.48 ± 2.70 0.744
ALS (%) −14.26 ± 2.35 −15.02 ± 1.66 −14.62 ± 0.97 −14.62 ± 1.60 0.814

BDSR (1/s) −2.22 ± 0.75 −2.52 ± 0.85 −2.49 ± 0.74 −2.05 ± 0.48 0.198
BDSC (1/s) 0.96 ± 0.16 0.80 ± 0.17 0.96 ± 0.20 0.92 ± 0.219 0.122

BDSL (1/s) 0.60 (0.47,
0.69)

0.52 (−0.06,
0.67) 0.60 (0.51, 0.67) 0.59 (0.46, 0.72) 0.237

MDSR (1/s) −1.66 ± 0.34 −1.56 ± 0.30 −1.51 ± 0.55 −1.40 ± 0.53 0.549
MDSC (1/s) 1.24 ± 0.22 1.10 ± 0.16 1.15 ± 0.29 1.02 ± 0.29 0.183
MDSL (1/s) 0.76 ± 0.16 0.72 ± 0.16 0.73 ± 0.19 0.76 ± 1.67 0.914
ADSR (1/s) −2.31 ± 0.63 −1.75 ± 0.84 −2.13 ± 1.47 −1.84 ± 1.14 0.593
ADSC (1/s) 1.52 ± 0.48 1.41 ± 0.22 1.42 ± 0.46 1.37 ± 0.37 0.812
ADSL (1/s) 0.87 ± 0.15 0.88 ± 0.13 0.89 ± 0.22 0.85 ± 0.15 0.932
GDSR (1/s) −1.81 ± 0.15 −1.72 ± 0.38 −1.56 ± 1.05 −1.51 ± 0.55 0.622
GDSC (1/s) 1.13 ± 0.21 1.03 ± 0.14 1.05 ± 0.28 1.01 ± 0.21 0.581
GDSL (1/s) 0.67 ± 0.13 0.39 ± 0.14 0.70 ± 0.19 0.72 ± 0.16 0.867

abbreviations as in Table 2. The distribution of some groups of data is not satisfied but close to the normal
distribution, so the median is used to represent its concentration.
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Figure 4. Plots for comparison of left ventricular global radial strain (a), global circumferential strain (b),
global longitudinal strain (c), global diastolic strain rate radial (d), global diastolic strain rate circumfer-
ential (e), and global diastolic strain rate longitudinal (f).

Table 5. Correlation between CD4+ T-cell counts and CMR indices.

Cardiac Function CD4+ T-Cell Counts (Cells/ μL) Cardiac Function CD4+ T-Cell Counts (Cells/ μL)

r p-Value r p-Value

LVEDV (mL) 0.157 0.355 BCS (%) −0.156 0.358
LVESV (mL) 0.075 0.659 BLS (%) −0.086 0.614
LVSV (mL) 0.174 0.302 MRS (%) −0.059 0.727
LVEF (%) 0.102 0.546 MCS (%) 0.009 0.960
LVM (g) 0.110 0.518 MLS (%) −0.023 0.892

LVRI (mL/g) 0.025 0.883 ARS (%) 0.080 0.639
RVEDV (mL) 0.034 0.841 ACS (%) −0.078 0.645
RVESV (mL) 0.022 0.899 ALS (%) 0.014 0.937
RVSV (mL) 0.035 0.836 BDSR (1/s) 0.014 0.936
RVEF (%) 0.009 0.958 BDSC (1/s) −0.144 0.395

LVEDVi (mL/m2) 0.118 0.488 BDSL (1/s) −0.085 0.618
LVESVi (mL/m2) 0.062 0.714 MDSR (1/s) −0.069 0.684
LVSVi (mL/m2) 0.135 0.427 MDSC (1/s) 0.026 0.877

LVMi (g/m2) 0.143 0.397 MDSL (1/s) 0.013 0.941
RVEDVi (mL/m2) 0.027 0.875 ADSR (1/s) 0.091 0.591
RVESVi (mL/m2) 0.029 0.867 ADSC (1/s) 0.000 0.999
RVSVi (mL/m2) 0.015 0.931 ADSL (1/s) 0.041 0.810

GRS (%) 0.046 0.787 GDSR (1/s) −0.009 0.959
GCS (%) −0.072 0.670 GDSC (1/s) −0.011 0.948
GLS (%) −0.094 0.581 GDSL (1/s) −0.088 0.603
BRS (%) 0.085 0.618

abbreviations as in Table 2.
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4. Discussion

This was the first CMR study that focused on the assessment of cardiac complications
in ART-treated males with AIDS with a short disease duration (within 3 years), and no
obvious cardiac dysfunction was found. ART is relatively safe for the heart over a short
course of treatment. We recommend that the interval between cardiac follow-ups after the
diagnosis of AIDS be appropriately extended for these patients.

Previous studies that enrolled ART-treated AIDS patients with a mean disease du-
ration of 90 months determined that AIDS patients can develop heart enlargement, ven-
tricular septal thickening, and increased volume and myocardial mass, which further
progress to diastolic and systolic dysfunction and even heart failure [15–17]. The results
of a study on cardiac function in 156 AIDS patients with a median disease duration of
10.4 years [18] also suggested that left ventricular remodeling, revealed by an increase in
LVMi (65 g/m2 [49–77 g/m2] vs. 57 g/m2 [49–64 g/m2]), is closely related to cardiovas-
cular adverse events, even though LVEF was still within the normal range. Nevertheless,
neither LVRI nor biventricular functional parameters in ART-treated males with AIDS were
different from those in HCs in this study. Subgroup analysis according to different disease
severities based on CD4+ cell counts and disease duration did not show significant differ-
ences. Myocardial strain reflects the change in the length of myocardial fibers in the process
of contraction and relaxation, and it is an early sensitive index to evaluate subclinical car-
diac dysfunction [19,20]. Case reports and cohort studies both found that ART-treated AIDS
patients with a mean treatment course of 9.3 years developed significantly decreased global
longitudinal strain and circumferential strain with normal LVEF [21]. Even in children and
young adults with a treatment course of 6.8 years, significantly reduced global longitudinal
strain was revealed [22]. The disease duration of AIDS patients in these studies was rel-
atively longer (more than 5 years) than that of the patients in our study (within 3 years),
which might be the foundation of the lack of myocardial strain observed in our study.
Cardiac dysfunction is the result of a long-term cumulative effect of many factors [23–30],
and the exact duration over which enough negative effects would accumulate and lead to
cardiac dysfunction in AIDS needs further study.

In addition to cardiac function and myocardial strain, myocardial characterization
in ART-treated males with AIDS was also performed. No evident myocardial edema or
fibrosis was visually revealed by T2WI or LGE in our study. Acute HIV infection could
cause myocarditis, revealed by obvious high intensity on T2WI and related symptoms,
including chest pain, dyspnea, and palpitation [31]. Negative cardiac-related symptoms and
myocardial injury biomarkers were consistent with the negative findings in T2WI images in
our study. In the abovementioned study with a longer disease duration, LGE was identified
in 24.3% of AIDS patients, and AIDS patients with positive LGE were more likely to
develop adverse cardiac events (46% vs. 18%, p = 0.002) [18]. The relatively shorter disease
course in our study might be insufficient to cause myocardial necrosis. Recent studies
applying mapping sequences in AIDS found subclinical myocardial edema and fibrosis
with increases in the T2 value, native T1 value, and extracellular volume [9,32]. However,
detailed information about disease duration was not reported in these studies [9,32]. A
mapping sequence was not performed in our study, and further research is needed to
determine whether subclinical myocardial edema or fibrosis already exists in patients with
a short disease duration.

Dyslipidemia is extremely common in ART-treated AIDS patients. ART is also accom-
panied by lipodystrophy, redistribution, and insulin resistance. All these factors would
increase cardiovascular risk in AIDS patients receiving ART [33,34]. Additionally, injury
caused by HIV infection, persistent inflammatory stimulation, and immune activation
increase the possibility of myocardial injury [35,36]. ART is initiated immediately after
the diagnosis of AIDS, and this treatment will be administered throughout life. The corre-
sponding negative impact of ART and HIV infection-related factors on the heart will lead to
significant cardiac complications. Thus, cardiovascular system monitoring is indispensable
in ART-treated AIDS patients. Finally, we found that there was no significant cardiac
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dysfunction in ART-treated males with AIDS within 3 years, which indicated that ART
was relatively safe for the heart in AIDS patients with a short disease duration. However,
previous studies found obvious myocardial injury in ART-treated patients with longer dis-
ease durations. Thus, further studies focusing on ART-treated AIDS patients with disease
durations longer than 3 years are also needed.

One limitation of this study was that the sample size was too small. In the next study,
we will expand the sample size and perform a follow-up CMR study. Furthermore, a
mapping sequence was not applied in this study. We used only the sequences that are most
commonly used in the clinic for evaluation. However, the technology we used in this study
is mature in clinical applications and more accessible in medical institutions.

5. Conclusions

ART-treated males with AIDS with a short disease duration may not develop obvious
cardiac dysfunction as evaluated by routine CMR, so it is reasonable to appropriately
extend the interval between cardiovascular follow-ups to more than 3 years.
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Abstract: Background: Differential expression has been found in a variety of circulating miRNAs
in patients with hypertrophic cardiomyopathy (HCM). However, study on myocardial miRNAs is
limited and a lot of miRNAs were not studied in previous studies. Methods: Twenty-one HCM
patients and four patients who died from non-cardiovascular diseases were prospectively recruited
for our study. A total of 26 myocardial tissues were collected, which were stored in liquid nitrogen
immediately for miRNA detection using the Agilent Human miRNA Microarray Kit. All HCM
patients underwent cardiovascular magnetic resonance (CMR) examination before surgery and cvi42
software was used to analyze cardiac function and myocardial fibrosis. Results: Compared with
the control group, the expression of 22 miRNAs was found to be significantly increased in the HCM
group, while 46 miRNAs were found to be significantly decreased in the HCM group. The expression
levels of hsa-miR-3960 and hsa-miR-652-3p were significantly correlated with left ventricular mass
index (r = 0.449 and 0.474, respectively). Meanwhile, Hsa-miR-642a-3p expression was positively
correlated to the quantification of late gadolinium enhancement (r = 0.467). Conclusions: Our
study found that 68 myocardial miRNAs were significantly increased or decreased in the HCM
group. Myocardial miRNA levels could be used as potential biomarkers for LV hypertrophy, fibrosis
and remodeling.

Keywords: hypertrophic cardiomyopathy; microRNA; cardiovascular magnetic resonance; myocardial
fibrosis; cardiac remodeling

1. Introduction

As the most common monogenic cardiovascular disorder, hypertrophic cardiomyopa-
thy (HCM) is associated with mutations in 11 or more genes [1]. MicroRNAs (miRNAs)
are short RNA molecules that regulate the post-transcriptional silencing of target genes. A
single miRNA can target hundreds of mRNAs and influence the expression of numerous
genes [2]. A variety of miRNAs have been found as important regulators of multiple
phases in cardiac development [3–5]. Previous studies reported that many miRNAs play
roles in the pathogenic mechanisms of heart failure, such as hypertrophy, remodeling,
hypoxia and apoptosis [6,7]. In the study by Roberta et al. [8], circulating miR-29a was
found to be significantly up-regulated in HCM patients and correlated with fibrosis and
left ventricular (LV) hypertrophy. However, circulating miRNAs did not only originate in
the myocardial tissue but in other involved organs. Assessment of myocardial miRNAs
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could better reflect the miRNA expression in hypertrophied myocardium. Moreover, only
dozens of miRNAs were analyzed in previous studies [8,9]; other miRNAs may also show
differential expression in HCM patients.

Cardiovascular magnetic resonance (CMR) plays an important role in clinical work,
which provides a mechanism to assess vascular or cardiac function, anatomy, tissue char-
acteristics and perfusion in a highly reproducible manner [10–13]. CMR measurements
of LV myocardial thickening, myocardial mass, or infarct size were confirmed with high
reproducibility and low variance in repeated samples [14]. Late gadolinium enhancement
(LGE) images derived from CMR could be used for identifying the location and extent of
myocardial necrosis. The extent of LGE closely mirrors the distribution of myocyte necrosis
at early periods [15], which may be used as a valuable tool to predict major adverse cardiac
events (MACE) and cardiac mortality [16].

In this study, we mainly aimed to characterize the myocardial miRNA profile of HCM,
and investigate miRNAs that showed differential expression in hypertrophied myocardium.
Then, the correlation between myocardial miRNA levels and CMR variables was assessed
to explore potential myocardial miRNA biomarkers of myocardial fibrosis, LV hypertrophy
and remodeling.

2. Materials and Methods

2.1. Study Population

This study was approved by the Ethics Committee of Beijing Anzhen hospital and
written informed consent was obtained from all the subjects. Twenty-one patients diag-
nosed with HCM were recruited for our study and all patients underwent transaortic
extended septal myectomy in Beijing Anzhen hospital from November 2019 to December
2020. The diagnosis of HCM was based on echocardiographic or CMR demonstration of a
hypertrophied but nondilated LV (with maximal wall thickness >15 mm at end diastolic)
in the absence of any other systemic or cardiac disorder causing a similar grade of hyper-
trophy [17]. The indications for surgical myectomy included patients with obstructive
HCM who remain severely symptomatic; symptomatic patients with obstructive HCM
who have associated cardiac disease requiring surgical treatment and patients’ voluntary
acceptance [17]. Four normal myocardium specimens were used as controls, which were
obtained from patients who died from non-cardiovascular diseases in Beijing Anzhen
hospital from November 2019 to December 2020. Their myocardial tissues were stored in
liquid nitrogen immediately for miRNA detection. A total of 21 patients with HCM (8 men
and 13 women) and 4 healthy controls (2 men and 2 women) were included in this study.
Patient’s clinical characteristics were listed in Table 1.

Table 1. Clinical characteristics of HCM patients and healthy controls.

HCM Patients Controls p Value

n Value n Value

Age (years) 21 55 (41,60) 4 51 (32,59) 0.738
Male 8 38% 2 50% 1.000

Significant LVOT gradient
(>30 mm Hg) 19 90% 0 0% -

Family history of HCM 4 19% 0 0% -
History of syncope 5 24% 0 0% -

Nonsustained tachycardia 1 5% 0 0% -
Maximal EDWT > 30 mm 2 10% 0 0% -

Mitral regurgitation 0 0% -
Mild 2 10% 0 0% -

Moderate 7 33% 0 0% -
Severe 12 57% 0 0% -

HCM, hypertrophic cardiomyopathy; LVOT, left ventricular outflow tract; EDWT, end diastolic left ventricular
wall thickness. Quantitative data were expressed as the median and interquartile range (IQR).
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2.2. CMR Image Acquisition

CMR images were acquired with a 32-channel surface phased array cardiac coil in
two different pieces of equipment (Ingenia 3.0T, Philips Healthcare, Best, Netherlands;
Discovery MR750 3.0T, GE Medical Systems, Milwaukee, WI, USA) following routine scan
protocol. Cardiac cine images were collected using balanced steady-state free precession
(bFISP) sequences with retrospective cardiac gating. Images covered the whole LV from
the base to the apex and each cardiac cycle had 25 phases. Parameters of cine images for
GE Discovery MR750 were: TR/TE = 3.6/1.4 ms, FA = 60◦, FOV = 380 × 380 mm2; for
Philips Ingenia: TR/TE = 3.0/1.52 ms, FA = 45◦, FOV = 270 × 270 mm2. LGE images
were collected using a breath-hold 2D phase-sensitive inversion-recovery (PSIR) segmented
gradient echo sequence 10 minutes after the contrast agent (Gadopentetate dimeglumine,
Bayer Healthcare) was intravenously administered at a dose of 0.2 mmol/kg body weight.
Parameters of LGE images for GE Discovery MR750 were: TR/TE = 6.2/2.9 ms, FA = 25◦,
FOV = 380 × 380 mm2; for Philips Ingenia: TR/TE = 6.1/3.0 ms, FA = 25◦, FOV = 350 ×
350 mm2. All slice thicknesses were 5 mm for long axis images and 8 mm for short axis
images with no interval between slice locations.

2.3. CMR Image Analysis

Endocardial and epicardial borders of LV from the base to the apex were automatically
delineated and manually adjusted using commercial software (cvi42, version 5.11.2, Circle
Cardiovascular Imaging Inc., Calgary, AB, Canada) in both end systolic and end diastolic
phase. Then, the left ventricular end systolic volume (LVESV), left ventricular end diastolic
volume (LVEDV), left ventricular mass (LVM) and LVEF were calculated by the software.
In addition, we further standardized LVESV, LVEDV and LVM by body surface area
(BSA). We also manually measured maximal LV end diastolic wall thickness (EDWT) by
an experienced observer (L.Z., with 10 years of CMR experience). After epicardial and
endocardial borders were manually delineated by an experienced observer (L.Z., with
10 years of CMR experience) in the LGE images, a visually normal appearing area of
myocardium without hyperenhancement was manually selected as a normal myocardial
region of interest. We defined LGE as myocardium 6 standard deviations (SD) above the
mean signal intensity.

2.4. Microarray Infomation

The Agilent Human miRNA Microarray Kit, Release 21.0, 8 × 60K (DesignID:070156)
experiment and data analysis of the 26 samples were conducted by LB Technology Co., Ltd.
(Beijing, China). The microarray contains 2570 probes for mature miRNA.

2.5. Experiment

Total RNA was quantified by the NanoDrop ND-2000 (Thermo Scientific, Waltham,
MA, USA) and the RNA integrity (RIN) was assessed using the Agilent Bioanalyzer 2100
(Agilent Technologies, Santa Clara, CA, USA). The sample labeling, microarray hybridiza-
tion and washing were performed based on the manufacturer’s standard protocols. Briefly,
total RNA was dephosphorylated, denatured and then labeled with Cyanine-3-CTP. After
purification, the labeled RNAs were hybridized onto the microarray. After washing, the
arrays were scanned with the Agilent Scanner G2505C (Agilent Technologies).

2.6. Experimental Data Analysis

Feature extraction software (version10.7.1.1, Agilent Technologies) was used to ana-
lyze array images to get raw data. Next, the raw data were normalized with the quantile
algorithm. The probes detected with at least 75.0 percent in any group were chosen for
further data analysis. Differentially expressed miRNAs were then identified through
fold change and the p-value was calculated using a t-test. The threshold set for up- and
down-regulated genes was a fold change ≥ 2.0 and a p-value ≤ 0.05. Target genes of
differentially expressed miRNAs were the intersection predicted with 2 databases (miRDB,
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miRWalk). GO analysis and KEGG analysis were applied to determine the roles of these tar-
get genes. Hierarchical clustering was performed to show the distinguishable miRNAs ex-
pression pattern among samples. The miRNAs extraction and screening process are shown
in Figure 1.

Figure 1. MiRNAs extraction and screening process. (A) Correlation of gene expression levels among
samples using Pearson correlation methods. (B) Volcano map, in which each point represents a
miRNA, the abscissa represents the logarithm of the difference multiple of the expression of a certain
miRNA in the two groups of samples (log2fc), and the ordinate represents the negative logarithm
(−log10 (p-value)) of the statistical significance of the change of miRNA expression. The greater the
absolute value of abscissa, the greater the difference multiple between the two groups; The larger the
ordinate is, the more significant the differential expression is, and the more reliable the differentially
expressed miRNA screened is. Red dots indicate up-regulation, blue dots indicate down-regulation,
and gray dots indicate that at least 75% of the samples in one group are marked as ‘ detected ‘ or
non-differentially expressed miRNA. (C) Raw data scanning diagram of a chip, each point on the
diagram corresponds to a probe (only shows a partial probe). (D) Clustering relationship between
samples, which could distinguish two or more groups of samples.
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2.7. Statistical Analysis

Statistical analyses were undertaken with the SPSS software (IBM SPSS Statistics for
Windows, Version 23.0; IBM Corp., Armonk, NY, USA) and R programming language
(version 3.4.2, Available online: http://www.r-project.org (accessed on 19 January 2022).
Quantitative data were expressed as the median and interquartile range (IQR), and categor-
ical variables were presented as frequencies or percentages. Spearman correlation analyses
were used to evaluate the potential correlation between miRNA levels and CMR variables.
The Mann–Whitney U test was used to compare the difference in quantitative data in two
different groups, and the chi-square test or Fisher’s exact test were used to compare the
difference of categorical variables between two different groups.

3. Results

3.1. Patients’ CMR and Echocardiography Findings

Patients’ CMR and echocardiography findings are listed in Table 2, including LVEF,
LVEDVi, LVESVi, EDWT, quantification of LGE, LVMi, LV outflow tract gradient (LVOTO)
and left atrial volume index (LAVi).

Table 2. CMR and echocardiography findings of HCM patients.

CMR Parameters HCM Patients

Left atrial volume index (mL/m2) 53 (44,68)
Left ventricular ejection fraction (%) 66 (59,73)

Left ventricular end diastolic volume index (mm/m2) 75 (57,88)
Left ventricular end systolic volume index (mm/m2) 24 (19,35)

Left ventricular outflow tract gradient (mm Hg) 78 (54,101)
Maximal wall thickness (mm) 22 (18,28)

Left ventricular mass index (mm/m2) 95 (79,126)
Quantification of late gadolinium enhancement (%) 6 (2,20)

CMR, cardiac magnetic resonance; HCM, hypertrophic cardiomyopathy. Quantitative data were expressed as the
median and interquartile range (IQR).

3.2. Up-Regulated and Down-Regulated miRNAs in HCM Patients

Compared with the control group, the expression of 22 miRNAs was found signifi-
cantly increased in the HCM group, while 46 miRNAs were found significantly decreased
in the HCM group (Table 3). The expression of myocardial miR-208b-3p, -221-3p, -224-3p
were extremely up-regulated (with foldchange >10) and miR-218-5p, -4741, -5787, -208a-
3p, -551b-3p, -4788, -575, -4466, -1246, -7150, -204-5p, -208a-5p, -6850-5p, -7847-3p were
extremely down-regulated (with foldchange < −10).

Table 3. Up-regulated and down-regulated miRNAs in HCM patients.

miRNAs p-Value FoldChange log2FoldChange Regulation

hsa-miR-15a-5p 1.67 × 10−8 2.190249138 1.131094984 Up
hsa-miR-24-1-5p 6.63 × 10−7 2.185726725 1.128113036 Up
hsa-miR-95-3p 0.00107674 8.082612468 3.014821677 Up

hsa-miR-208a-3p 1.37 × 10−6 −28.85041914 −4.850520374 Down
hsa-miR-148a-3p 0.007665064 −7.04991722 −2.817606318 Down
hsa-miR-10a-5p 0.023519485 −5.823609987 −2.54191374 Down

hsa-miR-181a-5p 2.42 × 10−9 2.046487301 1.033149714 Up
hsa-miR-181b-5p 1.61 × 10−8 4.767522463 2.253239736 Up
hsa-miR-204-5p 0.000980838 −11.19625089 −3.484943816 Down
hsa-miR-218-5p 8.97 × 10−17 −54.93956941 −5.779773698 Down
hsa-miR-221-3p 8.08 × 10−18 77.96215989 6.284702155 Up
hsa-miR-142-3p 0.00037835 −4.857959151 −2.280350359 Down
hsa-miR-149-5p 2.81 × 10−6 3.888492702 1.959211031 Up
hsa-miR-188-5p 0.001074418 −4.594043979 −2.199764668 Down
hsa-miR-378a-5p 2.43 × 10−13 9.967233981 3.317193196 Up
hsa-miR-378a-3p 1.45 × 10−9 2.409517431 1.268744238 Up
hsa-miR-424-5p 0.015718634 5.24821437 2.39182665 Up
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Table 3. Cont.

miRNAs p-Value FoldChange log2FoldChange Regulation

hsa-miR-451a 0.048520532 −2.158469131 −1.110008461 Down
hsa-miR-486-5p 3.01 × 10−8 2.491376359 1.316942978 Up

hsa-miR-499a-5p 8.04 × 10−10 3.125868037 1.644256874 Up
hsa-miR-551b-3p 7.91 × 10−11 −23.50718535 −4.555029902 Down

hsa-miR-575 1.02 × 10−11 −18.94850888 −4.244012418 Down
hsa-miR-652-3p 0.003807107 4.396032747 2.136202133 Up
hsa-miR-23b-5p 0.006018149 3.310903689 1.727225045 Up
hsa-miR-125a-3p 0.003260678 −3.153527041 −1.656966304 Down
hsa-miR-486-3p 0.000950208 6.877931643 2.781974778 Up
hsa-miR-490-5p 0.005608572 −2.417505315 −1.273519062 Down
hsa-miR-455-3p 6.87 × 10−8 4.151633047 2.053678933 Up

hsa-miR-208b-3p 8.33 × 10−13 159.1822033 7.31453524 Up
hsa-miR-1225-5p 1.02 × 10−6 −2.301696596 −1.202697674 Down

hsa-miR-1246 1.03 × 10−11 −14.79899608 −3.887427406 Down
hsa-miR-1915-3p 0.012200862 −8.341626335 −3.060328688 Down
hsa-miR-224-3p 1.04 × 10−9 14.97603971 3.904584261 Up
hsa-miR-3141 0.015232493 −4.006507145 −2.00234505 Down
hsa-miR-4298 0.042552949 −4.810758055 −2.266264244 Down
hsa-miR-4270 0.012522098 −9.686961125 −3.276044152 Down
hsa-miR-4291 0.029289007 2.996508744 1.583282584 Up

hsa-miR-3679-5p 0.014999028 −3.151810102 −1.656180614 Down
hsa-miR-378d 2.36 × 10−11 5.814021124 2.539536313 Up
hsa-miR-4442 0.014525527 −7.714730539 −2.947615767 Down
hsa-miR-4466 0.000397024 −17.79445123 −4.153355537 Down
hsa-miR-4530 3.77 × 10−7 −2.141285992 −1.098477496 Down
hsa-miR-378i 3.05 × 10−11 2.634035175 1.397274612 Up
hsa-miR-3960 0.000482361 −2.028841036 −1.020655831 Down
hsa-miR-4634 1.85 × 10−5 −7.491169168 −2.905190902 Down
hsa-miR-4669 0.032262486 −7.26027626 −2.860024445 Down

hsa-miR-4687-3p 2.06 × 10−7 −3.042668733 −1.605337271 Down
hsa-miR-4741 1.67 × 10−9 −38.44059936 −5.264558926 Down

hsa-miR-4787-5p 0.000435723 −4.295676251 −2.102885267 Down
hsa-miR-4788 2.32 × 10−7 −19.06965697 −4.253206987 Down

hsa-miR-642a-3p 0.049097861 −5.377734753 −2.426998599 Down
hsa-miR-5001-5p 8.45 × 10−5 −3.991371678 −1.996884629 Down
hsa-miR-1229-5p 0.005670955 −9.395082827 −3.231905881 Down

hsa-miR-5787 4.37 × 10−11 −29.79856364 −4.897170886 Down
hsa-miR-6088 0.00125777 −2.075538432 −1.053485646 Down
hsa-miR-6090 0.000126781 −2.72669402 −1.447152815 Down

hsa-miR-6510-5p 0.020496139 −2.921621676 −1.546769374 Down
hsa-miR-208a-5p 8.26 × 10−6 −11.036198 −3.464171341 Down
hsa-miR-6727-5p 0.000316337 −5.062208252 −2.339766859 Down
hsa-miR-6739-5p 0.044423071 2.783974922 1.477146215 Up
hsa-miR-6800-5p 0.017351182 −8.6565924 −3.113799231 Down
hsa-miR-6850-5p 0.000487495 −10.15242969 −3.343753131 Down
hsa-miR-6891-5p 0.021973529 −7.101027763 −2.828027847 Down
hsa-miR-7107-5p 0.017734323 −2.296376215 −1.199359018 Down
hsa-miR-7110-5p 0.037958046 −6.662449596 −2.736052713 Down

hsa-miR-7150 3.40 × 10−6 −13.56395008 −3.761705475 Down
hsa-miR-7847-3p 6.05 × 10−6 −10.01635556 −3.324285775 Down

hsa-miR-8069 4.29 × 10−8 −2.194231964 −1.133716049 Down

HCM, hypertrophic cardiomyopathy.

3.3. Correlation between miRNA Levels and CMR Variables

The expression levels of hsa-miR-3960 and hsa-miR-652-3p were significantly and
positively correlated with LVMi (r = 0.449, p = 0.036; r = 0.474, p = 0.026, respectively).
The expression levels of hsa-miR-3679-5p and hsa-miR-7107-5p were significantly and
positively correlated with LVEF (r = 0.486, p = 0.022; r = 0.454, p = 0.034, respectively),
while the expression level of hsa-miR-499a-5p was significantly and negatively correlated
with LVEF (r = −0.571, p = 0.005). Meanwhile, hsa-miR-642a-3p expression was positively
correlated to the quantification of LGE (r = 0.467, p = 0.028). Then, hsa-miR-3141 and
hsa-miR-3679-5p expression were found to be negatively correlated to LVESVi (r = −0.556,
p = 0.007; r = 0.459, p = 0.032, respectively) (Figures 2 and 3).
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Figure 2. CMR findings in different patients with different myocardial miRNA levels. (A) Short axis
LGE image in a patient with high expression of myocardial hsa-miR-642a-3p showed extensive LGE
in the septal wall of LV. (B) Short axis LGE image in a patient with low expression of myocardial
hsa-miR-642a-3p, no LGE was found in the LV myocardial. (C) Short axis cine image in a patient with
high expression of myocardial hsa-miR-652-3p and hsa-miR-3960 showed significantly thickened
myocardial. (D) Short axis cine image in a patient with low expression of myocardial hsa-miR-
652-3p and hsa-miR-3960 showed myocardial thickening but was not as obvious as the previous
one. (E) Short axis cine image in a patient with high expression of myocardial hsa-miR-3679-5p
and hsa-miR-3141 showed low LVESVi. (F) Short axis cine image in a patient with low expression
of myocardial hsa-miR-3679-5p and hsa-miR-3141 showed higher LVESVi than the previous one.
CMR, cardiovascular magnetic resonance; LGE, late gadolinium enhancement; LV, left ventricle;
LVESVi, left ventricular end systolic volume index.
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Figure 3. Correlation between miRNA levels and clinical variables. (A) The expression levels
of hsa−miR−3960 were significantly and positively correlated with LVMi. (B) The expression
levels of hsa−miR−652−3p were significantly and positively correlated with LVMi. (C) The ex-
pression lev of hsa−miR−499a−5p was significantly and negatively correlated with LVEF. (D) The
expression levels of hsa−miR−7107−5p were significantly and positively correlated with LVEF.
(E) The expression levels of hsa−miR−3679−5p were significantly and positively correlated with
LVEF. (F) Hsa−miR−642a−3p expression was positively correlated to the quantification of LGE.
(G) Hsa−miR−3141 expression was negatively correlated to LVESVi. (H) Hsa−miR−3679−5p
expression was negatively correlated to LVESVi. LVMi, left ventricular mass index; LVEF, left ven-
tricular ejection fraction; LGE, late gadolinium enhancement; LVESVi, left ventricular end systolic
volume index.
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4. Discussion

We evaluated the expression of 2570 miRNAs in each myocardial specimen and
found that the expression of 22 miRNAs was significantly increased and 46 miRNAs
were significantly decreased in the HCM group. Then, seven miRNAs were found to be
significantly correlated to CMR parameters.

We evaluated the expression of myocardial miRNA levels rather than circulating
miRNA levels, so the result in this study is different from previous studies [8,9]. In the
study by Roberta et al. [8], the expression of circulating miR-27a, -199a-5p, -26a, -145,
-133a, -143, -199a-3p, -126-3p, -29a, -155, -30a, and -21 were found to be increased in HCM
patients. In the study by Derda [9] et al., circulating expression of miR-155 was significantly
decreased in both obstructive and non-obstructive HCM patients. However, in this study,
the expression of these miRNAs was not significantly up-regulated or down-regulated in
HCM patients. This result means that the expression of miRNAs was different between
myocardial and circulation.

In the preliminary study on the expression of myocardial miRNAs, Kuster [18] et al.
found that the expression of miRNA-10b was down-regulated and miRNA-204, -497, -184,
-222 and -34 were up-regulated. In the study by Song [19] et al., expression of miRNA-
451 was significantly down-regulated, and overexpression of miR-451 in neonatal rat
cardiomyocytes could reduce cell size. In the study by Huang [20] et al., the expression of
miR-221, miR-222 and miR-433 was significantly up-regulated. The results in our study
were partly similar to these studies as we also found up-regulated expression of miR-
221 and down-regulated expression of miR-451, but no similar results were found in
other miRNAs.

A number of circulating miRNAs were found significantly associated with LV hyper-
trophy and fibrosis [8,21,22]. In this study, we further evaluated the relationship between
myocardial miRNAs and LVH, myocardial fibrosis and LV remodeling.

Previous studies focused on circulating miR-27a, miR-29a and miR-199a-5p, which were
validated to be significantly correlated with LVH and LV fibrosis in various studies [8,22].
Our study found that myocardial hsa-miR-3960 and hsa-miR-652-3p were significantly
associated with LV hypertrophy, and hsa-miR-642a-3p was significantly correlated with
LV fibrosis; this means that myocardial miRNAs could also perform as biomarkers of LVH
and LV fibrosis. In addition, we also found that hsa-miR-499a-5p, hsa-miR-7107-5p, hsa-
miR-3141 and hsa-miR-3679-5p were significantly associated with the remodeling of the LV
cavity. To our knowledge, this has not been studied yet.

MiR-499 was shown to regulate the cardiac β-MyHC/α-MyHC ratio, and β-MyHC
expression was increased in human hearts of patients with ischemic cardiomyopathy and
other heart diseases [23–26]. Circulating miR-499a-5p was proven as one of the dysregu-
lated miRNAs in HCM, which expressed higher in HCM patients than in healthy controls,
and carriers of P/LP variants in the MYH7 gene expressed higher levels than in con-
trols [27,28]. In our study, we found that myocardial miR-499a-5p was also up-regulated,
and higher expression of myocardial miR-499a-5p correlated with lower LVEF. However,
the relationship between LV remodeling and miR-499a-5p needs further validation and
mechanism exploration.

MiR-642-3p was revealed as an adipocyte-specific microRNA in a previous study [29],
but the function of miR-642 families on myocytes has not been reported. So, although
myocardial miR-642-3p was significantly down-regulated in hypertrophied myocardium
and correlated with LV fibrosis in our study, further studies are needed to explore the
mechanism of this relationship.

In the study by Eyyupkoca et al. [30], mir-652-3p was identified to be associated with
adverse left ventricular remodeling (ALVR), which was defined as an increase in LVEDV
and LVESV > 13% 6 months after acute myocardial infarction (AMI). Unfortunately, studies
were limited in other miRNAs, such as miR-3960, miR-7107-5p, miR-3141 and miR-3679-
5p in the cardiovascular field, so greater efforts are needed in this field to explore the
mechanism of how these miRNAs work and to find potential therapeutic targets.
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Several studies have suggested that endogenic factors such as myeloperoxidase (MPO)
and nitric oxide synthase (NOS) may play important roles in the frail population [31,32].
However, the effect of endogenic factors derived from myocardial tissue on HCM patients
was not investigated in this study, and further study is needed to explore the possible
protective role or the unfavorable role of endogenic factors in the HCM population.

There are several limitations to our study. First, since the myocardial species were
difficult to obtain, especially in patients without HCM, we only included 21 HCM patients
and four healthy controls. So, our result needs further validation with large-scale studies.
Then, due to insufficient image quality, T1 maps were not available for analysis in many
patients, so we did not analyze the relationship between myocardial miRNAs and diffuse
myocardial fibrosis. Next, we did not collect blood samples from these patients, so it
is impossible to analyze the relationship between circulating miRNAs and myocardial
miRNAs; this will be improved in future research. Finally, patients’ follow-up was not
conducted in this study, and the relationship between myocardial miRNAs and long-term
outcomes was not discussed; this will be added in the next research.

5. Conclusions

In conclusion, our study found that 68 myocardial miRNAs were significantly in-
creased or decreased in the HCM group. Myocardial miRNA levels could be used as
potential biomarkers for LV hypertrophy, fibrosis and remodeling.
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Abstract: Background: Pulmonary hypertension (PH) is known to alter the biventricular shape and
temporal phases of the cardiac cycle. The presence of interventricular septal (IVS) displacement has
been associated with the severity of PH. There has been limited cardiac magnetic resonance (CMR)
data regarding the temporal parameters of the cardiac cycle in PH. This study aimed to quantify
the temporal changes in the cardiac cycle derived from CMR in PH patients with and without IVS
displacement and sought to understand the mechanism of cardiac dysfunction in the cardiac cycle.
Methods: Patients with PH who had CMR and right heart catheterization (RHC) examinations were
included retrospectively. Patients were divided into an IVS non-displacement (IVSND) group and
an IVS displacement (IVSD) group according to IVS morphology, as observed on short-axis cine
CMR images. Additionally, age-matched healthy volunteers were included as the health control
(HC). Temporal parameters, IVS displacement, ventricular volume and functional parameters were
obtained by CMR, and pulmonary hemodynamics were obtained by RHC. The risk stratification of
the PH patients was also graded according to the guidelines. Results: A total of 70 subjects were
included, consisting of 33 IVSD patients, 15 IVSND patients, and 22 HC patients. In the IVSND group,
only the right ventricle ejection fraction (RVEF) was decreased in the ventricular function, and no
temporal change in the cardiac cycle was found. A prolonged isovolumetric relaxation time (IRT) and
shortened filling time (FT) in both ventricles, along with biventricular dysfunction, were detected
in the IVSD group (p < 0.001). The IRT of the right ventricle (IRTRV) and FT of the right ventricle
(FTRV) in the PH patients were associated with pulmonary vascular resistance, right cardiac index,
and IVS curvature, and the IRTRV was also associated with the RVEF in a multivariate regression
analysis. A total of 90% of the PH patients in the IVSD group were stratified into intermediate- and
high-risk categories, and they showed a prolonged IRTRV and a shortened FTRV. The IRTRV was also
the predictor of the major cardiovascular events. Conclusions: The temporal changes in the cardiac
cycle were related to IVS displacement and mainly impacted the diastolic period of the two ventricles
in the PH patients. The IRT and FT changes may provide useful pathophysiological information on
the progression of PH.

Keywords: pulmonary hypertension; magnetic resonance imaging; cine; cardiovascular physiological
phenomena; cardiac cycle; ventricular function
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1. Introduction

The right ventricle (RV) and left ventricle (LV) work within a distensible pericardium
and are connected to each other through the interventricular septum (IVS), which shares
myocardial fibers with both ventricles and accommodates the interactions between the two
ventricles [1]. Therefore, the overloading of the RV pressure and volume affects not only
the RV morphology and function, but also the LV morphology and function, in both the
systolic and diastolic phases [2].

Increased pulmonary arterial pressure (PAP) can lead to prolonged and inhomo-
geneous RV contraction and has been associated with negative ventricular–ventricular
interactions in pulmonary hypertension (PH) [3,4]. There is also evidence that the mecha-
nism of RV-induced LV discoordination involves a combination of delayed early systolic
electromechanical activation, late-systolic IVS shift, and prolonged post-systolic IVS thick-
ening [5]. IVS displacement is defined as a flattening or bowing toward the LV [6], and
it is observed in patients with PH. The presence of IVS displacement has been associated
with the severity of PH [7] and may impair the LV filling dynamics [8]. IVS displacement is
considered to be a consequence of the prolonged contraction of the RV free wall relative to
that of the IVS and the LV free wall, causing interventricular relaxation dyssynchrony [9].
Therefore, IVS displacement causes the ventricular interdependency to become visible in
PH. The simulations using the computational model have shown that the altered duration
of the RV free wall contraction and profound IVS dyskinesia are associated with interven-
tricular mechanical discoordination and decreased early LV filling in PH [10]. Nevertheless,
the computational simulations of PH cannot explain the cases of all PH patients, especially
in regard to the severe symptomatic PH patients.

Cardiac magnetic resonance (CMR) imaging is a non-invasive, robust diagnostic
follow-up tool used for PH patients [11]. Cine CMR imaging is the reference standard for
the evaluation of the morphology, volume, and function of both the LV and RV [12], and
its value in the evaluation of patients with PH is increasingly recognized [12]. Cine CMR
is able to describe the morphological changes in IVS to give a detailed assessment of the
severity of PH [13]. It can display the opening and closure of the aortic valves, pulmonary
arterial valves, mitral valves, and tricuspid valves distinctly [14], so that the temporal
parameters of the cardiac cycle can be derived accurately. However, limited CMR data are
available regarding the changes in the cardiac cycle in PH patients.

The goal of this study was to quantify the temporal changes in the cardiac cycle in PH
patients with different IVS shapes and their relationship with the cardiac function using
CMR, and to understand the mechanism of cardiac dysfunction in the cardiac cycle.

2. Materials and Methods

2.1. Study Design and Patient Enrollment

Data were obtained from the records of adult patients who were diagnosed with
or suspected of having PH from May 2012 to August 2018, who had been examined by
CMR. The eligible patients retrospectively included in this study were those who were
diagnosed with PH by right heart catheterization (RHC), as defined by the European
Society of Cardiology [15], but who had not received any treatment. The interval between
the CMR and the RHC examinations was less than a week. All the patients were in sinus
rhythm. All patients whose etiology was not precapillary PH were excluded because of
their different hemodynamic conditions. Precapillary PH was defined as a mean pulmonary
arterial pressure (mPAP) of ≥25 mmHg with a pulmonary artery wedge pressure (PAWP)
of ≤15 mmHg and pulmonary vascular resistance (PVR) of >3 Wood units, measured by
RHC [15]. Patients who were aged below 18 years or those whose CMR image qualities did
not meet the post-processing requirements were excluded. All the PH patients were divided
into two groups according to IVS morphology, observed on short-axis cine CMR images.
The PH patients with IVS flattening or even bowing toward the LV were classified as the
IVS displacement (IVSD) group, while the PH patients without IVS displacement were
classified as the IVS non-displacement (IVSND) group. Additionally, 22 age-matched healthy
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volunteers with no evidence of any heart diseases also underwent CMR examination and
were included as the health control (HC) group (Figure 1). The study was approved by
the hospital research ethics committee and conducted in compliance with all the clinical
practice requirements as prescribed by the committee. The requirement of informed consent
was waived.

 
Figure 1. Patient flowchart. PH, pulmonary hypertension; CMR, cardiac magnetic resonance; RHC,
right heart catheterization; IVSND, pulmonary hypertension patients without interventricular septum
displacement; IVSD, pulmonary hypertension patients with interventricular septum displacement.

2.2. CMR Examination

CMR was performed on a 3.0 T MR scanner (GE Healthcare, Discovery MR 750,
Milwaukee, WI, USA) with an 8-channel cardiac coil, using a vector-cardiographic method
for electrocardiogram gating. The short-axis cine CMR images (slice thickness = 8 mm),
4-chamber cine images (slice thickness = 6 mm), and LV and RV outflow tracts (slice
thickness = 6 mm) were acquired using fast imaging employing steady-state acquisition
(FIESTA) during breath-holds. The acquisition parameters were as follows: 20 frames per
cardiac cycle, repetition time 3.40 to 3.60 ms, echo time 1.50 to 1.60 ms, flip angle = 45◦,
bandwidth = 125 KHz/pixel, field of view = 35 cm × 35 cm, matrix = 224 × 224, and
NEX = 1.

2.3. CMR Image Analysis

The CMR image analysis was performed with Report Card 3.7 on GE Advantage
Workstation 4.6. The analysis of the IVS morphology was performed using the short-
axis cine CMR images, as previously described in the literature [12–14], including the
interventricular septal curvature (CIVS) and curvature ratio (CR). The RV and LV function
analysis was also performed using the short-axis cine CMR images. The RV and LV
endocardial and epicardial borders were automatically traced with manual adjustments to
obtain the end-diastolic volume (EDV), end-systolic volume (ESV), stroke volume (SV) and
ejection fraction (EF). The papillary muscles and trabeculae were included in the ventricular
cavity volume. The myocardial mass (MM) was calculated by multiplying the volume of
the ventricular myocardium in the end-diastolic phase with its density (1.05 g/cm3). The
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ventricular mass index (VMI) was calculated by dividing the RVMM by the LVMM. All
the cardiac functional parameters were divided by the specific body surface area (BSA) for
normalization and recorded as the end-diastolic volume index (EDVI), end-systolic volume
index (ESVI), stroke volume index (SVI) and myocardial mass index (MMI), respectively.

The opening and closure of the aortic valves, pulmonary valves, mitral valves and tri-
cuspid valves were reviewed using the cine CMR images. The aortic valves and pulmonary
valves were reviewed using the outflow tract cine images of the LV and RV, respectively.
The mitral valves and tricuspid valves were observed using the 4-chamber cine view. The
opening time and closure time of the valves were normalized and recorded as the percent-
age of the R-R interval. The cardiac cycle was composed of an isovolumetric relaxation
phase, a filling phase, an isovolumetric contraction phase and an ejection phase. The
durations of the four phases were calculated as follows (isovolumetric relaxation time, IRT;
filling time, FT; isovolumetric contraction time, ICT; ejection time, ET; tricuspid valve, T;
pulmonary artery valve, P; mitral valve, M; aortic valve, A; open, o; closure, c):

IRTRV = TO − PC

FTRV = TC − TO

ICTRV = PO − TC

ETRV = PC − PO

IRTLV = MO − AC

FTLV = MC − MO

ICTLV = AO − MC

ETLV = AC − AO

To assess the inter-observer and intra-observer reproducibility of the temporal param-
eters of the cardiac cycle, 18 (26%) PH patients were selected randomly and re-examined
independently by the two readers (FY, 6 years CMR experience and DW, 3 years CMR
experience). For the intra-observer reproducibility, one observer (FY) repeated the mea-
surements four weeks later. The intra-class correlation coefficient was used to assess
the reproducibility.

2.4. Risk Stratification, Follow-Up, and Study Endpoint

In line with the risk assessment instrument from the abbreviated version of the 2015 Eu-
ropean Society of Cardiology (ESC)/European Respiratory Society (ERS) risk stratification
strategy [15], all the PH patients were graded according to the World Health Organization
functional classification (WHO FC), including 6 min walking distance (6 MWD), brain
natriuretic peptide (BNP), N-terminal prohormone of the brain natriuretic peptide (NT-
proBNP), mean right atrial pressure (mRAP), cardiac index (CI) and mixed venous oxygen
saturation (SvO2). For each patient, the sum of all grades was divided by the number of
available variables and rounded to the next integer to define the risk group. The cut-off
values proposed in the guidelines were graded from 1–3 (1: low risk, 2: intermediate risk,
3: high risk). The overall treatment goal for patients with PH is to achieve a low-risk status;
thus, the PH patients were divided into the low-risk group and the intermediate- and
high-risk groups.

All the PH patients were followed up with a census date of 12 January 2021. The
designed primary endpoint was defined as major cardiovascular events (MACE), which
included hospitalization for heart failure, lung transplantation, malignant ventricular
arrhythmia and death.
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2.5. Statistical Analyses

SPSS 23.0 was used for all the statistical analyses. All the continuous variables were
presented as medians and interquartile ranges (IQR) when the variables were not normally
distributed. The Kruskal–Wallis one-way ANOVA test, with Bonferroni correction post
hoc analysis, was used to compare the continuous variables among the three groups of
HC, IVSND and IVSD. The categorical variables were presented as frequencies (%) and
compared using Fisher’s exact test. The correlation between the parameters was calculated
with Spearman’s correlation coefficient. Multivariable stepwise regression analysis was
used to explore the factors associated with RVEF. Each variable with a significant associ-
ation (p < 0.05) in the univariate analysis was introduced into the regression model. The
differences in the ventricular function and the temporal parameters between the low-risk
group and the intermediate- and high-risk groups were tested by the Mann–Whitney U test.
The univariable and multivariable Cox regression models included demographic factors,
clinical factors, laboratory tests, and RHC and CMR variables (variables whose p-value
was <0.15 in the univariable Cox regression analysis were included in the multivariable
Cox regression analysis). All the analyses were two-sided, and p-values of <0.05 were
considered to be statistically significant.

3. Results

3.1. Patient Characteristics

The clinical characteristics of the subjects are presented in Table 1. A total of 48 consec-
utive precapillary PH patients confirmed by RHC were enrolled, including 29 patients with
PAH, 18 patients with chronic thromboembolic pulmonary hypertension (CTEPH), and
one patient who had PH with unclear and/or multifactorial mechanisms. There were no
significant differences in age, sex or BSA among the IVSND group, the IVSD group and the
HC group. The IVSD group had significantly decreased 6MWD and increased NT-proBNP
and WHO FC levels. The HR was significantly faster in the IVSD group than in the IVSND
group (p < 0.05) and in the HC group (p < 0.001). No significant differences between the
IVSND group and the IVSD group in the proportion of PH subsets (p > 0.05) were observed.
The mPAP, PVR, CI and mRAP were higher in the IVSD group than in the IVSND group
(p < 0.05).

Table 1. Demographic, clinical and RHC characteristics in the health control and PH patients.

HC (n = 22) IVSND (n = 15) IVSD (n = 33)

Demographics
Female, n (%) 20 (90.9) 14 (93.3) 27 (81.8)

Age, years 43 (35–49) 52 (37–62) 40 (32–62)
PAH/CTEPH – 8/21 7/11

WHO FC I/II/III/IV – 0/14/1/0 0/13/17/3 ###

6MWD, m – 444 (302–463) 235 (157–339) ###

NT-proBNP, pg/mL – 97 (56–245) 1678 (634–1961) ###

HR, bpm 68 (63–73) 71 (66–79) 84 (78–93) *** #

BSA, m2 1.65 (1.58–1.77) 1.66 (1.51–1.75) 1.69 (1.50–1.76)
Low-risk/intermediate and

high risk – 9/6 3/30
RHC measurements

mPAP, mmHg – 39 (33–46) 54 (41–62) ##

PVR, Wood – 10 (7–14) 16 (11–21) ##

CI, L/min/m2 – 2.3 (2.1–3.1) 1.9 (1.5–2.5) #

mRAP, mmHg – 5 (3–6) 6 (5–9) #

PAWP, mmHg – 10 (7–12) 9 (6–10)
*** p < 0.001: versus HC; # p < 0.05, ## p < 0.01, ### p < 0.001: versus IVSND. HC, health control; IVSND, pulmonary
hypertension patient without interventricular septum displacement; IVSD, pulmonary hypertension patient
with interventricular septum displacement; HR, heart rate; BSA, body surface area; WHO FC, World Health
Organization functional classification; 6MWD, 6 min walking distance; NT-proBNP, N-terminal prohormone of the
brain natriuretic peptide; PAH, pulmonary arterial hypertension; CTEPH, chronic thromboembolic pulmonary hy-
pertension; RHC, right heart catheterization; mPAP, mean pulmonary arterial pressure; PVR, pulmonary vascular
resistance; CI, cardiac index; mRAP, mean right atrium pressure; PAWP, pulmonary arterial wedge pressure.
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3.2. IVS Morphology and Cardiac Functional Parameters

The IVSD group had significantly decreased CIVS and CR when compared with the
IVSND group and the HC group (Table 2).

Table 2. CMR-derived morphologic and functional parameter characteristics in the health control
and PH patients.

HC (n = 22) IVSND (n = 15) IVSD (n = 33)

RVEDVI, mL/m2 81 (71–87) 68 (61–93) 117 (104–140) *** ###

RVESVI, mL/m2 37 (32–43) 43 (36–49) 84 (66–95) *** ###

RVSVI, mL/m2 42 (38–49) 35 (27–42) 37 (29–47)
RVEF, % 52 (50–60) 45 (38–50) * 31 (25–40) *** ##

RVMMI, g/m2 13 (10–17) 17 (13–19) 27 (20–31) *** ##

LVEDVI, mL/m2 80 (72–90) 68 (53–78) 54 (42–48) ***
LVESVI, mL/m2 33 (29–41) 24 (21–35) 26 (17–29) ***
LVSVI, mL/m2 45 (42–52) 44 (32–50) 30 (23–39) *** #

LVEF, % 57 (52–67) 61 (58–64) 57 (53–61)
LVMMI, g/m2 40 (37–48) 41 (36–47) 42 (36–48)

VMI 0.34 (0.27–0.42) 0.42 (0.30–0.46) 0.61 (0.48–0.76) *** ##

CIVS 0.07 (0.06–0.07) 0.06 (0.04–0.07) 0.01 (−0.01–0.02) *** ###

CR 1.00 (0.95–1.04) 0.88 (0.71–0.92) 0.24 (−0.23–0.45) *** ###

* p < 0.05, *** p < 0.001: versus HC; # p < 0.05, ## p < 0.01, ### p < 0.001: versus IVSND; CMR, cardiac magnetic
resonance; HC, health control; IVSND, pulmonary hypertension patient without interventricular septum displace-
ment; IVSD, pulmonary hypertension patient with interventricular septum displacement; RV, right ventricle; LV,
left ventricle; EDVI, end-diastolic volume index; ESVI, end-systolic volume index; SVI, stroke volume index;
EF, ejection fraction; MMI, myocardial mass index; VMI, ventricular mass index; CIVS, interventricular septal
curvature; CR, curvature ratio.

Figure 2 shows the trend of the percentage changes in the RV (a) and LV (b) function
from the HC to the IVSD group. The detailed differences in the above functional parameters
among the groups are shown in the Figure S1. For the RV parameters (Figure 2a), the IVSD
patients had increased RVEDVI and RVESVI, and decreased RVEF when compared with
the IVSND group and the HC (p < 0.01). The RVEF was the only decreased parameter in the
IVSND group compared with the HC (p < 0.05). While there was no significant difference in
the RVSVI among the three groups (p > 0.05), among the LV parameters (Figure 2b), the
LVEDVI, LVESVI, and LVSVI were decreased in the IVSD patients (p < 0.001). There was no
significant difference in the LVEF among the three groups (p > 0.05) (Table 2). The RVMMI
and VMI of the IVSD group were increased (p < 0.01), but the LVMMI showed no difference.

Figure 2. Cont.
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Figure 2. The trend of the percentage changes in the RV (a) and LV (b) function from the HC to IVSD

group. All of the values of the coordinate points were calculated from the percentage change of the
median of the parameters in the IVSND and IVSD groups using the HC as the baseline. HC, health
control; IVSND, pulmonary hypertension patients without interventricular septum displacement;
IVSD, pulmonary hypertension patients with interventricular septum displacement; RV, right ventri-
cle; LV, left ventricle; EDVI, end-diastolic volume index; ESVI, end-systolic volume index; SVI, stroke
volume index; EF, ejection fraction; MMI, myocardial mass index; VMI, ventricular mass index.

3.3. Temporal Parameters in the Cardiac Cycle

Table 3 and Figure 3 present the characteristics of the temporal parameters in the
cardiac cycle. All the temporal parameters showed no difference between the IVSND and
HC groups.

Table 3. CMR-derived temporal parameters of the three groups.

Temporal Parameters HC (n = 22) IVSND (n = 15) IVSD (n = 33)

PO, % 6.1 (5.6–6.2) 6.0 (1.2–10.8) 1.3 (−3.4–6.2)
PC, % 41.0 (36.2–41.3) 40.8 (36.1–41.3) 36.3 (33.2–38.9)
AO, % 6.1 (4.8–6.2) 6.0 (1.1–10.7) 1.2 (−3.5–6.2) *
AC, % 41.0 (36.1–41.2) 36.1 (36.0–41.0) 36.1 (31.5–36.3) **
MO, % 46.1 (41.1–51.0) 46.2 (41.3–51.5) 46.4 (43.8–48.4)
MC, % 101.0 (96.2–101.1) 101.0 (91.5–101.1) 91.6 (86.7–96.3) *** #

TO, % 46.1 (41.1–51.0) 46.2 (45.9–51.2) 51.3 (46.5–54.0) *** #

TC, % 101.1 (99.7–101.1) 101.0 (91.5–101.1) 96.2 (91.5–96.4) ***
ICTRV, % 5.0 (4.9–5.3) 5.00 (4.9–10.0) 5.0 (4.9–10.0)
ETRV, % 35.0 (32.4–38.1) 30.0 (30.0–40.0) 35.0 (30.1–40.0)
IRTRV, % 5.0 (4.9–5.3) 9.9 (5.1–15.0) 15.0 (10.1–19.9) *** #

FTRV, % 55.0 (50.0–56.3) 50.0 (45.0–55.0) 44.2 (35.7–49.9) *** #

ICTLV, % 5.0 (5.0–10.0) 5.0 (4.9–10.0) 9.9 (5.0–10.1)
ETLV, % 35.0 (30.0–35.6) 30.0 (30.0–35.0) 35.0 (30.0–35.1)
IRTLV, % 5.1 (5.0–10.0) 9.9 (5.1–15.0) 13.4 (10.0–15.0) ***
FTLV, % 52.5 (49.9–55.1) 50.1 (39.9–60.0) 45.1 (40.1–50.0) **

* p < 0.05, ** p < 0.01, *** p < 0.001: versus HC; # p < 0.05: versus IVSND; HC, health control; IVSND, pulmonary
hypertension patient without interventricular septum displacement; IVSD, pulmonary hypertension patient with
interventricular septum displacement; RV, right ventricle; LV, left ventricle; P, pulmonary artery valve; A, aortic
valve; M, mitral valve; T, tricuspid valve; ICT, isovolumetric contraction time; IRT, isovolumetric relaxation time;
ET, ejection time; FT, filling time.
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Figure 3. Temporal changes between the HC, IVSND and IVSD in the right ventricle-pulmonary
artery system (a) and left ventricle-aorta system (b). * p < 0.05, ** p < 0.01, *** p < 0.001: versus HC;
# p < 0.05: versus IVSND; P, pulmonary artery valve; A, aortic valve; M, mitral valve; T, tricuspid valve;
ICT, isovolumetric contraction time; IRT, isovolumetric relaxation time; ET, ejection time; FT, filling
time; HC, health control; IVSND, pulmonary hypertension patients without interventricular septum
displacement; IVSD, pulmonary hypertension patients with interventricular septum displacement.

Compared with the HC group, the IVSD showed no difference in the PO, PC, ETRV and
ICTRV in terms of the RV-pulmonary artery system, while this group showed a delayed
TO, an advanced TC, a longer IRTRV and a shorter FTRV (p < 0.001). With regards to the
LV-aorta system, although both the AO and the AC were advanced, the ETLV and the ICTLV
showed no differences in the IVSD group. The IVSD group showed no differences in the
MO, while showing an advanced MC, a longer IRTLV and a shorter FTLV (p < 0.001).

Comparing the two groups of IVSD and IVSND, a longer IRTRV and shorter FTRV were
detected along with a delayed TO in the IVSD group (p < 0.05) (Table 3). However, in
the temporal parameters of the LV, no differences were detected, except an advanced MC
(p < 0.05).

The intra- and inter-observer reproducibility results using intra-class correlation co-
efficients are shown in the Supplementary Materials, Table S1. The inter-observer and
intra-observer variability results for all the temporal parameters were very low.
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3.4. Correlation of the Temporal Parameters with the RHC and CMR Data

The IRTRV was significantly correlated with the PVR, CI and CIVS (r = 0.38, r = −0.34,
r = −0.49, p < 0.05). The FTRV was significantly correlated with the mPAP, PVR, CI and
CIVS (r = −0.46, r = −0.52, r = 0.47, r = 0.55, p < 0.01). There were significant correlations
between some ventricular functional parameters and mPAP, PVR, CI and CIVS, respectively
(p < 0.05) (Table 4).

Table 4. Spearman correlations r between the CMR data and RHC data.

mPAP PVR CI Civs

RVEDVI 0.19 0.36 * −0.35 * −0.72 ***
RVESVI 0.34 * 0.53 ** −0.50 *** −0.79 ***

RVEF −0.50 ** −0.56 ** 0.52 *** 0.67 ***
RVMMI 0.25 0.43 ** −0.41 ** −0.67 **
LVEDVI −0.50 ** −0.41 ** 0.40 ** 0.44 ***
LVESVI −0.39 ** −0.32 * 0.35 * 0.29 ***
LVSVI −0.51 ** −0.43 ** 0.39 ** 0.48 *
VMI 0.41 ** 0.46 ** −0.44 ** −0.66 ***

IRTRV 0.27 0.38 ** −0.34 * −0.49 ***
FTRV −0.46 ** −0.52 *** 0.47 ** 0.55 ***

* p < 0.05, ** p < 0.01, *** p < 0.001. CMR, cardiac magnetic resonance; RHC, right heart catheterization; RV,
right ventricle; LV, left ventricle; EDVI, end-diastolic volume index; ESVI, end-systolic volume index; SVI, stroke
volume index; EF, ejection fraction; MMI, myocardial mass index; VMI, ventricular mass index; mPAP, mean
pulmonary arterial pressure; PVR, pulmonary vascular resistance; CI, cardiac index; CIVS, interventricular septal
curvature. IRT, isovolumetric relaxation time; FT, filling time.

The multivariate linear regression included age, sex, 6MWD, NT-proBNP, and RHC
and CMR variables and showed that the IRTRV, LVEF and PVR were significantly associated
with the RVEF (Table 5).

Table 5. Multiple linear regression analysis for RVEF.

Variates
Unstandardized Coefficients

Standardized
Coefficients

t p-Value

B (95% CI) Std. Error Beta

IRTRV
−0.456

(−0.990–−0.246) 0.188 −0.293 −2.426 0.019

LVEF 0.490
(0.128–0.852) 0.180 0.308 2.728 0.009

PVR −0.618
(−0.835–−0.077) 0.185 −0.403 −3.350 0.002

The correlation coefficient between the result of the model and the CMR-derived RVEF was as follow, R = 0.667,
R2 = 0.444, adjusted R2 = 407, F = 11.733, p < 0.001. RVEF, right ventricular ejection fraction; LVEF, left ventricular
ejection fraction; RV, right ventricle; IRT, isovolumetric relaxation time.

3.5. Differences in the CMR and RHC Characteristics Based on Risk Stratification

Table 1 shows that 40% of the IVSND group and 90% of the IVSD group were in the
intermediate- and high-risk categories. Patients in the intermediate- and high-risk groups
had a significantly increased RVEDVI, RVESVI and RVMASSI VMI, and a lower RVEF,
LVEDVI, LVSVI and CR compared to the low-risk group (p < 0.05) (Table 6). Patients in the
intermediate- and high-risk groups displayed a delayed TO, a longer IRTRV and a shortened
FTRV (p < 0.01).
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Table 6. Comparison of the CMR-derived indices and RHC characteristics of the PH patients based
on risk stratification.

Variates Low Risk (n = 12) Intermediate and High Risk (n = 36) p-Value

RVEDVI, mL/m2 89 (66–93) 112 (91–135) 0.008 *
RVESVI, mL/m2 47 (36–53) 80 (57–94) 0.001 *

RVEF, % 46 (40–50) 32 (27–40) <0.001 *
RVMASSI, g/m2 17 (14–23) 23 (19–30) 0.012 *
LVEDVI, mL/m2 70 (56–81) 55 (43–70) 0.034 *
LVSVI, mL/m2 41 (31–53) 32 (23–41) 0.024 *

VMI 0.45 (0.32–0.50) 0.60 (0.44–0.72) 0.022 *
CR 0.78 (0.34–0.91) 0.29 (−0.21–0.69) 0.017 *

TO, % 46.2 (42.5–51.1) 51.3 (46.4–55.2) 0.005 *
IRTRV, % 9.9 (5.1–13.8) 15.0 (10.0–19.7) 0.009 *
FTRV, % 50.0 (49.9–55.0) 43.6 (35.0–49.9) 0.001 *

* p < 0.05.

3.6. Survival Analysis

Twelve patients (25%) with PH died during the median follow-up period of 62 months
(interquartile range: 38–67 months). The univariate Cox proportional hazards regression
analysis of all the PH patients showed that age, WHO FC, 6MWD, IRTRV, CR and mPAP
were associated with the MACE. The multivariable analysis showed that the IRTRV and
mPAP were the significant predictors of the MACE (Table 7).

Table 7. Univariable and multivariable Cox proportional hazard analysis for the MACE.

Variates
Univariate Multivariate

HR (95% CI) p-Value HR (95% CI) p-Value

age 0.971 (0.940–1.004) 0.08
WHO FC 2.227 (1.039–4.774) 0.04
6MWD 0.996 (0.991–1.000) 0.05
IRTRV 0.946 (0.881–1.017) 0.13 0.930 (0.867–0.997) 0.04

CR 0.421 (0.152–1.164) 0.10
mPAP 1.037 (1.004–1.072) 0.03 1.046 (1.012–1.081) 0.007

MACE, major cardiovascular event; HR, hazard ratio; CI, confidence interval.

4. Discussion

This cardiac MR study has provided detailed information about the temporal vari-
ations in the cardiac cycle in the progression of PH patients. The main variations were
in the diastolic period, and the PH patients with IVS displacement had a longer IRT and
shorter FT for both the RV and LV, and a prolonged IRT and shortened FT of the RV were
associated with the RV afterload. Additionally, the IRTRV may have the potential to predict
the prognosis for PH patients. However, the PH patients without IVS displacement showed
no temporal variations in the cardiac cycle.

Increased PVR and elevated PAP are the main factors responsible for PH, leading to
vascular remodeling and cardiac remodeling [16]. During the compensation stage, the PH
patients showed a mildly decreased RV contractile function and sustained LV function. The
filling pressure and interventricular pressure gradients were still normal [10,17]. Previous
studies showed that RV contractile dysfunction was significantly associated with the
severity of PH and the curvature of the IVS showed a strong correlation with the sPAP [6,18].
The current findings showed that the only impaired cardiac functional parameter was the
RVEF in the PH patients without IVS displacement.

Although increased mPAP and PVR reflect the severity of PH, increased mPAP and
PVR do not reflect an adverse ventricular–ventricular interaction, interventricular pressure
gradient and interventricular septal motion directly [10]. The increased afterload and
impaired ventricular interaction deteriorate both ventricles to the decompensation state.
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The RV is remodeled both concentrically and eccentrically with the RV dilatation and
myocardial hypertrophy [19]. The IVS becomes flattened, and even bows to the LV. As
the results of this study showed, the CIVS and CR were both reduced in the IVSD patients.
The RVEDVI, RVESVI and RVMMI were significantly increased and the RVEF was fur-
ther decreased in the IVSD patients compared with those of the IVSND patients and HC
patients. The LVEDVI, LVESVI and LVSVI were decreased with the IVS displacement and
LV compression.

Furthermore, RV pressure loading influences not only the IVS morphology but also
the temporal phases of the cardiac cycle [2]. In general, the opening and closure of the
atrioventricular valves are mainly dependent on the different pressure gradients between
the atrium and ventricle. When the intraventricular pressure drops below the intra-atrial
pressure, the atrioventricular valve opens, while the atrioventricular valve closes when the
intraventricular pressure rises above the intra-atrial pressure [14].

With respect to the pulmonary artery-RV system, our study identified delayed To,
advanced Tc, prolonged IRTRV and shortened FTRV in the IVSD patients. In PH patients
with IVS displacement, the increased RV pressure and inefficient RV diastolic function could
result in a prolonged IRTRV, which could in turn decrease the intraventricular pressure.
Moreover, increased RV pressure would promote the closure of the tricuspid valve and
shorten the FTRV accordingly. An increased afterload would reduce the myocyte velocity
and prolong the myocyte shortening. Thus, RV actin-myosin cross-bridge cycling may
result in a stiffer myocardium near the end of the ventricular ejection, prolonging the IRT
and hampering the early relaxation [20]. The IRTRV was prolonged in PH patients when
compared with the controls, resulting in a noticeable delay in atrioventricular opening [21].
The shortened FTRV then impedes its filling, which has an essential impact on the RV
systolic function [2].

With respect to the LV-aorta system, the IVSD patients displayed advanced Mc, pro-
longed IRTLV and shortened FTLV. This was linked to IVS displacement. The increased
RV pressure causing the RV dilatation and IVS flattening or even bowing to the LV would
result in a smaller LV cavity, which leads to the LV underfilling and reduction in the
LVSV. RV dilatation and IVS displacement had a further deleterious effect on ventricular
interactions [4]. Under these circumstances, a prolonged IRT and shortened FT of the LV
and RV could cause ventricular underfilling and decrease the systolic function of both
ventricles [10,19,21–23].

Our findings also showed that IRTRV, FTRV and some of the cardiac functional param-
eters (such as RVEDVI, RVESVI, RVEF and VMI) were associated with PVR, CI and CIVS.
Additionally, the IRTRV, LVEF and PVR were associated with the RVEF in the multivariate
regression analysis. All these findings indicate that the IVS displacement and increased
RV afterload were not the only factors related to ventricular dysfunction. The temporal
variations of both the IRTRV and FTRV in the cardiac cycle may also be associated with an
IVS morphological abnormality and impaired ventricular function, especially in the case of
the IRTRV.

Guidelines on the diagnosis and treatment of PH, published by the European Society
of Cardiology and European Respiratory Society, state that the overall treatment goal for
patients with PH is to achieve a low-risk status, which is usually associated with good
exercise capacity, good quality of life, good RV function and a low-mortality risk [15]. The
main indicators for the risk stratification in PH are WHO FC, 6MWD, NT-proBNP/BNP
and CI [11], and the corresponding results of this study were consistent with the guidelines.
Most of the PH patients with IVS displacement were stratified into the intermediate- and
high-risk categories, reaching as high as 90% in this study, and they showed delayed To,
prolonged IRTRV and shortened FTRV. These findings indicate that the temporal variations
of the IRTRV and FTRV in cardiac cycle could also inform the risk stratification of PH
patients. Moreover, the multivariable Cox proportional hazards regression analysis showed
that the IRTRV was the significant predictor of the MACE. This indicates that the IRTRV
might serve as a potential prognostic factor for PH patients.
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By applying the current methods in the clinics, we can not only evaluate the func-
tion and morphology of the ventricles, but also provide extra temporal information for
PH patients, without introducing additional CMR sequences and scanning times. This
pathophysiological information may give the doctors a profound understanding of both the
progression of PH and the interaction between the ventricles, offering help in the guidance
of the treatment strategy for individuals with PH. IVS displacement, prolonged IRTRV, and
shortened FTRV indicate RV failure in patients with precapillary-PH, and, more seriously,
predict clinical worsening [24]. On the contrary, the reversible displacement of IVS is useful
in predicting the alleviation of PH [25]. The temporal parameters of the diastole may have
prognostic value and may act as indicators of effective treatment. Cardiac resynchronization
therapy is a potential strategy for patients with severe symptomatic PH [26]. The findings
regarding the changes in the temporal parameters might provide additional implications
for intervention. Large and long-term prospective studies on IVS displacement and the
associated temporal changes are needed to confirm this.

This study has several limitations. Firstly, this is a single-center study with a small
sample size. The current results and discoveries should be further validated using a large
PH population. Next, although the four phases in the cardiac cycle were clearly set out in
this study, the pilot temporal parameter method, which used CMR cine data with images
including 20 frames from multiple cardiac cycles, might have caused sampling errors or
inaccuracies. All the patients were in sinus rhythm, and this could minimize the sampling
errors. Finally, the heterogeneous etiology causing precapillary-PH might have led to other
uncontrolled factors in the analysis. Further exploration is needed.

With the progression of PH, the diastolic period variations in the RV and LV were
related to IVS displacement and ventricular dysfunction. The temporal variations in the
cardiac cycle may also be possible parameters, which can explain the severity of the disease
and provide useful information about the pathophysiological mechanism of the ventricular
dysfunction and indicate the prognosis for PH patients.
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Abstract: Background: Myocardial scarring is a primary pathogenetic process in nonischemic dilated
cardiomyopathy (NIDCM) that is responsible for progressive cardiac remodeling and heart failure,
severely impacting the survival of these patients. Although several collagen turnover biomarkers
have been associated with myocardial fibrosis, their clinical utility is still limited. Late gadolinium
enhancement (LGE) determined by cardiac magnetic resonance imaging (CMR) has become a feasible
method to detect myocardial replacement fibrosis. We sought to evaluate the association between
collagen turnover biomarkers and replacement myocardial scarring by CMR and, also, to test their
ability to predict outcome in conjunction with LGE in patients with NIDCM. Method: We conducted
a prospective study on 194 patients (48.7 ± 14.3 years of age; 74% male gender) with NIDCM.
The inclusion criteria were similar to those for the definition of NIDCM, performed exclusively
by CMR: (1) LV dilation with an LV end-diastolic volume (LVEDV) of over 97 mL/m2; (2) global
LV dysfunction, expressed as a decreased LVEF of under 45%. CMR was used to determine the
presence and extent of LGE. Several collagen turnover biomarkers were determined at diagnosis,
comprising galectin-3 (Gal3), procollagen type I carboxy-terminal pro-peptide (PICP) and N-terminal
pro-peptide of procollagen type III (PIIINP). A composite outcome (all-cause mortality, ventricular
tachyarrhythmias, heart failure hospitalization) was ascertained over a median of 26 months. Results:
Gal3, PICP and PIIINP were considerably increased in those with LGE+ (p < 0.001), also being directly
correlated with LGE mass (r2 = 0.42; r2 = 0.44; r2 = 0.31; all p < 0.001). Receiver operating characteristic
(ROC) analysis revealed a significant ability to diagnose LGE, with an area under the ROC of 0.816 for
Gal3, 0.705 for PICP, and 0.757 for PIIINP (all p < 0.0001). Kaplan–Meier analysis showed that at a
threshold of >13.8 ng/dL for Gal3 and >97 ng/dL for PICP, they were able to significantly predict
outcome (HR = 2.66, p < 0.001; HR = 1.93, p < 0.002). Of all patients, 17% (n = 33) reached the outcome.
In multivariate analysis, after adjustment for covariates, only LGE+ and Gal3+ remained independent
predictors for outcome (p = 0.008; p = 0.04). Nonetheless, collagen turnover biomarkers were closely
related to HF severity, providing incremental predictive value for severely decreased LVEF of under
30% in patients with NIDCM, beyond that with LGE alone. Conclusions: In patients with NIDCM,
circulating collagen turnover biomarkers such as Gal3, PICP and PIIINP are closely related to the
presence and extent of LGE and can significantly predict cardiovascular outcome. The joint use of
LGE with Gal3 and PICP significantly improved outcome prediction.
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1. Introduction

Despite recent therapeutic developments, non-ischemic dilated cardiomyopathy (NIDCM)
remains a primary cause of progressive cardiac remodeling and heart failure (HF) that leads
to frequent hospitalization and increased mortality. These patients have an increased risk of
developing myocardial fibrosis, which, in turn, plays a central role in the progression of HF [1].
Cardiac magnetic resonance imaging (CMR) with late gadolinium enhancement (LGE)
detects focal replacement myocardial fibrosis in up to 30% of patients with NIDCM and
provides an incremental predictive value for cardiovascular risk stratification [2]. However,
using this technique, diffuse interstitial fibrosis remains undetected [3].

Molecular markers of fibrosis such as galectin-3 (Gal3), procollagen type I carboxy-
terminal pro-peptide (PICP) and N-terminal pro-peptide of procollagen type III (PIIINP)
are in direct relationship with myocardial collagen turnover, and thus might aid in the
prediction of major adverse cardiovascular events (MACEs) [4]. Gal3 binds to a specific
beta-galactosidase which is overexpressed by phagocytic macrophages, and thus endorses
the proliferation of myofibroblasts with myocardial collagen deposition—leading to the
progression of myocardial fibrosis, inflammation, fibrosis and cardiac remodeling [5–10].
Moreover, increased serum levels of Gal3 have been identified in patients with chronic
HF [5,11–13] and also predicts cardiac remodeling and mortality in this category of pa-
tients [7,8,14]. Additionally, in one recently published study, it has been shown that sera
levels of Gal3 were closely associated with the extent of LGE in patients with NIDCM [15].

To date, PICP and PIIINP are the only proven peptides that can be identified in the
bloodstream that are considerably correlated to histologically proven myocardial fibrosis [4].
These molecules have been observed to be considerably correlated to the progression of
myocardial fibrosis in patients with ischemic heart disease and NIDCM [7,8]. Additionally,
their increased sera levels are able to predict MACEs in patients with HF and preserved left
ventricle (LV) ejection fractions (LVEFs) [4,16]. However, their role in patients with NIDCM
is not entirely clear.

The aim of this study was to evaluate the link between circulating collagen turnover
biomarkers and myocardial replacement fibrosis determined by CMR, and also to test their
ability to predict outcome in conjunction with LGE.

2. Materials and Methods

2.1. Study Design and Patient Characteristics

We conducted an observational, prospective study on patients recently diagnosed
with NIDCM who were examined in the Department of Internal Medicine, Iuliu Hatie-
ganu University of Medicine and Pharmacy of Cluj-Napoca, between October 2017 and
November 2020. The inclusion criteria were similar to those for the definition of NIDCM,
performed exclusively by CMR: (1) LV dilation with an LV end-diastolic volume (LVEDV)
of over 97 mL/m2; (2) global LV dysfunction, expressed as a decreased LVEF of under
45% [17]. The exclusion criteria are presented in Figure 1. The current study was conducted
in accordance with the Declaration of Helsinki and received approval from the Ethics Com-
mittee of Iuliu Hatieganu University of Medicine and Pharmacy of Cluj-Napoca, Romania.
All patients were fully informed about the study protocol and provided written consent.

All patients underwent a similar investigation protocol, which included demographic
and clinical data and biological sampling, along with standard cardiovascular evaluation
and CMR.
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Figure 1. Flowchart of the study.
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2.2. Circulating Collagen Turnover Biomarkers

Biochemical workups were performed in the Clinical Biochemistry Laboratory from
the 2nd Medical Clinic of the Cluj Emergency County Hospital. Two peripheral venous
blood samples were harvested, centrifuged immediately after, and stored in special vials
with ethylenediaminetetraacetic acid. Sera glucose and creatinine were determined from
one vial using a Konelab-31 analyzer, while the other vial was stored at −70 ◦C until the
end of the study and used to determine the serum levels of cardiac biomarkers. PICP,
PIIINP, copeptin (CPP) and N-terminal pro-Brain Natriuretic Peptide (NT-proBNP) were
determined by the Sandwich ELISA technique according to the manufacturer’s recommen-
dations using Elabscience Biotechnology Co., Ltd, Wuhan, China. The inferior thresholds
and variabilities for these markers were as follows: for PICP, a cut-off value of 0.13 ng/mL
and inter-/intra-test variability <10%/<12%; for PIIINP, a cut-off value of 0.14 ng/mL and
inter-/intra-test variability <10%; for CPP, a cut-off value of 0.18 ng/mL and inter-/intra-
test variability <10%; for NT-proBNP, a cut-off value of 0.38 ng/mL and inter-/intra-test
variability <10%. Serum levels of Gal3 were measured using an enzyme-linked immunosor-
bent assay (Human Galectin-3—Quantikine ELISA Kit, R&D Systems), with an inferior
cut-off value of 0.016 ng/mL, without crosslinked reactivity with other galectin or collagen
molecules. Intra-test and inter-test plasma variations for Gal3 were 3.5–4.3%, and 5.8–6%,
respectively. Renal function was evaluated using the estimated glomerular filtration rate
(eGFR) and renal impairment was considered as an eGFR of under 60 mL/min/1.73 m2.

2.3. CMR Measurements

CMR images were appraised using a 1.5 T Open Bore system MR scanner (Magnetom
Altea, Siemens Medical Solutions, Erlangen, Germany) in complete apnea by two level-III
experienced operators who were blinded to all clinical and imaging data, in line with
current international guidelines [18]. The acquisition of steady-state free precession (SSFP)
CMR sequences was performed to detect ventricular function and mass using standard
long- and short-axes (two-chamber, three-chamber, and four-chamber) to enclose both
ventricles were covered from the base to the apex. Cine-SSFP parameters were as follows:
repetition time (TR) 3.6 ms; echo time (TE) 1.8 ms; flip angle 60◦; slice thickness 6 mm;
field-of-view 360 mm; image matrix of 192 × 192 pixels; voxel size 1.9 × 1.9 × 6 mm;
25–40 ms temporal resolution reconstructed to 25 cardiac phases.

Focal myocardial fibrosis was evaluated by LGE detected at 10 min after intravenous
infusion of 0.2 mmol/kg gadoxetic acid (Clariscan, GH Healthcare AS, Oslo, Norway)
using long- and short axis-views, using a segmented inversion-recovery gradient-echo
sequence. LGE acquisition parameters were TR 4.8 ms, TE 1.3 ms and inversion time 200 to
300 ms. Inversion time was adjusted to optimize nulling of normal myocardium. Brachial
blood pressure was monitored during SSFP-CMR acquisitions.

LVEDV, LV end-systolic volume (LVESV), LVEF and end-diastolic LV mass (LVM)
were measured on short-axis cine-SSFP images. Epicardial and endocardial borders were
traced semi-automatically at end-diastole and end-systole using a Syngo Virtual Cock-
pit. All volumes were indexed to body surface area (BSA). Besides this, for a more ac-
curate assessment of LV function, we assessed the LV longitudinal-axis strain (LV-LAS;
the difference in mitral annular displacement at end-systole vs. end-diastole expressed
as a percentage) and LV sphericity index (LVSI). The LVSI was calculated by dividing
LVEDV by the volume of a sphere, whose LV length (L) was measured at the end-diastole:
LVSI = LVEDV/(π/6 × (L)3) [19,20].

The presence and distribution of LGE in the LV were assessed from short-axis images
using the 17-segments model, as recommended by the American Heart Association [21],
and quantified using a signal intensity threshold of >5 standard deviations (SDs) above
a remote reference of the normal myocardium. This threshold proved to be in the best
agreement with visual assessments and had the best reproducibility among the different
technique thresholds [22]. The Full Width at Half Maximum (FWHM) technique was used
to quantify LGE. The reference region was defined as an area that included the maximum
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intensity of the visually appreciated LGE signal on each slice. The maximum signal strength
threshold was recorded to define LGE. Additionally, the total LGE was determined as the
sum of all LGE areas for each slice, multiplied by the slice thickness. LGE quantification
was performed by 2 independent observers. Inter-observer reproducibility was 0.91 95% CI
(0.882–0.934) and intra-observer reproducibility was 0.93 95% CI (0.902–0.947). Specific
LGE distribution patterns were accounted for: mid-wall or subepicardial, and focal or
diffuse. The LGE mass was automatically quantified from short-axis LGE images, using
cvi42, Circle Cardiovascular Imaging Inc., Calgary, CA, Canada. The extent of LGE was
expressed in grams (g) and percentage of LV mass.

2.4. Clinical Outcome

The clinical follow-up was obtained by completing a questionnaire either during
hospital visits, telephone house-calls, or both—aiming to delineate the occurrence of
clinical outcomes, which corresponded to the first event occurring in each patient among
the following MACEs: death or aborted death from cardiac causes, sustained ventricular
tachyarrhythmia (beats with ventricular origin that last >30 s and have a rate greater
than >100 beats/min), and HF requiring hospitalization—defined according to current
international guidelines. Hospitalization due to non-cardiac causes was not counted as an
event. Survival analysis was performed for the clinical outcomes. The median follow-up
was 26 months and maximum follow-up reached 41 months.

2.5. Statistical Analysis

Initially, the Kolmogorov–Smirnov test was used to assess data normality. Continuous
data were presented as median (inter-quartile range (IQR)) and mean ± standard deviation
(SD). Discrete data were reported as percentages and frequencies. The distribution of
variables was accounted for after logarithmic transformation. Comparisons between
groups were approached using Hi2 and Fischer tests for qualitative data and ANOVA
or Kruskal–Wallis H tests for continuous data. Pearson’s coefficient of correlation was
used to examine the relationship between data. Furthermore, for specific descriptive
analyses, the studied population was dichotomized according to LGE presence (LGE+) or
absence (LGE−), and also with respect to higher than median levels of PICP, PIIINP and
Gal3 (PICP+, PIIINP+, Gal3+) and lower than median levels of these biomarkers (PICP−,
PIIINP−, Gal3−)—thus resulting in six specific groups. Also, logistic regression was used
to evaluate the incremental ability of these markers.

Kaplan–Meier survival curves were created and differences between groups were
assessed using log-rank tests. Unadjusted and adjusted Cox regression analysis was per-
formed to determine hazard rates (HRs) and 95% confidence intervals (CIs). Furthermore,
adjustment regression models were used to test if the biomarkers of cardiac fibrosis did
or did not respect a linear trend. For the adjustment, specific covariates which are known
to significantly predict outcome in patients with NIDCM such as LVEF, eGFR, body-mass
index (BMI), NT-proBNP, diabetes, gender and age were used. Moreover, ROC analyses
were used to calculate the cut-off values of circulating biomarkers for predicting MACEs.

Additionally, inter- and intra-observer Kappa Cohen coefficients were calculated. Ret-
rospective calculus of statistical test powers and prospective dimensions of the sample were
estimated using type I and type II variations, based on sample size. The statistical analy-
sis was performed using statistical software MedCalc (Version 19.1.7, MedCalc Software,
Ostend, Belgium).

3. Results

3.1. Baseline Characteristics

A total of 194 patients with NIDCM were enrolled in the study and their main charac-
teristics are presented in Table 1. They were divided into two groups based on the presence
and absence of LGE: 73 (37.7%) patients were LGE+ and 121 (62.3%) were LGE−. Those
in the LGE+ group had significantly increased sera levels of circulating collagen turnover
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biomarkers—namely Gal3, PICP and PIIINP—compared to the others: 17.7 ng/mL vs.
9.1 ng/mL, p < 0.001; 156 ng/mL vs. 74 ng/mL, p < 0.001; and 5.1 ng/mL vs. 3.5 ng/mL,
p < 0.001, respectively. Moreover, patients with LGE+ had significantly modified LVEDV
(142.4 mL/m2 vs. 124.2 mL/m2, p < 0.001), LVESV (101.2 mL/m2 vs. 78.1 mL/m2, p < 0.001),
LVSI (0.44 vs. 0.38, p < 0.001) and LV-LAS (−8.5 vs. −10.5%, p < 0.001), and significantly
lower LVEF (30.3% vs. 38.2%, p < 0.001).

Table 1. Baseline characteristics.

Data
All Patients

(n = 194)
LGE−

(n = 121)
LGE+

(n = 73)
p

Clinical features
Age, mean (SD), years 48.7 (14.3) 47.9 (14.7) 50.0 (13.6) NS

Masculine gender, n (%) 144 (74.2) 88 (72.7) 56 (76.7) NS
BMI, Kg/m2 27.4 (4.7) 27.2 (4.5) 27.6 (5.1) NS

HR, mean (SD), bpm 73 (16.0) 70 (14.2) 76 (17.9) NS
SBP, mean (SD), mmHg 134 (19.1) 135 (18.5) 131 (19.7) NS

AHT, n (%) 102 (52.5) 72 (59.5) 30 (41.0) <0.05
Diabetes mellitus, n (%) 63 (32.5) 43 (35.5) 20 (27.4) <0.05

Dyslipidemia, n (%) 111 (57.2) 70 (57.8) 41 (56.2) NS
Smokers, n (%) 65 (33.5) 41 (33.8) 24 (32.8) NS

NYHA I/II/III class 30/97/37 20/59/23 10/38/14 <0.05
Medication

Betablockers, n (%) 149 (76.8) 93 (76.8) 56 (76.7) NS
ACEI or ARB2, n (%) 147 (75.7) 92 (76.0) 56 (76.7) NS

Calcium channel blockers, n (%) 32 (16.5) 20 (16.5) 12 (16.4) NS
Diuretics, n (%) 118 (60.8) 73 (60.3) 45 (61.4) NS

Biomarkers

NT-proBNP, median (IQR), ng/L 16,900
(8700–39,500)

16,200
(8700–36,200)

17,200
(10,600–39,500) <0.001

CPP, median (IQR), ng/mL 12.7 (1.8–87) 8.2 (1.8–68.2) 17.1 (4.3–87) <0.001
PICP, median (IQR), ng/mL 97 (23–347) 74 (23–344) 156 (38–347) <0.001

PIIINP, median (IQR), ng/mL 4.1 (1.7–8.7) 3.5 (1.7–7.1) 5.1 (2.1–8.7) <0.001
Gal3, median (IQR), ng/mL 13.8 (2.2–26.6) 9.1 (2.2–23.6) 17.7 (6.1–26.6) <0.001

eGFR, mean (SD), mL/min/1.73 m2 87.1 (21.2) 87.7 (20.4) 86.1 (22.6) NS
CMR

LVEDV indexed, median (SD), mL/m2 131.1 (34.5) 124.2 (29.7) 142.4 (39.1) <0.001
LVESV indexed, median (SD), mL/m2 86.8 (33.7) 78.1 (28.4) 101.2 (36.9) <0.001

LVM indexed, median (SD), g/m2 86.1 (20.5) 83.3 (19.4) 90.5 (21.6) <0.01
LVEF, median (SD), % 35.2 (9.6) 38.2 (7.8) 30.3 (9.3) <0.001

LAV indexed, median (SD), mL/m2 55.5 (21.4) 53.1 (20.4) 60.6 (22.2) <0.05
LV-LAS, median (SD), % −9.7 (5.3) −10.5 (5.1) −8.5 (5.4) <0.001

LVSI, median (SD) 0.41 (0.13) 0.38 (0.15) 0.44 (0.12) <0.001
LGE mass, median (IQR), g - - 31.2 (1–89) N/A

LGE mass/LVM, median (IQR), % - - 18.4 (0.6–56) N/A
Abbreviations: ACEI, angiotensin-converting enzyme inhibitors; AHT, arterial hypertension; ARB2, angiotensin
II receptor blockers; BMI, body-mass index; CPP, copeptin; eGFR, estimated glomerular filtration rate; Gal3,
Galectin-3; HR, heart rate; IQR, interquartile range; LAS, left ventricle long-axis strain; LAV, left atrial volume;
LGE, late gadolinium enhancement; LVEDV, left ventricle end-diastolic volume; LVEF, left ventricle ejection
fraction; LVESV, left ventricle end-systolic volume; LVM, left ventricle mass; LVSI, left ventricle sphericity index;
NYHA, New York Heart Association; PICP, procollagen type I carboxy-terminal pro-peptide; PIIINP, N-terminal
pro-peptide of procollagen type III; SBP, systolic blood pressure; SD, standard deviation.

3.2. Association between Circulating Collagen Turnover Biomarkers and LGE

Overall, sera levels of PICP, PIIINP and Gal-3 were significantly increased in patients
with LGE (LGE+), as compared to those without LGE (Table 1). Furthermore, Gal3, PICP
and PIIINP were positively associated with LGE mass, with significant Pearson’s correla-
tion coefficients of r2 = 0.372, p < 0.0001; r2 = 0.379, p < 0.0001; and r2 = 0.315, p < 0.0001.
ROC analysis demonstrated that specific cut-off values significantly identified the pres-
ence of LGE: an area under the ROC of 0.816 for Gal3 (95% CI: 0.754–0.868; p < 0.0001),
0.705 for PICP (95% CI: 0.636–0.769; p < 0.0001) and of 0.757 for PIIINP (95% CI: 0.690–0.816,
p < 0.0001; Figure 2). Additionally, an 11 ng/mL threshold for Gal3 revealed the presence of
LGE with a high sensitivity of 90.4%, a specificity of 66.1% and a negative predictive value
of 92%, while PIIINP proved—for a cut-off value of 1.18 ng/mL—to have a sensitivity of
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71.83%, a specificity of 83% and a negative predictive value of 83.6%, and PICP had—for a
cut-off value of 44.4 ng/mL—a 77.5% sensitivity, 76% specificity and a negative predictive
value of 85.5%.

Figure 2. ROC analysis demonstrating the ability of Gal-3, PICP and PIIINP to identify the presence
of LGE. Abbreviations: Gal-3, galectin-3; LGE, late gadolinium enhancement; PICP, procollagen type
I carboxy-terminal pro-peptide; PIIINP, N-terminal pro-peptide of procollagen type III; ROC, receiver
operating characteristics.

Regarding the relationship between circulating collagen turnover biomarkers and the
severity of HF, Gal3 and PICP were inversely correlated with LVEF (r2 = −0.58, p < 0.0001;
r2 = −0.39, p < 0.0001) and NYHA class ≥III (r2 = −0.56, p < 0.0001; r2 = −0.39, p < 0.0001),
and directly correlated with NT-proBNP (r2 = 0.49; p < 0.0001; r2 = 0.32; p < 0.0001) and
CCP (r2 = 0.41; p < 0.0001; r2 = 0.38; p < 0.0001) levels.

3.3. Characterization of Patients with DCM and Severely Decreased LV Function

As shown in Table 2, 31% (n = 61) of patients had a severely decreased LVEF of under
30%. These patients had significantly impaired LVEDV, LVESV, LVSI and LV-LAS (all
p < 0.001) and considerably higher LGE mass (31.2 vs. 6.4, p < 0.001) and LGE mass/LV
mass ratios (18.2 vs. 4.5, p < 0.001), as compared to those with LVEFs over 30%.

Sera markers of HF were notably increased in those with LVEF < 30%: NT-proBNP: 17,500 ng/L
vs. 16,200 ng/L, p < 0.001 and CPP: 17.5 ng/mL vs. 9.5 ng/mL, p < 0.001, respectively.

A stepwise logistic regression proportional-hazard model analysis was deployed to
test if collagen turnover biomarkers are useful in the risk stratification of patients with
NIDCM and severely decreased LVEF, beyond LGE. LGE alone significantly predicted
the presence of LVEF <30% in patients with NIDCM (Chi-square = 55.72, p < 0.0001). The
addition of Gal3 to LGE significantly increased the diagnosis power (Chi-square = 69.69,
p < 0.0001), while further adding PICP increased their identification ability even more
(Chi-square = 79.31, p < 0.0001). Lastly, the association of Gal3, PICP and PIIINP with
LGE provided a significant incremental value for predicting decreased LVEFs of <30% in
patients with NIDCM (Chi-square = 86.09, p < 0.0001; Figure 3).
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Table 2. Comparison between NIDCM patients with severely and non-severely decreased LVEF.

Data
All Patients

(n = 194)
LVEF 31–45%

(n = 131)
LVEF < 30%

(n = 61)
p

NT-proBNP, median (IQR), ng/L 16,900
(8700–39,500)

16,200
(8700–36,200)

17,500
(10,500–39,500) <0.01

CPP, median (IQR), ng/mL 12.7 (1.8–87) 9.5 (1.8–68.2) 17.5 (3.2–87) <0.001
PICP, median (IQR), ng/mL 97 (23–347) 79 (23–344) 147 (32–347) <0.001

PIIINP, median (IQR), ng/mL 4.1 (1.7–8.7) 3.9 (1.7–8.7) 4.5 (1.9–8.7) <0.001
Gal3, median (IQR), ng/mL 13.8 (2.2–26.6) 9.6 (2.2–26.6) 17.7 (3.1–23.6) <0.001

eGFR, mean (SD), mL/min/1.73 m2 87.1 (21.2) 87.7 (20.4) 86.1 (22.6) NS
LVEDV indexed, median (SD), mL/m2 131.1 (34.5) 117.4 (21.6) 160.7 (38.8) <0.001
LVESV indexed, median (SD), mL/m2 86.8 (33.7) 69.9 (15.7) 124.2 (32.3) <0.001

LVM indexed, median (SD), g/m2 86.1 (20.5) 80.9 (17.7) 97.1 (21.9) <0.01
LAV indexed, median (SD), mL/m2 55.5 (21.4) 51.7 (19.5) 63.7 (22.8) <0.01

LAS, median (SD), % −9.7 (5.3) −11.6 (5.1) −5.7 (2.5) <0.001
LVSI, median (SD) 0.41 (0.13) 0.37 (0.09) 0.46 (0.13) <0.001

LGE mass, median (IQR), g 14.2 (0.9–88) 6.4 (0.9–71.1) 31.2 (1–88) <0.001
LGE mass/LVM, median (IQR), % 8.8 (0.6–64.2) 4.5 (0.6–44.7) 18.4 (16.9–64.2) N/A

Abbreviations: ACEI, angiotensin-converting enzyme inhibitors; AHT, arterial hypertension; ARB2, angiotensin
II receptor blockers; BMI, body-mass index; CPP, copeptin; eGFR, estimated glomerular filtration rate; Gal3,
Galectin-3; HR, heart rate; IQR, interquartile range; LAS, left ventricle long-axis strain; LAV, left atrial volume;
LGE, late gadolinium enhancement; LVEDV, left ventricle end-diastolic volume; LVEF, left ventricle ejection
fraction; LVESV, left ventricle end-systolic volume; LVM, left ventricle mass; LVSI, left ventricle sphericity index;
NYHA, New York Heart Association; PICP, procollagen type I carboxy-terminal pro-peptide; PIIINP, N-terminal
pro-peptide of procollagen type III; SBP, systolic blood pressure; SD, standard deviation.

Figure 3. Incremental ability of LGE, LGE stepwise added to Gal-3, PICP and PIIINP for identifying
patients with NIDCM and severely decreased LVEF. Abbreviations: Gal-3, galectin-3; LGE, late
gadolinium enhancement; PICP, procollagen type I carboxy-terminal pro-peptide; PIIINP, N-terminal
pro-peptide of procollagen type III; ROC, receiver operating characteristics.

3.4. Univariate and Multivariate Cox Analysis and Time-To-Event Analysis of LGE and
Circulating Collagen Turnover Biomarkers

Patients were followed up for 26 months. Of them, 17% (n = 33) of patients reached
the outcome: all-cause mortality (n = 6), malignant ventricular tachyarrhythmia (n = 14)
and HF hospitalization (n = 13; Table 3).
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Table 3. Comparison between patients with NIDCM who reached MACEs and the others.

Data
All Patients

(n = 194)
MACEs−
(n = 161)

MACEs+
(n = 33)

p

Clinical features
Age, mean (SD), years 48.7 (14.3) 48.5 (13.6) 49.3 (17.7) NS

Masculine gender, n (%) 144 (74.2) 121 (84.0) 23 (26.0) NS
BMI, Kg/m2 27.4 (4.7) 27.6 (4.7) 26.1 (4.4) NS

HR, mean (SD), bpm 73 (16.0) 72 (15.4) 75 (18.2) NS
SBP, mean (SD), mmHg 134 (19.1) 135 (19.2) 131 (17.9) NS

AHT, n (%) 102 (52.5) 87 (85.2) 15 (14.8) <0.001
Diabetes mellitus, n (%) 63 (32.5) 52 (82.5) 11 (17.5) <0.001

Dyslipidemia, n (%) 111 (57.2) 91 (81.9) 20 (18.1) <0.001
Smokers, n (%) 65 (33.5) 57 (87.7) 8 (12.3) <0.001

NYHA I/II/III class 30/97/37 21/91/31 9/6/6 <0.05
Medication

Betablockers, n (%) 149 (76.8) 124 (83.2) 25 (16.8) <0.001
ACEI or ARB2, n (%) 147 (75.7) 125 (85.0) 22 (15.0) <0.001

Calcium channel blockers, n (%) 32 (16.5) 22 (68.7) 8 (31.3) <0.001
Diuretics, n (%) 118 (60.8) 93 (78.8) 25 (21.2) <0.001

Biomarkers

NT-proBNP, median (IQR), ng/L 16,900
(8700–39,500)

14,000
(8700–36,600)

19,300
(10,200–39,500) <0.001

CPP, median (IQR), ng/mL 12.7 (1.8–87) 9.9 (1.8–87) 16.2 (3.1–82.9) <0.001
PICP, median (IQR), ng/mL 97 (23–347) 92 (23–347) 118 (32–338) <0.001

PIIINP, median (IQR), ng/mL 4.1 (1.7–8.7) 4.0 (1.7–8.3) 4.5 (2.1–8.7) <0.01
Gal3, median (IQR), ng/mL 13.8 (2.2–26.6) 11 (2.2–26.6) 17.2 (3.0–24.0) 0.001

eGFR, mean (SD), mL/min/1.73 m2 87.1 (21.2) 86.1 (19.7) 89.6 (25.8) NS
CMR

LVEDV indexed, median (SD), mL/m2 131.1 (34.5) 130.4 (35.0) 134.7 (32.7) NS
LVESV indexed, median (SD), mL/m2 86.8 (33.7) 85.4 (33.9) 93.7 (32.4) NS

LVM indexed, median (SD), g/m2 86.1 (20.5) 85.9 (20.5) 86.4 (20.6) NS
LVEF, median (SD), % 35.2 (9.6) 35.9 (9.2) 31.7 (9.1) <0.01

LAV indexed, median (SD), mL/m2 55.5 (21.4) 54.2 (21.7) 61.7 (18.4) NS
LV-LAS, median (SD), % −9.7 (5.3) −10.2 (5.5) −7.8 (3.5) <0.01

LVSI, median (SD) 0.41 (0.13) 0.38 (0.11) 0.47 (0.13) <0.001
LGE mass, median (IQR), g 14.3 (0–89) 11.2 (0–86) 29.9 (23–89) <0.001

LGE mass/LVM, median (IQR), % 8.4 (0–56) 6.6 (0–52.8) 19.4 (1.2–56) <0.001
Abbreviations: ACEI, angiotensin-converting enzyme inhibitors; AHT, arterial hypertension; ARB2, angiotensin
II receptor blockers; BMI, body-mass index; CPP, copeptin; eGFR, estimated glomerular filtration rate; Gal3,
Galectin-3; HR, heart rate; IQR, interquartile range; LAS, left ventricle long-axis strain; LAV, left atrial volume;
LGE, late gadolinium enhancement; LVEDV, left ventricle end-diastolic volume; LVEF, left ventricle ejection
fraction; LVESV, left ventricle end-systolic volume; LVM, left ventricle mass; LVSI, left ventricle sphericity index;
MACEs, major adverse cardiovascular events; NYHA, New York Heart Association; PICP, procollagen type I
carboxy-terminal pro-peptide; PIIINP, N-terminal pro-peptide of procollagen type III; SBP, systolic blood pressure;
SD, standard deviation.

In the univariate Cox analysis, LGE and all cardiac biomarkers of fibrosis (Gal3,
PICP and PIIINP) were significantly associated with MACEs. However, following the
multivariate analysis, after adjustment for covariates comprised of age, gender, LVEF,
eGFR, BMI, NT-proBNP and diabetes mellitus, only LGE+ and Gal3 remained independent
predictors for MACEs (p = 0.008; p = 0.04; Table 4).

Table 4. Univariate and multivariate Cox analysis for MACEs.

Parameters 
Univariate Analysis Multivariate Analysis 

HR Unadjusted (95% CI) p HR Adjusted (95% CI) p 
LGE 4.06 (1.94–8.52) 0.0001 4.91 (2.06–11.6) 0.008 
Gal3 2.67 (1.32–5.28) 0.008 1.11 (1.03–1.19) 0.04 
PICP 1.04 (1.01–1.07) 0.001 1.00 (0.98–1.07) NS 

PIIINP 1.09 (1.02–1.11) 0.001 1.00 (0.98–1.03) NS 
Abbreviations: Gal3, galectin-3; LGE, late gadolinium enhancement; PICP, procollagen type I carboxy-terminal
pro-peptide; PIIINP, N-terminal pro-peptide of procollagen type III. Multivariate analysis, after adjustment for
covariates which comprised age, gender, LVEF, eGFR, BMI, NT-proBNP, and diabetes mellitus.
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Furthermore, gradual logistic regression proportional-hazard models showed a sig-
nificant incremental predictive ability by adding Gal3 to LGE used alone (from Chi-
square = 16.49, p < 0.0001 to Chi-square = 21.11, p < 0.0001).

Moreover, Kaplan–Meier analysis was performed to test the predictive ability of LGE,
Gal3, PICP and PIIINP to predict the composite outcome. Thus, for specific thresholds,
circulating collagen turnover biomarkers significantly predicted MACEs: >13.8 ng/mL for
Gal3 (HR = 2.66, 95% CI (1.34–5.27), p < 0.001; Figure 4), >98 ng/dL for PICP (HR = 1.93,
95% CI (1.17–3.87), p < 0.002; Figure 5) and >4.1 ng/dL for PIIINP (HR = 1.42, 95% CI
(1.07–2.81), p < 0.03; Figure 6), while LGE was also associated with a considerably increased
risk of MACEs (HR = 4.06, 95% CI (1.99–8.26), p = 0.0001; Figure 7).

Figure 4. Kaplan–Meier analysis for the ability of Gal-3 to predict cardiovascular outcome. Abbrevia-
tions: Gal-3, galectin-3.

Figure 5. Kaplan–Meier analysis for the ability of PICP to predict cardiovascular outcome. Abbrevia-
tions: PICP, procollagen type I carboxy-terminal pro-peptide.

124



Diagnostics 2022, 12, 1435

Figure 6. Kaplan–Meier analysis for the ability of PIIINP to predict cardiovascular outcome. Abbrevi-
ations: PIIINP, N-terminal pro-peptide of procollagen type III.

Figure 7. Kaplan–Meier analysis for the ability of LGE to predict cardiovascular outcome. Abbrevia-
tions: LGE, late gadolinium enhancement.

Moreover, a subgroup analysis that included patients with NIDCM and severely
decreased LVEF (<30%) showed that, for similar cut-off values, Gal3 (Figure 8) and PICP
(Figure 9) had an even higher predictive ability for outcome: HR = 4.27, 95% CI (2.58–7.06),
p < 0.0001 and HR = 3.23, 95% CI (1.91–5.46), p < 0.0001.
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Figure 8. Kaplan–Meier analysis for the ability of Gal-3 to predict cardiovascular outcome in patients
with NIDCM and severely decreased LVEF <30%. Abbreviations: Gal-3, galectin-3.

Figure 9. Kaplan–Meier analysis for the ability of PICP to predict cardiovascular outcome in patients
with NIDCM and severely decreased LVEF <30%. Abbreviations: PICP, procollagen type I carboxy-
terminal pro-peptide.

4. Discussion

In this study, we evaluated the association of circulating collagen turnover biomarkers
with replacement myocardial fibrosis and with severely decreased LV systolic function,
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both determined by CMR, in patients with NIDCM. The main findings of our research
article comprise: (1) sera levels of collagen turnover biomarkers, namely Gal3, PICP and
PIIINP, were closely associated with CMR parameters of LV systolic dysfunction, such as
LVEDV, LVESV, LVSI, LV-LAS—also being notably correlated with markers of HF severity,
namely NYHA class ≥ III, NT-proBNP and CPP levels; (2) Gal3, PICP and PIIINP were
directly associated with the mass of replacement myocardial fibrosis, represented as LGE
mass and the LGE mass/LV mass ratio; (3) along with LGE, Gal3 and PICP were the most
notable independent predictors of cardiovascular outcome; (4) the addition of Gal3, PICP
and PIIINP provided an incremental ability to diagnose severely decreased LV systolic
function in this category of patients.

Cardiac fibrosis is frequently found in patients with NIDCM and is associated with a
more aggressive disease phenotype, being more difficult to treat. At the root of these find-
ings stands accelerated progression of LV dysfunction, congestive HF, and increased risk
of sudden cardiac death [1,23]. Previously published studies have shown that in patients
with NIDCM, the presence and extent of LGE were independently associated with HF,
malignant ventricular tachyarrhythmias, cardiac death and all-cause mortality [1,5,24,25].
Nonetheless, LGE has several limitations in detecting myocardial scarring; thus, by corrobo-
rating CMR with sera biomarkers, it might increase diagnostic accuracy [23]. In our current
study, we have shown that the combined use of LGE with collagen turnover biomarkers
significantly increased prognosis prediction and risk stratification in patients with NIDCM.

Amongst all the markers, Gal3 had the strongest predictive ability, being an indepen-
dent predictor for outcome, together with LGE—even after the adjustment for standard
covariates such as age, gender, LVEF, NYHA class, renal function, and NT-proBNP. Besides
this, in our study, we have shown that circulant Gal3 was independently associated with
myocardial fibrosis, quantified as LGE by CMR in patients with NIDCM—this being an-
other innovative aspect of our research. Similarly, Vergaro et al. have shown that plasmatic
levels of Gal3 are closely associated with LGE in patients with NIDCM [15]. Additionally,
a recently published murine study has shown that the suppression of Gal3 has beneficial
effects on the regression of NIDCM [26].

Sera PICP was reported to be an important circulant marker of type I collagen turnover,
being significantly associated with myocardial fibrosis [27] and with an increased risk
of MACEs in patients with NIDCM. Nonetheless, in formerly published studies, the
prognostic ability of myocardial fibrosis is rather questionable due to their contradictory
results [28,29]. In our study, PICP and PIIINP were closely associated with LGE mass and
proved to have a significant ability to predict the occurrence of MACEs; however, in the
Cox analysis—after the adjustment for confounders—none of them remained independent
predictors for outcome.

Furthermore, we evaluated the profile of these biomarkers in patients with NIDCM
and severely decreased LVEF of under 30%. All of them had significantly increased sera
levels and were even closely related to HF parameters. Moreover, the stepwise addition
of these biomarkers to LGE proved to increase their association with decreased LVEF,
beyond that of each parameter used alone. Thus, our study suggests the utility of these
sera biomarkers even in the risk stratification of these patients.

Furthermore, the joint use of circulating biomarkers and LGE might become useful in
monitoring disease progression and also in identifying patients who would benefit from
implantable cardioverter devices or cardiac resynchronization therapy [30,31], but these
things are only in their infancy.

Withal, an important issue that needs to be considered is that these biomarkers reflect
the systemic metabolism of collagen, and not only in cardiac collagen; thus, this is the reason
why these markers could become useful in heart diseases only when they can be combined
with cardiovascular imaging parameters [4]. Likewise, further research should focus on
exploring if the combined use of CMR with circulant collagen turnover biomarkers might
aid in therapeutic monitoring and cardiovascular risk stratification in patients with NIDCM.
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Study Limitations

Firstly, being a single-center study represents a limitation by default. Secondly, T1-
maps and extracellular volumes were not assessed in all patients since this technique
was not available in our research facility at the beginning of the study. Lastly, the long
recruitment period might have affected the sera samples from which the biomarkers were
determined.

5. Conclusions

In patients with NIDCM, circulating collagen turnover biomarkers—namely Gal3,
PICP and PIIINP—were independently associated with myocardial replacement fibrosis
determined as LGE by CMR, being useful in the risk stratification of them. These markers
were even higher in those with NIDCM and severely decreased LVEF. Moreover, they were
useful in prognosis prediction; however, only Gal3 proved to be an independent predictor
for cardiovascular outcome.
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Abstract: (1) Background: The impact of imaging-derived ischemia is still under debate and the role of
stress perfusion cardiac magnetic resonance (spCMR) in non-high-risk patient still needs to be clarified.
The aim of this study was to evaluate the impact of spCMR in a case series of stable long-standing
chronic coronary syndrome (CCS) patients with ischemia and no other risk factor. (2) Methods: This is
a historical prospective study including 35 patients with history of long-standing CCS who underwent
coronary CT angiography (CCTA) and additional adenosine spCMR. Clinical and imaging findings
were included in the analysis. Primary outcomes were HF (heart failure) and all major cardiac events
(MACE) including death from cardiovascular causes, myocardial infarction, or hospitalization for
unstable angina, or resuscitated cardiac arrest. (3) Results: Mean follow-up was 3.7 years (IQR: from
1 to 6). Mean ejection fraction was 61 ± 8%. Twelve patients (31%) referred primary outcomes.
Probability of experiencing primary outcomes based on symptoms was 62% and increased to 67% and
91% when multivessel disease and ischemia, respectively, were considered. Higher ischemic burden
was predictive of disease progression (OR: 1.59, 95%CI: 1.18–2.14; p-value = 0.002). spCMR model
resulted non inferior to the model comprising all variables (4) Conclusions: In vivo spCMR-modeling
including perfusion and strain anomalies could represent a powerful tool in long-standing CCS, even
when conventional imaging predictors are missing.

Keywords: stress perfusion CMR; ischemia; CAD; CCS; long-standing CCS; CCTA; strain;
CAD extension; heart failure

1. Introduction

Chronic coronary syndrome (CCS) includes a wide spectrum of clinical scenarios
involving patients with known or suspected coronary artery disease (CAD) [1].

CAD is a chronic and often progressive disease, and CCS definition has recently been
introduced to differentiate a clinical stable presentation from an acute presentation (acute
coronary syndrome or ACS). Different outcomes, however, can occur due to the dynamic
nature of CAD, and ACS can also destabilize a long-standing (i.e., more than one year after
initial diagnosis or revascularization) apparently stable clinical scenario. Therefore, correct
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risk stratification and adequate clinical management of CCS is essential to reduce the risk
of major cardiac events [1].

Advanced cardiac imaging plays a primary role in the assessment of heart disease,
both in ischemic and non-ischemic cardiomyopathy [2–7].

Based on the Bayesian probability of CAD, anatomical strategy with coronary CT
angiography (CCTA) finds a prevalent role in patients with a low likelihood to have
CAD [1,8,9]. From the PROMISE study, the high ability of CCTA to identify a low-risk
group corresponds to an event rate of 0.9% vs. 2.1% observed in patients managed with
conventional stress testing (over a two-year period of observation) [10–12]. Conversely,
CCTA finds only a marginal role in long-standing CCS for the lack of functional information
related to ischemia [1].

On the other hand, functional tests imaging for ischemia detection finds a primary
role in patients with an intermediate-to-high probability of CAD and in patients with
long-standing CCS, both in symptomatic or asymptomatic patients, given the risk for com-
plications also in an otherwise asymptomatic patient. However, the impact of non-invasive
imaging strategies for ischemia detection to guide initial coronary revascularization and
improve long-term outcomes is still under debate [13].

Recently, the ISCHEMIA trial caused major controversy reporting no substantial
benefit of ischemia testing in CAD prognostication and patient stratification, especially in
the early time-window of observation and in patient with a good systolic performance,
proving no superiority of an initial invasive vs. conventional medical treatment when
moderate-to-severe ischemia is detected [14,15].

From ISCHEMIA, different questions arise regarding which ischemia test should be
performed and which subcategories can benefit from a more aggressive treatment [16]. In
this regard, from the extended STICHES, revascularization strategies plus medical therapies
seem more effective than medical therapy alone in treatment of patients with reduced left
ventricular ejection fraction (LVEF), thus suggesting a real benefit to coronary revasculariza-
tion in patients with both ischemia and reduced EF heart failure (HFrEF) [17,18].

During the latest years, stress perfusion cardiac magnetic resonance (spCMR) showed
a relevant impact in CAD stratification in many trial and registry studies [16,19–25]. Differ-
ently from other imaging techniques, spCMR offers a holistic approach to the heart patient
through the simultaneous evaluation of the triad systolic function–perfusion abnormalities–
tissue characterization [26].

CMR showed high accuracy in ischemia detection and is currently considered the
gold standard for cardiac volume and systolic function evaluation [27,28]. Moreover,
late gadolinium enhancement (LGE) as an imaging marker of myocardial scarring is a
well-known predictor of all-cause mortality from different studies including ischemic and
non-ischemic cardiomyopathies [29–33].

Given these discrepancies, spCMR may impact more efficiently than other conven-
tional ischemia tests (largely involved in ISCHEMIA), although its clinical utility should be
defined especially if conventional outcome predictors are missing.

The purpose of our study was to assess the impact of spCMR findings in a case series of
apparently clinically stable long-standing CAD patients with preserved EF and no previous
infarction or signs of HF during a long-term follow-up.

2. Materials and Methods

This study was carried out after the approval of our university’s Internal Review Board.
This is a retrospective assessment of prospectively followed-up patients (historical

prospective/cohort study).
We screened our database to identify patients referred to our institution for a his-

tory of long-standing CCS who had been re-submitted to CCTA (to identify unprotected
CAD) and additional adenosine spCMR in a short time interval (less than 6 months) for a
comprehensive evaluation and were deemed able to complete a long-term follow-up.
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Long-standing CCS was defined in accordance with the latest ESC guidelines (i.e., more
than one year after initial diagnosis and medical treatment or revascularization) [1].

We identified and analyzed 87 patients. Those with a history of myocardial infarc-
tion (MI) were excluded. 23 participants reported previous ACS or showed ischemic-type
myocardial scarring, and therefore were excluded. Another 29 patients were excluded
for the following: (a) time interval between CCTA and stress CMR examination longer
than 1 year; (b) clinical condition not specifically attributable to CAD for concomitant
morbidities; and (c) moderate to severe systolic dysfunction.

In the end, 35 patients matched our inclusion criteria. Eligible participants were
recalled for an on-site interview performed by two specialists. All information reported
within the radiology information system (RIS) was also collected.

Cardiovascular symptoms (i.e., angina and/or ischemic equivalent as dyspnea) and CAD
extension (i.e., a single or multivessel disease—2 or 3 major epicardial vessel) were collected.

A healthy control group was also recruited. A healthy control group was defined for:
(i). preserved EF; (ii). absence of clinical history of CAD, myocardial injury and/or systemic
disease; (iii). no cardiovascular symptoms or risk factor; (iv). absence of signs of structural
heart disease or LGE (23 participants; 12 males, 44 ± 9 years). The healthy controls
were recruited among people referred to our center for echocardiographic suspicion of
cardiomyopathy but not confirmed with CMR.

2.1. Cardiac Magnetic Resonance Imaging Protocol

Stress CMR protocol included assessment of cardiac function, ischemia testing, and
LGE imaging to exclude myocardial scarring. Resting perfusion was not included in our
standard protocol.

For the assessment of LV volumes/systolic function steady-state free precession cine
images (echo time/reception time 1.5/3.0 ms, flip angle 60◦) were acquired on short-axis
(slice thickness 8 mm, spacing 0 mm) and radial long-axis views (ten slices covering the
entire circumference of the ventricle, planned on short-axis pilots at 18◦ angles to each other
to visualize all 17 segments) and analyzed with dedicated software (Circle, cvi42, Calgary,
AB, Canada; version 5.11.4).

Tissue tracking (TT) analysis was also performed to obtain strain data. TT analysis
was performed on resting cine imagines. LVOT and mitral valve planes were excluded
from the analysis.

Global 2 d longitudinal (GLS), circumferential (GCS), and radial (GRS) strain values
were recorded.

Standard stress protocol included infusion of 140–210 mg/kg/min of adenosine (heart
rate increase at peak stress >10% above baseline), for up to 6 min. First-pass perfusion
data were acquired after injection of Gadobutrol 0.05 mmol/kg (Gadovist®, Bayer AG,
Zurich, Switzerland) at 5 mL/s, followed by a 15-mL saline in 3 short axis slices using a
breath-hold T1-weighted fast gradient echo sequence. Beta-blocker drugs were stopped
five days prior to examination while nitrates, calcium-channel blockers and ACE inhibitors
were interrupted two days before, as for caffeine or theine.

Ischemia was defined as a sub-endocardial hypointense area in the left ventricle
wall during first-pass perfusion, evident in at least three frames beyond peak contrast
enhancement. Significant cut-off considered was two or more neighboring segments, two
adjacent slices, or a single transmural segment (approximately 6% of the myocardium).
Extension of ischemia (ischemic burden) was defined as the sum of involved segments.

LGE sequences were analyzed to exclude from the analysis all patients with myocardial
scarring indicative of previous MI.

2.2. Study Outcomes and Patient’s Follow-Up

Follow-up time was considered as the time lapse from the last examination to the
interview. Primary outcomes were HF and all major cardiac events (MACE) including death
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from cardiovascular causes, myocardial infarction, hospitalization for unstable angina, or
resuscitated cardiac arrest. Secondary outcomes were HF.

2.3. Statistical Analysis

Descriptive variables are presented as average and correspondent confidential intervals
or as percentages (frequencies). The Shapiro–Wilk (SW) test was used to evaluate data distri-
bution. A t-test was used for normal variables comparison; a chi-squared test was used with
nominal (dichotomic) variables. The healthy group was used to define normal strain values.
A comparison of strain data between long-standing CCS patients and healthy participants
was performed. The probability of having primary outcomes given variables was estimated
as odds/1 + odds. These analyses were performed with SPSS (IBM Corp. Released 2016.
IBM SPSS Statistics for Mac, Version 26.0. Armonk, NY, USA: IBM Corp.). The outcome
has been modelled performing exact logic regression to account for the small sample size.
Model fitting has been assessed using the probability score of each model. Model diagnostic
performance has been addressed carrying out a ROC analysis. Exact logistic regression was
performed via Stata (StataCorp. 2021. Stata Statistical Software: Release 17. College Station,
TX, USA: StataCorp LLC.). This analysis was also re-tested with a surrogate test via NCSS
2022 Statistical Software (2022, NCSS, LLC., Kaysville, UT, USA), which confirmed the same
results. A non-inferiority test (with 0.1 margin) for two AUCs built up using the models
described above was performed via NCSS 2022 Statistical Software. An alpha error of 5%
was used as a threshold of significance.

3. Results

3.1. Patient Characteristics

The study population consisted of 35 patients (29 M, 6 F, mean age of 69 ± 9 years)
referred for long-standing CCS, all managed with MT at the time of the scan. Mean
follow-up was 3.73 years (interquartile range: from 1 to 6).

No major nor minor complication occurred during spCMR.
The baseline characteristics of study participants are listed in Table 1.

Table 1. Baseline patient characteristics.

PO (No) PO (Yes) p-Value

All n (%) 35 (100) 23 (66) 12 (34)
Sex (male) n (%) 29 (83) 21 (60) 8 (23) 0.089

Sex (female) n (%) 6 (17) 2 (6) 4 (11)
Age (years) 69 ± 9 67 ± 9 72 ± 7 0.122

EF (%) 61 ± 8 60 ± 7 63 ± 10 0.415
Diabetes n (%) 6 (17) 3 (9) 3 (9) 0.329

Hypertension n (%) 13 (37) 9 (26) 4 (11) 0.517
Smoking habits n (%) 8 (23) 6 (17) 2 (6) 0.429

Familiarity for CHD n (%) 10 (29) 8 (23) 2 (6) 0.236
Dyslipidemia n (%) 19 (54) 12 (34) 7 (20) 0.505

Symptoms n (%) 16 (46) 6 (17) 10 (29) 0.002 **
Multivessel CAD n (%) 21 (60) 11 (31) 10 (29) 0.045 *

Ischemia n (%) 12 (34) 3 (9) 9 (26) 0.0001 **
Ischemic burden (%) 9 ±3 1 ± 2 7 ± 5 0.0001 **

CMR-Tissue Tracking CCS group
GLS (%) −16 ± 2 −17 ± 1 −14 ± 2 0.0001 **
GCS (%) −17 ± 3 −17 ± 2 −17 ± 4 0.489
GRS (%) 28 ± 7 27 ± 6 29 ± 10 0.147

CMR-Tissue Tracking Healthy
group

GLS (%) −18 ± 1
GCS (%) −20 ± 2
GRS (%) 36 ± 6

PO: primary outcomes; EF: ejection fraction; CHD: coronary heart disease; CAD: coronary artery disease;
CMR: cardiac magnetic resonance; GLS: global longitudinal strain; GCS: global circumferential strain; GRS: global
radial strain. significant difference *: level of significance: p-value < 0.05; ** significant difference: level of signifi-
cance: p-value < 0.01.
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Perfusion images and LGE were considered of good quality in all cases examined.
Mean ejection fraction was 61% ± 8%, meaning an overall preserved systolic function

of the study participants.
Twelve patients (31%) referred primary outcomes, seven of which (20%) with heart

failure syndrome, and one died (3%).

3.2. Chronic Coronary Syndrome Characteristics

Twenty-one patients (60%) showed a multivessel disease and were more likely symp-
tomatic, referring typical chest pain or dyspnea (13 out of 16 symptomatic patients).

Ischemia was detected in 12 patients. No LGE was included in the analysis.
Multivessel disease was significantly associated with ischemia (10 out of 12 ischemic

patients: p-value 0.045).
In patients with ischemia, mean ischemic burden (expressed as a percentage) was 9% ± 3%.
All strain values were lower when compared with healthy group (GLS: −16 ± 2 vs.

−18 ± 1, p-value: 0.001; GCS: −17 ± 3 vs. −20 ± 2, p-value: 0.0001; GRS: 28 ± 7 vs. 36 ± 6,
p-value: 0.0001).

However, the GLS only resulted significantly different for CCS patients categorized
for the presence of ischemia (−14 ± 2% vs. −17 ± 1%, p-value 0.0001) (Figure 1).

No significant difference was detected between ischemic patients for other strain values.
Ischemic burden correlates with GLS (r: 0.699, p-value: 0.0001). Moreover, when GLS

was categorized for reduced or preserved values, ischemic burden was predictive of GLS
impairment (OR: 1.33, 95%CI: 1.08–1.64; p-value 0.008).

Among patients with multivessel diseases, patients with a three-vessel disease (TVD)
were more likely associated also with all-strain anomalies (4 out of 5 patients with all-strain
anomalies showed a TVD; p-value 0.007).

3.3. Association with Outcomes

Among all variables, multivessel diseases, symptoms, ischemia, and GLS involvement
were associated with primary outcomes (Table 2). Probability to experience primary
outcomes based on symptoms was 62% and increase to 67% when multivessel disease was
also considered.

Table 2. Primary and Secondary Outcome According to Symptoms, Multivessel Disease, Ischemia
and Strain.

Symptoms Multivessel Disease Ischemia GLS Impairment Ischemia and GLS Impairment

No of patients 16 (46) 21 (60) 12 (34) 13 (37) 8 (23)
MACE n (%) 10 (63) 10 (48) 9 (75) 9 (69) 8 (100)

HF n (%) 7 (44) 6 (29) 6 (50) 5 (38) 5 (63)
no MACE or HF n (%) 6 (37) 11 (52) 3 (25) 4 (31) 0

MACE: major adverse cardiac events; HF: heart failure.

Probability to experience primary outcomes when ischemia only was detected was
75% and increased to 91% when multivessel disease and symptoms also were considered.

Higher burden of ischemia was predictive of disease progression (i.e., occurrence of
primary or secondary outcomes) (OR: 1.59, 95% CI: 1.18–2.14; p-value 0.002).

A predictive model including all multivessel diseases, symptoms, ischemia, and strain
anomalies (Model I) reached an AUC of 0.93 (95% CI: 0.83–1).

Model II (including only ischemia and strain anomalies) reached an AUC of 0.89
(95% CI: 0.74–0.97).

Lastly, Model III (including only symptoms and multivessel diseases) reached an AUC
of 0.82 (95% CI: 0.67–0.97).

Using Model I as reference, Model II was non-inferior to model I (AUC difference:
−0.04; One-Sided 95% lower limit: −0.09; Non-Inferiority p-value: 0.033). Conversely, the
non-inferiority test failed for Model III (AUC difference: −0.1; One-Sided 95% lower limit:
−0.22; Non-Inferiority p-value: 0.524) (Figure 2).
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Figure 1. In panel (A,B), spCMR findings of two CCS patients. In (a,b), a single frame from SA cine
sequence in diastolic and systolic phase, respectively; changes of inner double-arrows lines length
highlight preserved systolic contraction. In (c), evidence of no enhancement in LGE sequences (white
asterisk). In (d–f), a single frame from first-pass perfusion during adenosine infusion with evidence
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of similar ischemic burden involved inferior segments from the base to the apex (black arrowheads).
In (g), a single systolic frame from HLA cine sequence with superimposed colorimetric map of GLS.
On the right, the legend of colorimetric map with correlation between values and colors. In panel (C),
the comparison between the different GLS. Despite a similar ischemic burden, the two patients report
different GLS abnormalities (white thick arrows), suggesting a different impact of ischemia on global
deformability. GLS acts as accurate index of early global impairment beyond the focal injury. spCMR:
stress perfusion cardiac magnetic resonance; CCS: chronic coronary syndrome; SA: short-axis; LGE:
late gadolinium enhancement; HLA: horizontal long-axis; GLS: global longitudinal strain.

Figure 2. Non-inferiority test for two AUCs. Model I (symptoms, multivessel diseases, ischemia, and
strain anomalies); Model II (ischemia and strain anomalies); Model III (symptoms and multivessel
diseases). Panel (A) shows comparison between Model I (blue line) and II (red line) AUCs. In panel (B),
comparison between Model I (blue line) and Model III (red line) AUCs. AUC: area under curve.

4. Discussion

This study is a historical prospective analysis of patients referred to our institution for
a long-standing CCS, managed with MT and evidence of preserved systolic function and
no previous MI, consecutively undergoing both CCTA and spCMR over a short period for
a comprehensive evaluation.

In 100% of cases, it was possible to carry out a clinical follow-up, including both
clinical evaluations obtained through an on-site interview and all information collected
through RIS for any hospitalizations.

Our analysis highlights some important findings:
(i) stratification considering symptoms, anatomical extension of disease, and ischemia

showed significant association with primary outcomes including all composite MACE;
(ii) extensive disease was more likely associated with ischemia, and when extensive

disease and ischemia were considered, high probability of early alterations of myocardial
deformability were also detected in patients with preserved EF; and

(iii) inducible ischemia and early alteration of myocardial deformability showed a
non-inferior ability to predict clinical evolution of long-standing CCS compared to the
model also including symptoms and anatomical extension of disease.
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Long-standing CCS affects a highly heterogeneous population in need of complex ther-
apies, and management of these “complex” patients is a tricky process, which historically
has considered several factors other than ischemia [34].

The main decision-making point was in fact based on anatomic level of lesions, symp-
toms, and clinical conditions.

Other conventional imaging outcome predictors include LVEF, more recently echocar-
diographic GLS, and LGE, with LVEF considered as a major predictor of long-term survival
in patients with CAD.

In latest years, cardiac imaging has shown high accuracy in guiding standard-of-
care coronary revascularization, although the recent ISCHEMIA trial (or the controverse
COURAGE or BARI-2D) failed to show a real advantage in using an early invasive revascu-
larization in patients stratified for moderate-to-severe ischemia [14,15,35,36]. Moreover, in
a sub study of ISCHEMIA by Reynolds et al., extent of ischemia is also a poor discriminator
of risk for most clinical end-points [13–15].

It is therefore legitimate to question the role of imaging findings in a real-world
scenario of these complex patients, especially when conventional outcome predictors are
missing [37,38].

ISCHEMIA reveals that 70% of all ischemia-tests performed were perfusion imaging
tests and that the predominant tool was nuclear perfusion imaging. To confirm this,
spCMR continues to be an underutilized tool, accounting for <0.1% of all tests used in 2018,
according to US statistics [39].

However, other focused trials and large registry studies have shown that spCMR had
a high clinical impact in stratification of ischemic patients [16,19–23,40,41].

Regarding this strongest evidence, recent AHA guidelines for the evaluation and
diagnosis of chest pain emphasize the primary role of spCMR in the identification of
myocardial ischemia for a proper management of patients with acute chest pain and no
known CAD [42].

In MR-INFORM RCT, spCMR-related ischemia proved similar to FFR in stratifying
ischemic patients with no significant difference in MACE occurrence between spCMR and
FFR-harm [43].

In SPINS registry, similarly to other studies, extensive ischemic burden was related to
a higher risk of long-term, all-cause mortality, and revascularization was associated with
a protective effect only in the restricted subset of patients with extensive spCMR-related
ischemia [44–46].

Similarly, our results showed that quantification of ischemic burden improved the
prognostication of CCS patients.

Moreover, as shown by Ge et al. through the same SPINS registry, spCMR did not
suffer from the same limitation of CT (i.e., elevated BMI did not negatively impact its
diagnostic quality) [47]. In our case series, spCMR confirmed high diagnostic quality in all
examinations, irrespective of age.

spCMR has several advantages to other perfusion techniques, allowing an in vivo
modeling of the heart including perfusion, tissue characterization and systolic function.
High attention is paid also on CMR strain which has shown relevant impact in several
cardiomyopathies [48–54].

CMR-derived cardiac model could therefore represent an effective tool in guide
IHD management.

CCS and Outcome Association

During the latest years, CCTA strongly impact the management of heart disease both
in routine and emergency settings [55–67]. Clinical trial also highlighted the impact of CAD
definition from CCTA [68–70].

From PROMISE, CCTA detects CAD better than conventional stress testing (i.e., not
including spCMR), and thus, with a better prediction of cardiac event, especially in non-
obstructive CAD. In this regard, the analysis by Hoffmann et al. shows that the ability of

138



Diagnostics 2022, 12, 786

CCTA to identify a low-risk group correspond to an event rate of 0.9% over a two-year
period vs. 2.1% observed in patients managed with normal stress test [10–12].

Similarly, from SCOT-HEART, management of CAD patients based on CT findings is
revealed to be effective vs. the standard-of-care only, also guiding the clinicians in adopting
medical treatment to prevent major events [59,71].

Presence, extension, and severity showing advantages in stratifying CAD patients also
in CONFIRM study vs. clinical scoring, e.g., Framingham or Morise scores [72].

Therefore, CCTA is primarily adopted in CAD rule-out, with a negative predictive
value close to 100%, enhanced by the effective dose optimization protocols and current
technologies improved though the use of artificial intelligence, but is limited in detecting
ischemia, the effective myocardial injurer, unless functional markers as with FFR-CT or
CT-MPI are adopted [73–78].

In our study, CAD anatomy proved effective in the definition of outcomes, with
the CAD extension significantly associated with composite MACE. However, the current
inability of standard analysis to provide functional information capable to predict the
clinical evolution of longstanding CCS patients affect the overall accuracy of Model III,
which resulted inferior to the reference (i.e., the model including all variables).

As highlighted in FAME(s) and similar studies, the most important prognostic factor
of a given coronary artery stenosis with respect to cardiac death or MI is indeed its ability
to produce myocardial ischemia [79–84].

Ischemia is also the main predictor of HF evolution of CCS patients.
The pathophysiological process underlying the development of HF in ischemic pa-

tients can be variable and recognize different and specific therapeutic management [85,86].
In HFpEF models, recent evidence suggests that the onset of coronary microvascular

dysfunctions (CMD) in non-infarcted areas contributes to the recurrence of ischemia which
determines the progression of organ dysfunction as the onset of congestion symptoms even
in absence of a real impairment of global systolic function [87–91].

Evidence suggests the potential occurrence of CMD in patients with CCS. In the CE-
MARC 2 coronary physiology sub-study, a high incidence of CMD was found in patients
with obstructive and non-obstructive CAD [92].

The identification of ischemic substrate in absence of obstructive CAD (more likely due
to microvascular injury) is of primary importance considering that standardized approaches
often fail in a correct assessment and management of CMD patients as is evident by the
recent CorMicA trial [93–98].

Therefore, the identification of ischemia as a territory-specific assessment, irrespective
of lesion-specific assessments, proves necessary for a proper treatment.

The following evidence, in concordance with our results, bring about some considerations:

1. spCMR findings result as good predictors of clinical evolution of CCS patients beyond
symptoms and CAD extension. The probability of developing MACE was about
90% when ischemia was detected, with a high prevalence of HF syndrome during
follow-up.

2. CMR-related strain confirms its ability to stage myocardial damage, which could
translate into a critical ability to predict disease progression [99,100]. Among CCS
patients with ischemia and no other conventional imaging predictor, GLS resulted
highly impaired with a good correlation with the ischemic burden. This correlation
proves GLS (an indicator of global function) as effective in describing the real im-
pact of ischemia on cardiac function beyond the localized distribution of ischemic
damage [101].

3. Despite GLS significantly differing between ischemic and non-ischemic CCS patients,
GCS and GRS results were impaired when compared to a healthy population. Actually,
in our series, GCS showed a stable early impairment compared to healthy volunteers.
GCS impairment is indeed more likely related to a transmural injury/advanced
disease, while GLS resulted most sensitive to a subendocardial/early injury [99]. On
the other hand, the lack of a significant difference of GRS between ischemic and
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non-ischemic longstanding CCS patients could be explained by a relatively preserved
compensating mechanism offered by circumferential fibers, since radial strain is
tethered with other longitudinal and circumferential fibers and no radially oriented
fibers are disposed within the myocardium.

This study presents some obvious limits. (i) This study is based on a retrospective
analysis of a small study sample with the consequent risk of a potential selection bias,
although all patients meeting the inclusion criteria were included in the prospective follow-
up, uncensored real world picture of patients with longstanding CCS; (ii) this is a single-
center study, although the single-center reference allowed for the obtaining of all the clinical
information also included in the RIS and the standardization of the approach to patients
and clinical information; (iii) although the individual therapeutic schemes were included in
the interview, we are not able to identify all cardiological therapeutic modifications based
on CCTA and stress CMR findings; thus, therapeutic modifications that did not include
an invasive approach were not considered for the overall clinical evolution; (iv) CMR-TT
analysis was performed on cine images acquired only during rest condition (i.e., not with
increased strain values), and therefore it is not possible to conclude about strain anomalies
during stress condition.

5. Conclusions

In vivo spCMR-modeling including perfusion and strain anomalies could represent
a powerful tool in long-standing CCS, even when conventional imaging predictors are
missing. In addition to the definition of death and MI risk, spCMR-modeling could also
predict the clinical evolution trends toward HF as in our series of long-standing CCS
patients with preserved systolic function and no previous MI, thus identifying patients
who deserve more aggressive treatment, although larger studies are needed to fully clarify
this issue.
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Abstract: Subclinical alterations in myocardial structure and function occur early during the natural
disease course. In contrast, clinically overt signs and symptoms occur during late phases, being
associated with worse outcomes. Identification of such subclinical changes is critical for timely
diagnosis and accurate management. Hence, implementing cost-effective imaging techniques with
accuracy and reproducibility may improve long-term prognosis. A growing body of evidence
supports using cardiac magnetic resonance (CMR) to quantify deformation parameters. Tissue-
tagging (TT-CMR) and feature-tracking CMR (FT-CMR) can measure longitudinal, circumferential,
and radial strains and recent research emphasize their diagnostic and prognostic roles in ischemic
heart disease and primary myocardial illnesses. Additionally, these methods can accurately determine
LV wringing and functional dynamic geometry parameters, such as LV torsion, twist/untwist, LV
sphericity index, and long-axis strain, and several studies have proved their utility in prognostic
prediction in various cardiovascular patients. More recently, few yet important studies have suggested
the superiority of fast strain-encoded imaging CMR-derived myocardial strain in terms of accuracy
and significantly reduced acquisition time, however, more studies need to be carried out to establish
its clinical impact. Herein, the current review aims to provide an overview of currently available data
regarding the role of CMR in evaluating myocardial strain and biomechanics.

Keywords: left ventricle active biomechanics; cardiac magnetic resonance imaging; left ventricle
torsion; left ventricle twist and untwist; left ventricle strain

1. Background

Myocardial strain and biomechanics are the results of intrinsic normal functioning
of the heart, expressing the dynamic interdependency between cardiac structure and its
physiology. Usually, in the early stages, heart diseases are clinically silent, often resulting
in a delayed diagnosis and poor prognosis. Recent technological advances have developed
cardiovascular imaging modalities which are able to thoroughly characterize myocardial
tissue and function. Nevertheless, studies evaluating their clinical utility in the diagnosis
and prognosis of cardiovascular patients are still sparse. Their close description could
provide valuable insights into myocardial functional performance [1]. Briefly, by non-
invasively assessing myocardial deformation, one can provide supplementary information
regarding disease diagnosis, risk stratification, and prognosis [2].

Cardiac magnetic resonance imaging (CMR) is the gold-standard imaging method
used for characterizing heart function and tissue structure, thus providing important
information about cardiomyocytes, interstitium, microvasculature, and metabolic abnor-
malities [3]. Furthermore, MRI has been shown to be useful in post-mortem morphological
studies for the study of sudden cardiac death [4]. Increasing evidence is now proving
the clinical utility of various CMR methods to determine left ventricle (LV) myocardial
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strain, torsion, twist, untwist, sphericity index, and long-axis strain determining myocar-
dial strain and biomechanics using various methods [5–8]. Moreover, several studies have
shown good agreement between CMR-based strain and speckle-tracking echocardiography
(STE) [6], even though the two methods are still not interchangeable.

LV myocardial contraction and relaxation are complex phenomena that involve vari-
ous yet synergistic contractions of all three myocardial layers, thus ensuring hemodynamic
stability and optimal LV systolic function. At a glance, there are two ways in which
myocardial strain can be outlined: the Lagrangian strain, which provides contractility
changes using the own myocardium as a benchmark, and the Eulerian strain, which as-
sesses changes of specific tissue zones with fixed baselines, while the material points differ
over time [6]. The disposition of myocardial fibers in the LV is as follows: (1). longitudinal;
(2). transversal, with a central distribution and systolic thickening; (3). circumferential,
with a circular distribution as viewed from the transversal view of the myocardial [9,10].
The main purpose of these different orientations is to ensure efficient cardiac revolution
and maintain global hemodynamics within its normal ranges. In the subendocardial layer,
the fibers are longitudinally oriented, from the LV’s base to its apex, while those from the
subepicardial layer are inversely directed, from the LV’s apex to its base, and, addition-
ally, the fibers within the middle layer of the myocardium are circumferentially disposed
of. All these particularities form a complex multi-layered helical layout, thus guaran-
teeing adequate longitudinal and circumferential myocardial strain and optimal LV wall
shear stress [11].

The main advantage of CMR-determined myocardial strain is in patients with a poor
acoustic window in which STE-based ones are not determinable. Additionally, the intra-
and inter-observer biases are significantly reduced [6]. Another benefit could be in patients
with arrhythmias for whom CMR might provide useful data, especially if single-heartbeat
acquisition techniques are used [7]. Nonetheless, there are several disadvantages, such as
prolonged evaluation time and extended dorsal decubitus, which in patients with heart
failure is often not possible [6].

Until now, invasive heart catheterization has been considered the gold-standard
method to evaluate cardiac function by using pressure-volume loops, which are valuable
markers of myocardial contractility and stroke work, especially by determining cardiac
output, end-systolic (ESPVR) and end-diastolic (EDPVR) pressure-volume relationships,
or cardiac elastance [12]. Recently, CMR with or without inferior vena cava (IVC) tempo-
rary closure has been able to determine ESPVR and EDPVR-derived measurements with
comparable accuracy [12,13].

The purpose of this review is to provide an overview of currently available data
regarding the clinical role of CMR in evaluating myocardial strain and biomechanics.

2. Basics of Myocardial Deformation and Biomechanics

The concept of continuum mechanics in a completely isolated media, along with
the properties of cardiac tissue governates the functioning of the cardiovascular system.
Thus, myocardial deformation and spatial dynamic geometry are strongly related to these
phenomena [14,15]. Moreover, the physical dependency of strain and biomechanics relies
on intracellular, extracellular and molecular components of the myocardium. Passive
biomechanical properties are ensured by titin, which is an intracellular protein with a high
molecular weight that ensures the elastic properties of the myocardial fibers by linking
the sarcomeres’ Z lines with the M lines and, thus, preventing the overelongation of these
fibers. In this sense, mutations in the titin’s gene have been significantly associated with LV
diastolic dysfunction and heart failure [16,17]. On the other hand, active processes, such as
deformation, torsion, twist, untwist, and shear stress, are mainly determined by actin and
myosin [18]. Other relevant cellular components which are linked to diseased myocardium
and heart failure are collagen, which forms complex reticular structures, elastin with its
microfibrils of fibulin, and fibrillin, fibronectin, proteoglycans, and glycosaminoglycans [19].
Nonetheless, usually, the myocardium is a soft, heterogenous, anisotropic tissue, which
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is subject to significant deformations [20], that is based on equation models from the
mechanical physics of continuum mechanics. Moreover, several mathematical models,
such as the Cauchy stress tensor, the deformation gradient and its Jacobian determiner, and
the strain energy density function, have been used to characterize the relation between the
LV wall shear stress and myocardial deformation [12,21].

Moreover, myocardial strain and dynamic spatial geometry rely on myocardial con-
traction forces, which can be assessed using a specific mathematical model that includes the
cardiomyocytes’ active tension and calcium ions concentration [22]. LV wall shear stress
generates the required forces that strain the cardiomyocytes, and given the situation, they
are responsible for the myocardial oxygen mismatch, being easily explained by the law of
Laplace [23]. Nevertheless, when it comes to characterizing active biomechanics, there is
significant variation depending on the region of interest. When the mid-myocardial layer
and the LV’s base are considered, it is recommended to apply different equations to assess
the longitudinal and circumferential fibers, while for the LV’s apex, one can use similar
mathematical models for both types of myofibers [12].

The primary task of the LV is to ensure continuous blood flow through the vessels
during the cardiac cycle. LV function is majorly conditioned by myocardial contraction,
end-diastolic filling pressures, and its dynamic geometry, but also by the integrity and
correct functioning of heart valves [24,25]. Initially, invasive catheterization was used to
accurately describe the heart’s biomechanical physiology, especially by using the curves
of ESPVR and EDPVR. Additionally, it has been shown that volume overload increases
LV wall shear stress and tension [25]. Furthermore, as postulated in Frank-Starling’s law,
increased diastolic filling leads to a higher LV stroke volume due to better functioning of the
sarcomeres [26]. Moreover, the maximum elastance, which is the slope between the direct
relation between the end-systolic blood volume and the aortic pressure, can accurately
assess the contractile ability of the LV, and changes within its inotropy will automatically
modify the LV stroke volume [27].

Accordingly, using imaging methods, such as STE and, lately, CMR, deformations of
all three myocardial fibers can be globally and regionally assessed, resulting in parameters
with important diagnostic and prognostic values: global longitudinal (GLS), circumferential
(GCS) and radial (GRS) strains. Various studies have confirmed their paramount roles in
diagnosis, risk stratification, and prognosis prediction in many cardiovascular diseases [2].
To identify subclinical LV dysfunction and to subdue the main limitations of standard LV
systolic function measurements, international guidelines recommend the comprehensive
evaluation of LV strain parameters by echocardiography. These parameters are useful in
approaching myocardial ischemia and viability, infraclinical dysfunction in patients with
dilated cardiomyopathy, hypertrophic cardiomyopathy, arrhythmogenic cardiomyopathy,
cardiac amyloidosis, chemotherapy-induced cardiotoxicity, heart failure, valvular heart
diseases, and also in improving the selection of patients who might benefit from cardiac
resynchronization therapy [28]. Several studies regarding the importance of LV myocardial
strain using STE in various cardiovascular diseases are presented in Table 1 [29–45].

Table 1. Speckle-tracking echocardiography studies in evaluating LV GLS.

Authors Year Ref n Illness Endpoint GLS LVEF

Janwanishstaporn et al. 2022 [32] 289 HFimprEF CVD, HFH −12.7% 53%
Thellier et al. 2020 [33] 332 AS ACM −15% 55%

Goedemans et al. 2018 [34] 143 AMI ACM, HFH −14.4% N/A
Iacoviello et al. 2013 [35] 308 HF ACM, HFH, CVD, VT −10.2% 33%

Ersboll et al. 2013 [36] 849 AMI ACM, CVD, HFH −14.6% 53.5%
Yingchoncharoen et al. 2012 [37] 79 AS CVD −15.2% 63.4%
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Table 1. Cont.

Authors Year Ref n Illness Endpoint GLS LVEF

Munk et al. 2012 [38] 576 AMI ACM, CVD, HFH, AMI −14.3% 49.2%

Kearney et al. 2012 [39] 146 AS ACM, AMI, CVD, HFH,
VT −15% 59%

Dahl et al. 2012 [40] 125 HT ACM, CVD, HFH −15.5% 34.1%
Buss et al. 2012 [41] 206 AL ACM, CVD −13.1% 51.7%

Bertini et al. 2012 [42] 1060 IHD CVD, HFH −11.5% 34%
Woo et al. 2011 [43] 98 AMI CVD, HFH −15.8% 56%

Nahum et al. 2010 [44] 125 HF ACM, CVD, HFH −8% 31%
Antoni et al. 2010 [45] 659 AMI ACM, AMI, HFH −15.3% 46%
Stanton et al. 2009 [46] 546 Various ACM −16.6% 58%

Cho et al. 2009 [47] 201 HF CVD, HFH −10.5% 34.1%
Lancellotti et al. 2008 [48] 163 AS CVD, HF −15.7% 66%

Abbreviations: ACM, all-cause mortality; AMI, acute myocardial infarction; AS, aortic stenosis; CVD, cardiovas-
cular death; GLS, global longitudinal strain; HF, heart failure; HFH, heart failure hospitalization; HFimpEF, heart
failure with improved ejection fraction; IHD, ischemic heart disease; LVEF, left ventricle ejection fraction; LVEF,
left ventricle; N, number of patients; VT, ventricular tachyarrhythmias.

3. CMR Methods for Assessing Myocardial Strain and Biomechanics

Although echocardiography is considered the gold-standard imaging technique in
assessing LV strain and strain rates, recently, increasing evidence has shown that some CMR
techniques are able to appraise myocardial deformation using either specific acquisition
variants or post-processing software [6]. Growing evidence has shown their usefulness in
patients with ischemic heart disease, various cardiomyopathies, pulmonary hypertension,
and congenital heart disease [46].

From a technical point of view, the first and foremost magnetic resonance system that
has allowed a usable approach to assessing myocardial strain, functioning geometry, and ac-
tive biomechanics is tissue-tagging CMR (TT-CMR), despite its poor spatial resolution [47].
Subsequently, this shortcoming was overcome by complementary spatial modulation of
magnetization, which improved the spatial resolution of the myocardium and the grids [5].
Briefly, in the pre-acquisition phase, tags and lines need to be positioned over the my-
ocardium to track myocardial spatial deformation, angulations, torsion, twist and untwist,
and, further, specific sequences are recorded during the LV systole [47]. Nonetheless, to
provide an objective and clear upshot, post-acquisition analysis software has been created:
FINDTAGS, which quantifies the pixels’ motion during the cardiac cycle, and a more
improved one called harmonic phase (HARP), which is fully automated, being the most
used for TT-CMR [48]. Still, the main shortcomings of this method comprise prolonged
acquisition time and questionable ability to evaluate thin myocardial layers. Likewise, it
has been shown that phase-velocity mapping CMR, the method of choice in approaching
trans-valvular flows, could become another option for myocardial deformation and biome-
chanics assessment. By evaluating the spatial differences between each myocardial pixel,
phase-velocity mapping CMR can provide all three deformation parameters, through a
single breath-hold, by measuring the dynamic differences between pixels [49]. Moreover,
fast cine displacement encoding with stimulated echoes (DENSE) uses balanced standard
steady-state free precession (b-SSFP) CMR to encode myocardial tissue displacements
with intrinsic phase correction to evaluate myocardial deformation. Nonetheless, its main
limitation is that it cannot completely assess during the full cardiac cycle [50].

Furthermore, fast Strain-Encoding (fast-SENC) is a valuable CMR technique that
uses myocardial magnetization tags, but the main difference from TT-CMR is that the
tags are parallelly overlaid on the myocardium, allowing the evaluation of longitudinal
and circumferential strain, while radial deformation remains unfortunately unquantifi-
able [6]. Fast-SENC has increased accuracy and significantly lowered acquisition time
due to single-heartbeat free breathing, thus providing increased spatial resolution, as com-
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pared to other CMR methods, having also increased ability in detecting a wide range of
cardiovascular illnesses [51].

On the other hand, a post-processing software package that could be applied to
standard b-SSFP-CMR would hypothetically be the most convenient option to assess LV
strain and biomechanics. FT-CMR is an optical flow magnetic resonance method, being
derived from the technique which evaluates the motion of fluids. With proper optimization
and adjustments, FT-CMR images are comparable to those obtained using speckle-tracking
echocardiography and being applicable to standard cine-CMR, it might become highly
usable soon [7], but optimization studies need to be further conducted.

4. Clinical Utility of CMR in Assessing LV Myocardial Strain

4.1. LV Myocardial Strain by CMR in Normal Individuals

Increasing evidence supports the role of CMR in assessing LV myocardial strain in
different categories of patients. FT-CMR can determine LV strain measurements in both
2-dimensional and 3-dimensional approaches, with the latter requiring more studies for
appropriate validation [7]. It has been reported that the normal values for FT-CMR were
−21.3 ± 4.8% for GLS, −26.1 ± 3.8% for GCS, and 39.8 ± 8.3% for GRS [52], while the global
rather than regional strain parameters, performed better in terms of reproducibility [53,54].
With a view to validate LV strain analysis by CMR, substantiation research using STE has
recently been conducted. In a research paper that compared FT-CMR and strain-encoding
(SENC)-CMR with STE, GLS, and GCS determined by both CMR methods had good perfor-
mances in terms of inter-modality agreement [55]. By comparing FT-CMR with fast-SENC
in healthy individuals, it was shown that all three strains had lower values in males than in
females, with age being a minor but slightly notable determinant for their variation. In addi-
tion, fast-SENC reported a significantly higher value for GLS (−20.3 ± 1.8%) than FT-CMR
(−16.9 ± 1.8%), whereas those of GCS were similar (−19.2 ± 2.1% vs. −19.2 ± 1.8%) [56].
Therefore, normal myocardial strain values determined by CMR vary widely depending on
various clinical and technical parameters. In the study conducted by Pierpaolo et al., which
compared the agreement between manually traced strain and FT-CMR, they have shown poor
agreement between the two methods, especially for GLS and GRS [57]. Other variabilities in
terms of normal strain values and CMR techniques are presented in Table 2 [58–61].

Recently, an interesting article sought to assay the capacity and accuracy of fast-SENC
to evaluate LV volumes, function, and mass. Almost all the following measurements were
precisely determined using fast-SENC, requiring under two minutes of the total study time
and being way faster than standard cine-CMR. Nevertheless, LV end-diastolic mass was
underestimated by 7% [62]. Furthermore, in another study that aimed to test the accuracy of
fast-SENC-based LV myocardial strain, it has been shown that the intra- and inter-observer
reproducibility of this CMR method was excellent in terms of LV myocardial functioning
assessment [63]. Further studies that could expand the examination in acquiring LV
myocardial strain as well might be further conducted, being a very rapid CMR technique.

Table 2. LV myocardial strain variations in normal individuals (miscellaneous).

Authors Year n Method Findings

Mangion et al. 2019 88 healthy individuals FT-CMR with 3 T MR

GLS different significantly between genders:
−18.48 ± 3.65% (m) vs. −21.91 ± 3.01% (f)

GCS did not differ considerably
Aging did not influence GLS or GCS
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Table 2. Cont.

Authors Year n Method Findings

Andre et al. 2015 150 healthy individuals FT-CMR with 1.5 T MR

All the following varied significantly:
GLS endocardial: −22.2 ± 3.4% (m) vs.

−24.6 ± 2.9% (f)
GLS myocardial: −20.4 ± 3.1% (m) vs.

−22.9 ± 2.7% (f)
GRS: 37.9 ± 8.2% (m) vs. 34.8 ± 8.9% (f)
GCS endocardial: −26.5 ± 4.2% (m) vs.

−27.9 ± 3.7% (f)
GCS myocardial: −22.2 ± 3.4% (m) vs.

−24.6 ± 2.9% (f)

Aurich et al. 2016 47 healthy individuals FT-CMR vs. FT-Echo vs.
STE

STE:
GLS: −15.7 ± 5.0%
GCS: −14.6 ± 4.5%
GRS: 21.6 ± 13.3%

FT-Echo
GLS: −13.1 ± 4.0,
GCS: −13.6 ± 4.0,
GRS: 20.3 ± 9.5,

FT-CMR
GLS: −15.0 ± 4.0,
GCS: −16.9 ± 5.4
GRS: 35.0 ± 10.8

Best agreement was between FT-Echo and
FT-CMR for GLS

Bucius et al. 2019 11 healthy individuals
+ 7 with heart failure

FT-CMRvs. TT-CMRvs.
fast-SENC

FT-CMR
GLS: −23.5% (−22.0–−25.9)
GCS: −26.1% (−21.8–−27.8)

TT-CMR
GLS: −14.9% (−11.8–−16.9)
GCS: −17.8% (−16.4–−19.5)

Fast-SENC
GLS: −19.4% (17.1–20.7)
GCS: −20.3% (16.5–22.3)

Abbreviations: f, female subjects; Fast-SENC, fast Strain-encoding cardiac magnetic resonance; FT-CMR, feature-
tracking cardiac magnetic resonance; GCS, global circumferential strain; GLS, global longitudinal strain; GRS,
global radial strain; m, male subjects; n, number of subjects; TT-CMR, tissue-tagging cardiac magnetic resonance.

4.2. LV Myocardial Strain by CMR in Various Cardiovascular Diseases

In a recently published systematic review that evaluated the impact of GLS by both
echocardiography and CMR in patients with acute myocardial infarction, it was shown
that the latter technique exhibited major advantages in matters of tissue characterization
and resolution, regardless of the acoustic window. Nonetheless, larger cohort studies
are needed to objectify the real incremental prognostic value that might be deployed
by CMR in terms of LV strain characterization [64]. Moreover, a clinical-based study
conducted on 232 patients with ST-elevated myocardial infarction searched to appraise the
ability of LV myocardial strain determined by FT-CMR in predicting LV post-infarction
remodeling. All three global deformation measurements were associated with adverse
myocardial remodeling, although only GLS was an independent predictor for it after the
adjustment for imaging covariates. Furthermore, a GLS of over −14% increased the risk of
adverse remodeling 4 times, with an odds ratio of 4.16, p = 0.005, and provided significant
incremental predicting value for it [65]. Similarly, the same findings in terms of GLS were
also reported by Cha [66]. Likewise, the role of GCS as an independent predictor for late
LV myocardial remodeling after myocardial infarction has been proved in the study of
Holmes et al. [67].
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Latterly, fast-SENC is gaining more and more ground even in patients with ischemic
heart disease, due to its rapidity and reproducibility. In a recently published study, which
sought to compare fast-SENC and FT-CMR with STE in patients with acute myocardial
infarction, El-Saadi et al., have shown that in terms of GLS, fast-SENC provided higher
values than FT-CMR, but without any statistical significance as compared to STE. Moreover,
for GCS, the parameters determined by fast-SENC were almost equal to FT-CMR, while
as concerns the regional strain in the infarct-related artery, fast-SENC had a significantly
higher area under the curve in properly identifying the injured myocardial segments, in
contrast with FT-CMR [68]. Furthermore, Fong et al., conducted a systematic review and
meta-analysis in which they compared the utility of GLS in patients with both ischemic
and non-ischemic dilated cardiomyopathy. They found GLS as a prognostic predictor for
mortality in both groups of patients, however, its predictive ability was lower in those with
LVEF of under 30% [69].

In patients with dilated cardiomyopathy, TT-CMR was able to accurately determine
impaired LV strain parameters, even within the early stage of the disease [70]. Moreover, LV
deformation measurements by FT-CMR were related to the severity of basal dysfunction,
whereas GCS alone predicted the recovery of LV ejection fraction [71]. In another cohort
of 210 patients with dilated cardiomyopathy, GLS by FT-CMR was also an independent
predictor for cardiac death, heart transplant, and ventricular tachyarrhythmias, overcoming
GCS, GRS, LVEF, and biomarkers of heart failure [72]. In the study of Korosoglu et al.,
conducted on 1169 patients with various cardiovascular diseases, the authors sought to
evaluate the ability of a fast-SENC-derived strain to diagnose and stratify heart failure. They
have shown that the percentage of myocardial segments with impaired strain was able to
better identify patients with subclinical heart failure and to improve their risk stratification
than standard LV functional parameters [73]. Additionally, in the FT-CMR-based study
conducted on 740 patients with myocarditis, GLS was significantly associated with the
occurrence of major adverse cardiovascular events, including ventricular tachyarrhythmias,
heart failure hospitalization, and all-cause mortality, and proved to be an independent
predictor for them [74].

Moreover, in patients suffering from hypertrophic cardiomyopathy, impaired GCS
determined by FT-CMR along with LGE were found as independent predictors of ven-
tricular tachyarrhythmias [75]. In addition, a recently published study that sought to
evaluate the ability of LV deformation parameters to differentiate between hypertrophic
cardiomyopathy and hypertensive heart disease showed that GLS by FT-CMR signifi-
cantly discriminated between these two illnesses and was also strongly correlated to LGE,
T1-mapping, and LV mass [76]. Similarly, LV deformation parameters determined by
fast-SENC-CMR were also able to differentiate between athletes’ hearts, hypertrophic
cardiomyopathy, and hypertensive heart disease, respectively [77].

Lastly, the role of the LV strain by CMR to identify subclinical myocardial impairment
has been recently appraised. In paediatric patients with end-stage renal disease, GLS,
GCS, and GRS by TT-CMR, along with LV ejection fraction and mass, were significantly
inflicted, whereas GCS and GRS were associated with poor outcomes [78]. Furthermore,
more recently, it was shown that LV strain parameters by FT-CMR significantly improved
in pediatric patients with end-stage renal disease 1 year after renal transplantation [79].
Similarly, GLS and GCS by FT-CMR were significantly impaired in patients with rheuma-
toid arthritis, even though standard LV systolic function parameters remained unmodified.
In Table 3 [55,56,65–68,70–73,75,77,80–86] are summarized various CMR-based studies on
LV myocardial strain.
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Table 3. LV myocardial strain assessed by various CMR techniques.

Authors Ref Year n Method Diagnose Strain Findings

El-Saadi et al. [13] 2022 30 Fast-SENC vs.
FT-CMR AMI GLS, GCS Fast-SENC was superior

to FT-CMR

Reindl et al. [60] 2021 232 FT-CMR AMI GLS, GCS, GRS
GLS >

−14%—independent
predictor LV remodeling

Cha et al. [61] 2019 82 FT-CMR AMI GLS Independent predictor
for LV remodeling

Holmes et al. [62] 2017 141 FT-CMR AMI GCS Independent predictor
for LV remodeling

Singh et al. [73] 2015 18 FT-CMR AS GLS, GCS Higher values
Pozo

Osinalde
et al.

[64] 2021 N/A FT-CMR DCM GCS Predictor for LV systolic
function recovery

Yu et al. [63] 2017 48 TT-CMR DCM GLS, GCS Impaired parameters
Moody et al. [74] 2015 45 FT-CMR DCM GLS, GCS Good agreement

Buss et al. [65] 2015 210 FT-CMR DCM GLS Independent predictor
for outcome

Hor et al. [78] 2010 233 FT-CMR DMD GLS −13.3%

Pu et al. [68] 2021 93 FT-CMR HCM GCS Independent predictor
for VT

Harrild et al. [77] 2012 24 FT-CMR HCM GLS Good agreement

Giusca et al. [70] 2021 214 Fast-SENC HCM, Athletes’
hearts, AHT GLS Disease discrimination

Weise Valdes
et al. [57] 2021 181 fast-SENC Healthy GLS, GCS −20.3%, −19.2%

Erley et al. [79] 2019 50 fast-SENC Healthy GLS, GCS Good agreement
Taylor et al. [53] 2015 100 FT-CMR Healthy GLS, GCS, GRS −21.3%, −26.1%, 39.8%
Korosoglu

et al. [66] 2021 1169 Fast-SENC Heart failure GLS, GCS Independent prognostic
predictors for outcome

Wu et al. [75] 2014 30 FT-CMR LBBB, HCM GCS Good agreement
Augustine

et al. [76] 2013 145 FT-CMR normal GLS, GCS, GRS Good agreement

Abbreviations: AHT, arterial hypertension; AMI, acute myocardial infarction; AS, aortic stenosis; DCM, dilated
cardiomyopathy; DMD, Duchenne muscular dystrophy; Fast-SENC, fast Strain-encoding cardiac magnetic
resonance imaging; FT-CMR, feature-tracking cardiac magnetic resonance imaging; GCS, global circumferential
strain; GLS, global longitudinal strain; GRS, global radial strain; HCM, hypertrophic cardiomyopathy; LBBB,
left bundle branch block; LV, left ventricle;. N, number of patients; TT-CMR, tissue-tagging cardiac magnetic
resonance imaging; VT, ventricular tachyarrhythmias.

5. Clinical Utility of CMR in Evaluating LV Biomechanics

5.1. LV Wringing Parameters

Thus far, the association between LV torsion (Figure 1), twist and untwist, and cardiac
diseases has been supported by several experimental and clinical CMR studies. At a glance,
myocardial fibers strain following base-to-apex and endo-to-epicardium patterns ensure
a constant LV circumferential-to-longitudinal shear angle. In this regard, LV torsion is
molded during systole when the base and the apex rotate in opposite directions, clockwise
and counterclockwise, respectively. This phenomenon results from the normal physiology
of the myocardial fibers [87], which is significantly altered in pathological states. In patients
with ischemic heart disease, basal rotation was impaired at exertion leading to afflicted
LV torsion, while the apical spin remained unchanged, presumably as a compensatory
mechanism [88,89]. Conversely, in patients with dilated cardiomyopathy, inverted apical
rotation was the main reason for abnormal LV torsion [90].
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Figure 1. Left ventricle torsion by feature-tracking cardiac magnetic resonance imaging.

As previously stated by Rosen et al., when TT-CMR is used to determine LV torsion, the
peak systolic LV twist is divided by the inter-slice distance to ensure standardization [91].
Regarding FT-CMR, Kowallick et al., suggested that the best accuracy and feasibility are
guaranteed when apical and basal rotations are measured at 25% and 75% of the total
LV’s tip-to-base distance [92]. Additionally, if reference values are provided, various
post-processing software for CMR can be used to assess LV torsion [93]. Furthermore,
this parameter has promising results in risk stratification and prognosis prediction of
cardiovascular patients, although studies are just at the beginning. In both apparently
healthy elder subjects and diabetics, advanced age and hypertension were associated with
higher LV torsion, probably as a result of a balancing mechanism. In addition, it was
inversely correlated to the LV sphericity index [94,95]. In contrast, patients with myocardial
infarction showed considerably lower LV torsion and the severity of its impairment was
significantly associated with an increased risk of cardiovascular death, re-infarction, heart
failure hospitalization, and stroke [96]. Withal the standardization of LV torsion to LV
long-axis size and radius has led to the development of LV torsion shear angle as a more
precise parameter for myocardial remodeling and diastolic function [97]. By normalizing
its change rate to analogous variation in LV volume, the LV torsion shear angle was able
to accurately identify LV diastolic dysfunction invasively defined as elevated LV end-
diastolic pressure and prolonged time of LV relaxation in patients with heart failure and
preserved LVEF [98].
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LV torsion-to-shortening ratio, which is defined as the ratio between inner wall short-
ening and torsion at ejection, was developed to accurately characterize endocardial strain
and wringing. Essentially, this parameter is a precise marker of subendocardial myocardial
impairment, especially in subjects with LV hypertrophy [98]. In patients with aortic valve
stenosis (AS), LV torsion-to-shortening ratio determined by TT-CMR was considerably
higher when compared to controls, and, in addition, it significantly decreased at three
months after aortic valve replacement procedures [99]. FT-CMR has been recently proved
to be equally useful in determining impaired LV torsion-to-shortening ratio in patients
with AS [100]. Correspondingly, impaired LV torsion-to-shortening ratio and LV torsion
have been found even in patients with hypertrophy cardiomyopathy mutation and without
clinically overt disease, presumably due to subendocardial malfunction [101].

Over and above, a co-dependency between LV wringing and myocardial scarring has
been latterly reported. Intriguingly, reduced LV torsion, along with other abnormal LV
systolic parameters, was strongly related to the magnitude of myocardial fibrosis evidenced
by Masson’s staining [102]. Due to clinical availability, specific CMR techniques use late
gadolinium enhancement (LGE) and native and post-contrast T1-mapping techniques
to quantify irreversible replacement and diffuse interstitial fibrosis, respectively [103].
In dilated cardiomyopathy, the presence of LGE was associated with increased basal
rotation and decreased apical rotation, which led to defective LV torsion. Additionally, the
load of myocardial fibrosis was even higher in those with inverted apical rotation [104].
The presence of LV mid-wall fibrosis, a scarring pattern that is particular for dilated
cardiomyopathy, was also closely related to impaired LV torsion and rotation [84]. In
contrast, Csecs et al., have failed to prove a significant correlation between the presence and
extent of myocardial fibrosis and LV torsion and twist parameters in a well-defined cohort
of 239 patients with nonischemic dilated cardiomyopathy, thus suggesting that merely the
LV dilation and dysfunction themselves are responsible for impaired LV wringing [105,106].
Therefore, further research is required to correctly ascertain these findings.

As for LV twist, certain evidence concerning the impact of cardiac dysfunction on
LV twisting is beginning to emerge to expand the clinical utility of CMR [106]. FT-CMR
has been recently shown to have high feasibility and reproducibility in the evaluation of
ventricular twist and untwist [54,92]. Therefore, afflicted LV twist was associated with LV
enlargement and systolic dysfunction [107]. A recently published systematic review has
endorsed the utility of CMR to accurately determine LV untwist [108]. Moreover, Paetsch
et al., first demonstrated that in a low-dose dobutamine stress-CMR, LV untwist accurately
distinguished patients with ischemic heart disease from controls [109].

5.2. LV Functional Dynamic Geometry Measurements

Compelling evidence renders the utility of CMR-derived LV sphericity index in var-
ious cardiovascular diseases. Some reports have shown that LV sphericity is inversely
associated with LVEF, LV torsion, and mass-to-volume ratio, as well as with both global
and regional LV trabeculation indexes [95,110]. Likewise, it was able to correctly identify
dilated cardiomyopathy, since it is closely related to increased LV end-systolic volume
and decreased LVEF [111]. Correspondingly, by being directly related to sera levels of
N-terminal prohormone of brain natriuretic peptide, it may be used for the risk stratification
of patients with heart failure [110,112].

Furthermore, the LV sphericity index (Figure 2) is emerging as a novel tool to predict
the cardiovascular outcome. In patients with dilated cardiomyopathy, the LV sphericity
index significantly predicted major adverse cardiovascular events, including heart failure
hospitalization, ventricular tachyarrhythmias, and cardiac death, independent of decreased
LVEF and LGE [113,114]. Additionally, in the study of Nakamori et al., the LV sphericity
index was an effective marker of appropriate implantable cardioverter defibrillator therapy,
thus rightly forecasting ventricular tachyarrhythmias in patients with heart failure and
reduced LVEF [115]. Nonetheless, the LV sphericity index might also be useful to predict
the occurrence of cardiovascular disease in healthy subjects. In the MESA cohort, the
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LV sphericity index was found as a strong predictor for the occurrence of ischemic heart
disease, heart failure, and atrial fibrillation in initially healthy subjects after 10 years
of follow-up [116]. Conclusively, the LV sphericity index is a simple and reproducible
parameter, and larger cohort studies should be further conducted to correctly establish its
clinical utility.

Figure 2. Left ventricular geometry and strain by cine-cardiac magnetic resonance imaging: Left
ventricle long-axis strain (A–D) and sphericity index (E–H).

LV long-axis strain (Figure 2) is a novel indicator of LV systolic function, which can be
easily determined by FT-CMR, having high reproducibility and considerable predictive
ability [117]. Recently, Leng et al. have shown that standard cine-CMR can also deploy
effective and reproducible LV systolic parameters, including LV long-axis strain [118].
Cine-CMR-derived LV long-axis strain has proven non-inferior to FT-CMR-derived one in
identifying patients with various cardiomyopathies, being also more time-efficient [119].
Moreover, it was significantly impaired in diabetic patients without clinically overt cardiac
disease, even after adjustment for clinical and biological covariates [92]. In the MESA
cohort population, impaired LV long-axis strain significantly predicted congestive heart
failure, cardiovascular death, stroke, and myocardial infarction, even in subjects without
clinically overt cardiovascular illnesses [120]. Likewise, the utility of LV long-axis strain
for the prediction of cardiac outcome has also been shown in cardiac amyloidosis, aortic
stenosis, and dilated cardiomyopathy [113,117,121]. In addition, it may also improve risk
stratification in patients with non-ischemic dilated cardiomyopathy [122]. As for patients
with myocardial infarction, impaired LV long-axis strain independently predicted major
adverse cardiovascular events at the one-year follow-up [12].
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5.3. Cardiac Pressure-Volume Loops by CMR

The basic principle of cardiac active biomechanics can be summed up by the relation-
ship between the pressure and volume gradients that develop throughout every cardiac
cycle. The close connections between these two physical phenomena have deployed specific
pressure-volume curves, which can be used to accurately assess cardiac function. Moreover,
specific surrogates of cardiac biodynamics which can precisely estimate myocardial con-
tractility, ventricular-arterial coupling, end-systolic (ESPVR), and end-diastolic (EDPVR)
pressure-volume relations can be derived from such measurements. However, the main
disadvantage of these measurements is that, until now, they could have been accurately
determined only by invasive conductance catheterization [12,123].

Recent studies have begun to deploy hybrid methods that may assess these parameters
by combining cine- and velocity-encoded CMR with transient closure of IVC with venous
catheters, thus mimicking the preload reduction in cardiac volumes. It was shown that CMR
can evaluate the topmost right ventricular pressure during isovolumic normal heartbeats.
This may be used to determine ESPVR (Figure 3), yielding it as a potential reliable option
to accurately estimate myocardial contractility and ventricular-arterial coupling [124].
Subsequently, Kuehne et al., revealed that venous catheters can be positioned into the
pulmonary artery under real-time CMR guidance and, by combining with CMR-determined
ventricular volumes and mass, right ventricular pressure-volume loops and ESPVR can be
determined. In murine models, they matched these measurements with those determined
invasively and found excellent inter-agreements. Moreover, in human subjects, they tested
the method on patients with pulmonary hypertension and healthy controls. They found
that in the diseased group, cardiac index and ventricular-arterial coupling were significantly
afflicted, while ESPVR was increased [125].

Figure 3. Non-invasive assessment of pressure-volume loops using cardiac magnetic resonance imaging.

Likewise, using a similar principle, few pilot studies rendered the utility of CMR
to determine EDPVR. In the study of Schmitt et al., pressure-volume curves were ini-
tially determined invasively by conductance catheterization. Afterward, using cine- and
velocity-encoded CMR along with cardiac pre-load decrease by temporary inferior vena
cava occlusion, the authors deployed a hybrid method to estimate EDPVR as a marker
of LV stiffness. Not only did they succeed to demonstrate excellent agreement between
the two methods, but these measurements were dynamically influenced by pharmaco-
logical stress, thus improving diastolic function parameters in a similar manner to those
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determined strictly by conductance catheterization. Nevertheless, these promising findings
require larger studies to validate their clinical utility [126]. Additionally, a murine study
proposed a novel method that uses real-time CMR with shorter acquisition timing for car-
diac pressure-volume assessment which can be used to continuously determine ventricular
volumes, ESPVR, and preload recruitable stroke work as well as eliminate several existing
shortcomings. Nonetheless, these methods require larger cohort validation [127]. By the
same token, Giao et al., demonstrated the use of real-time CMR in the estimation of ESPVR
during inferior vena cava obstruction. They showed that this method provides relevant
data regarding LV geometry and regional function and, thus, emphasized the importance
of LV shape and segmental biomechanics in maintaining cardiac performance [128].

Moreover, the clinical efficacy of these was first evaluated in murine models by Faragli
et al., who sought to assess the relationship between determined LV strain parameters
and hemodynamical parameters such as cardiac index, cardiac power output, and ESPVR
determined by FT-CMR in various stress conditions. Despite several technical and an-
alytical drawbacks that relatively lowered the statistical power, LV global longitudinal
and circular strain were closely related to all LV hemodynamic measurements, regardless
of the inotropic state, while LV global longitudinal performed best in assessing LV con-
tractility, similar to LVEF. Therefore, FT-CMR might become a promising technique for
evaluating LV hemodynamics; however, future studies are required for the optimization of
this method [129].

Last but not least, by creating a time-variance elastance mode, Seeman et al., were
the first to develop a completely non-invasive method that uses solely CMR and brachial
pressure to assess LV pressure-volume loops, thus overcoming the need for IVC occlusion.
Firstly, they tested and validated this method in murine models and further confirmed it in
human subjects by comparing patients with heart failure with healthy controls [13].

6. Future Perspectives

Even though the role of CMR in determining myocardial strain and biomechanical
parameters is gaining serious ground, there are still many uncertainties that need to be
unraveled. FT-CMR has been proven to be a useful CMR method in assessing myocardial
strain, but there is still insufficient evidence in terms of various cardiovascular diseases.
Further studies should be conducted in patients with valvular heart disease, such as aortic
stenosis or mitral regurgitation, in order to test the predictive ability of myocardial strain
parameters in prognosis prediction. Moreover, there are not any available data regarding
the role of FT-CMR-derived myocardial strain in patients with cardiac amyloidosis or other
infiltrative heart diseases, which might provide information of tremendous importance in
risk stratification and prognosis prediction. Further studies could also aim to test the ability
of FT-CMR in creating multi-parametric predictive models based on LV wringing parame-
ters in various cardiomyopathies or myocarditis. Additionally, there is little evidence of the
role of FT-CMR-derived strain and biomechanics in patients with acute myocarditis.

As for fast-SENC, it is a promising valuable CMR imaging technique that might enter
day-to-day practice in the future, but more studies still need to be conducted. Although few
studies have shown the superior ability of fast-SENC-derived myocardial strain parameters
in risk stratification and prognosis prediction of patients with acute myocardial infarction,
there are no studies conducted in patients with various primary myocardial diseases, thus,
this could represent a valuable research direction. Moreover, the ability of fast-SENC to
deploy LV wringing and functional dynamic geometry parameters represents another
uncharted territory.

As for routine clinical applicability, things are still in their infancy. FT-CMR might
become a promising option in daily medical practice because it uses standard cine-CMR
acquisitions. Additionally, semi-automated or automated software might aid the evaluation.
Furthermore, fast-SENC is another promising technique that might significantly reduce the
acquisition time for CMR examinations. Nonetheless, due to great disparities in results,
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which depend on the method of acquisition and data processing, further studies still need
to be conducted.

7. Conclusions

The role of CMR in assessing LV myocardial strain and biomechanics is beginning to
take shape. Recent technological advancements in the field of CMR, such as fast-SENC
and FT-CMR, are able to ensure increased accuracy in evaluating myocardial strain, LV
wringing, and active geometry parameters and, along with these developments, increasing
evidence endorses their future clinical ability. Even though things are just at the beginning,
few yet important studies have shown the tremendous potential which lies behind LV
strain and biomechanics.
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Abstract: Gadolinium-enhanced cardiac magnetic resonance has revolutionized cardiac imaging in
the last two decades and has emerged as an essential and powerful tool for the characterization and
treatment guidance of a wide range of cardiovascular diseases. However, due to the high prevalence
of chronic renal dysfunction in patients with cardiovascular conditions, the risk of nephrogenic
systemic fibrosis (NSF) after gadolinium exposure has been a permanent concern. Even though
the newer macrocyclic agents have proven to be much safer in patients with chronic kidney dis-
ease and end-stage renal failure, clinicians must fully understand the clinical characteristics and
risk factors of this devastating pathology and maintain a high degree of suspicion to prevent and
recognize it. This review aimed to summarize the existing evidence regarding the physiopathology,
clinical manifestations, diagnosis, and prevention of NSF related to the use of gadolinium-based
contrast agents.

Keywords: nephrogenic systemic fibrosis; gadolinium-based contrast agents; chronic kidney disease;
cardiac magnetic resonance

1. Introduction to Gadolinium-Based Contrast Agents

Magnetic resonance imaging (MRI) contrast agents serve to improve diagnostic images’
sensitivity and specificity by altering the tissues’ intrinsic properties. Contrast agents carry
strong paramagnetic properties that can be exploited to provide enhanced contrast between
healthy and diseased tissues. By shortening the T1 and T2 relaxation times of the contiguous
hydrogen nuclei, paramagnetic elements such as gadolinium (Gd) enhance the soft tissue
contrast and help characterize a wide array of pathologies [1,2].

Even though elemental Gd can be toxic for humans [3], this element can be safely
administered when combined with organic chelates designed to reduce the release of free
Gd ions. These Gd organic chelate compounds are the basic structure of gadolinium-based
contrast agents (GBCAs).
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The pharmacokinetics of GBCAs helps differentiate between normal and diseased
myocardium. Once administered, GBCAs diffuse rapidly out of capillaries into tissues but
cannot cross intact cell membranes and equilibrate with the extracellular space. As a result,
both healthy and sick myocardium accumulate GBCAs in their interstitial fluid. However,
a combination of an increased volume of distribution and slower washout kinetics in sick
tissues with an expanded extracellular fluid promote prolonged retention of the GBCAs,
which can be detected in the late washout phase [4].

The relative accumulation of gadolinium in areas of expanded extracellular space
can be seen in multiple pathologic scenarios such as fibrosis, myocardial disarray, and
pathological extracellular protein infiltration [4,5]. This characteristic of the GBCAs is the
key to late gadolinium enhancement (LGE), which has revolutionized cardiac magnetic
resonance (CMR) in the last two decades, allowing characterization of several types of
cardiomyopathies based on scar distribution.

2. Linear vs. Macrocyclic GBCAs

GBCAs can be classified as linear (e.g., Gd ion bridging diethylenepenta-acetic acid)
or macrocyclic (e.g., a rigid, cage-like tetra-azacyclododecone compound rings Gd 3+
ions), depending on the structure that encapsulates the free Gd [5,6]. Some of the main
physicochemical features of linear GBCAs (L-GBCAs) and macrocyclic GBCAs (M-GBCAs)
are illustrated in Table 1 [7–14].

Intrinsic characteristics of GBCAs such as relaxivity and thermodynamic stability are
described in Table 1. Relaxivity refers to the contrast’s ability to increase the surrounding
water proton relaxation rate. Higher relaxivities indicate a more potent agent that requires a
lower dose in order to obtain clinically useful images [12]. The hydration state of the GBCAs
is the most relevant determinant of an agent’s relaxivity. By improving this parameter, it is
possible to increase the clinical utility of the GBCAs [12].

On the other hand, the thermodynamic stability describes how much Gd is released
at equilibrium under certain circumstances [12]. There is an inverse relationship between
the complex hydration state and its thermodynamic stability [2]. As a result, a higher
relaxivity decreases the thermodynamic stability of the complex, facilitating transmetalation
(a process by which endogenous metals—e.g., Fe, Cu, Zn—replace Gd in the complex,
freeing it from the chelate molecule) and rendering Gd more accessible to endogenous
anions [12]. Transmetalation is responsible for the dissociation of GBCAs and Gd’s release
in vivo.

Once Gd escapes from its organic cage, competitive binding of this metal with endoge-
nous anions such as CO3

2− and PO4
3− promotes the formation of insoluble compounds

which are free to extravasate from the bloodstream and deposit in target tissues [12,16]. In
clinical practice, the release of Gd (especially by L-GBACs) increases the risk of nephrogenic
systemic fibrosis (NSF) [12,17,18]. As Gd is almost exclusively cleared by the kidney, pa-
tients with chronic kidney disease (CKD) have a significantly higher risk of NSF due to
the higher half-life of this metal in this population and increased risk of Gd dissociation,
transmetalation, and tissue deposition.

M-GBCAs have higher thermodynamic stabilities without a significant decrease in
their potency to create clinically useful images. This phenomenon can be explained by the
fact they avoid the freeing of Gd ions by a lower de-chelation rate of the macrocyclic ring
due to its improved molecular stability compared with linear agents [6,13].

Since their development, clinicians have shown an increased interest in M-GBCAs,
such as gadobutrol and gadoterate meglumine, due to their low theoretical risk for devel-
oping NSF in patients with and without CKD and ESRD [3,19]. Their physicochemical
characteristics and the experience collected during the past decades point toward a relative
safety superiority of these contrast agents, given their security profile and low incidence of
adverse events.
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3. Clinical Use of GBCAs in Cardiovascular Magnetic Resonance

Gadobutrol 1.0 mmol/mL was approved for neuroimaging in January 2000 in Ger-
many and in June 2000 in the United States. Subsequently, in the United States, it gained
approval by the FDA for angiography in November 2003 [20] and CMR in 2005 [14]. GB-
CAs have several applications in CMR, including the characterization of a wide range of
cardiomyopathies [21–23]. A meta-analysis of 164 studies found that the most common
cardiovascular applications of GBCAs during CMR were myocardial infarction and func-
tional testing followed by cardiomyopathies characterization. Other applications include
the study of myocarditis, valvular diseases, cardiac masses, stable coronary disease, pul-
monary hypertension, and right-sided heart failure [24]. Utility of CMR using gadolinium
in a patient with borderline renal function is depicted in the clinical case shown next.

Clinical Case: Use of GBCAs in a Patient with Decreased Left Ventricular Ejection Fraction and
Increased Thickness

A previously healthy 73-year-old woman was admitted to the emergency room due to
a 7-month history of worsening dyspnea on exertion, orthopnea, paroxysmal nocturnal
dyspnea, and lower extremity without prior medical history. Physical examination showed
jugular venous distention, diffuse crackles on both lung fields, and bilateral grade III pitting
edema. Initial laboratories revealed anemia (Hb—10.3 g/dL; normal 13–17 gr/dL) and
elevated BNP (1256 pg/mL; normal <125 pg/mL) as well as elevated lactate dehydrogenase
(682 IU/L; normal 105-333 IU/L) and creatinine (1.8 mg/dL; GFR 27 mL/min/1.73 m2).
No proteinuria was detected.

A transthoracic echocardiogram revealed thickened interatrial and interventricular
septum, severe end-diastolic thickening of the left ventricle with a “granular sparkling” ap-
pearance, and a severely reduced left ventricular systolic function (LVEF) of 15%. Impaired
relaxation and elevated filling pressures were consistent with severe diastolic dysfunction.
A huge atrial thrombus protruding from the left appendage was noticed.

A CMR was then ordered using gadobutrol at 1 mL/kg—the latest serum creatinine
was 1.5 mg/dL/GFR 34.2 mL/min/1.73 m2—that showed global diffuse circumferential left
ventricular LGE with papillary muscle involvement (Figure 1) and extension to both atria.
Cardiac amyloidosis diagnosis was considered followed by serum protein electrophoresis
with no abnormal bands; however, serum immunofixation revealed a monoclonal spike
determined to be IgGλ (lambda). Serum-free light chains showed an elevation in free
lambda with an abnormal κ/λ ratio. A bone marrow biopsy demonstrated 1.36% of
monotypic plasma cells staining for lambda light chains.

The patient was ultimately diagnosed with cardiac amyloidosis, but the family de-
clined a percutaneous biopsy for further characterization. In the patient with CKD, the
utilization of gadolinium on CMR helped determine the final diagnosis. Additionally, the
were no signs of NSF at 18-month follow-up.
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Figure 1. CMR in a patient with amyloidosis. (A) Apical-4 chamber showing diffuse LGE in the left
ventricle and both atria. (B) Short-axis LGE with similar findings. (C) Short-axis cine with increased
tele-diastolic thickness of the left ventricle, with pericardial and pleural effusions.

4. Overview of Nephrogenic Systemic Fibrosis

NSF is a multisystemic fibrotic disease that affects the skin, muscle, and other organs
(including lung, esophagus, and kidney) described in patients with severe renal impairment
exposed to a GBCA [3]. The pathophysiology and molecular mechanism of NSF are still
a matter of debate. It is believed that the intravenous administration of some GBCAs
causes a limited chelate instability that plays an essential role in the release of free Gd
(Figure 2) [3,25].

Figure 2. NSF pathophysiology: transmetalation and deposition of gadolinium-based contrast agents.
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After de-chelation (by transmetalation), free Gd binds with endogenous anions, creat-
ing an insoluble precipitate that penetrates the interstitial tissue of the lung, esophagus,
liver, and kidneys. In vitro studies have shown that Gd-anion complexes are highly im-
munogenic, binding to toll-like receptors (TLRs) on professional antigen-presenting cells
(such as macrophages and dendritic cells) and leading to the release of pro-inflammatory
and pro-fibrotic cytokines (Figure 3) [1].

Figure 3. NSF: inflammatory response and subsequent systemic fibrotic reaction.

Most GBCAs have preferential renal elimination, and their clearance is highly de-
pendent on the glomerular filtration rate. A small percentage of the administered dose is
eliminated via the hepatobiliary route. In CKD patients, the prolonged GBCAs’ half-life
leads to a significant release of Gd, and therefore, a higher burden of Gd precipitates.
Moreover, some of the anions that are thought to play a critical role in transmetalation
(such as phosphates) are often elevated in CKD patients, facilitating this pathologic process
by increasing the substrate availability for compound formation [26,27].

5. General Risk Factors for NSF

The main risk factor for NSF is the presence of severe acute or chronic renal insuffi-
ciency (estimated glomerular filtration rate (eGFR): 30 mL/min/1.73 m2) or acute renal
insufficiency of any severity due to hepato-renal syndrome or in the perioperative period
after liver transplantation. In 2010, the European Medicines Agency (EMA) released a state-
ment in which NSF was considered a potential side effect of GBCAs based on the number
of published reports [3]. As a result, the EMA classified the different GBCAs depending
on their individual risk of triggering NSF (Table 2) based on the existing evidence and the
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number of reported cases [3,28]. The American College of Radiology (ACR) also proposed
a similar classification system based on similar criteria (Table 3) [25]. Of note, gadobutrol
and gadoterate meglumine—the most frequently used M-GBCAs—are known to confer a
significantly lower risk of NSF when compared to L-GBCAs.

Table 2. EMA classification for NSF risk among GBCAs §.

High Risk Intermediate Risk Low Risk

Gadodiamide Gadobenate dimeglumine Gadobutrol
Gadoversetamide Gadoxetate disodium Gadoteridol

Gadopentetate dimeglumine Gadofosvest Gadoterate meglumine
§: Adapted with permission from: European Medicines Agency: Assessment report for Gadolinium-containing
contrast agents; Reference: [10]. 2022, European Medicines Agency.

Table 3. ACR Manual Classification of Gadolinium-Based Agents Relative to NSF †.

ACR Group I * ACR Group II ** ACR Group III ***

Gadodiamide
Gadoversetamide

Gadopentetate dimeglumine

Gadobenate dimeglumine

Gadoxetate disodium
Gadobutrol

Gadoteric acid
Gadoteridol

†: Adapted with permission from: ACR Committee on Drugs and Contrast Media. ACR Manual on Contrast
Media; Reference: [25]. 2022, American College of Radiology. *: Agents associate with the greatest number of NSF
cases. **: Agents associated with few, if any, unconfounded NSF cases. ***: Agents for which data remain limited
regarding NSF risk, but for which few, if any, unconfounded cases of NSF have been reported.

Other factors that may increase the risk of NSF include multiple contrast exposures,
higher cumulative doses (specially gadodiamide) [29], acidosis, hypercalcemia, hyperphos-
phatemia, high-dose erythropoietin therapy, hepatorenal syndrome, immunosuppression,
vasculopathy, and infection [25]. Additionally, it was suggested that NSF incidence in pa-
tients on renal replacement therapy (RRT) was 19% higher in those who received the highest
approved dose of any GBCAs [30].

6. Clinical Approach for the Diagnosis of NSF

The first description of what would be known as NSF was published in the year 2000
and consisted of a series of 15 CKD patients from different cities in the United States of
America presenting with a scleroderma-like disease [31]. Five years later, additional cases
of patients presenting with renal and lung compromise were described, and the term NSF
was subsequently coined [32]. In 2006, the first association between NSF and GBCAs was
proposed. A case series showed that from a total of nine patients with end-stage renal
disease (ESRD) who underwent MR angiography with gadopentetate dimeglumine (a
L-GBCA), five developed NSF [33].

Since then, multiple cases with different presentations and histopathological findings
have been published, and a scoring system to identify possible NSF cases was subsequently
created. Girardi et al. proposed a system based on major and minor clinical and histopatho-
logical criteria based on the Yale International NSF Registry [34]. Major criteria include pat-
terned plaques, joint contractures, or pronounced induration (peau d’ orange), while minor
criteria consist of linear banding, superficial plaques, dermal papules, and scleral plaques.
NSF physical examination findings are summarized in Table 4 [34,35]. Histopathological
criteria consist of increased dermal cellularity, CD34+ cells with tram-tracking, collagen
bundles, septal involvement, and osseous metaplasia [34]. A high degree of suspicion
should be maintained to detect and link these symptoms with a former GBCA exposure.
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Table 4. Signs and symptoms of NSF [7,27,29,34,36,37].

Clinical History Signs Symptoms

L-GBCA exposure
(2–8 weeks—10 years after

gadolinium uptake)
Family history of NSF Renal: AKI,

history of chronic kidney disease, kidney
transplantation, or hemodialysis

Eye: Whitish-yellow plaques with
vascular ectasia

Skin changes: Hyperpigmentation,
symmetrical lesions, rash-patterned
plaques (red to violaceous lesions),
superficial papules (beefy lesions in

upper extremities), macules, nodules,
skin thickening (cobble stoning or peau

d’orange appearance)
Renal: Volume overload, uremia

Extremities: Limited range motion, joint
contractures (finger, elbows, toes, and

ankles), symmetric edema (inferior limbs)

Eye: Vision impairment, conjunctival
injection, and white-yellow

scleral plaques
Skin: Pruritus, burning pain, new skin

lesion, induration, and swelling
Extremities: Edema, pain, and decreased

mobility of the joints
Urinary findings: Anuria, oliguria

NSF usually manifests within 2–10 weeks after the initial exposure; however, clinical
manifestations may only become apparent a couple of years after GBCA exposure. When
inquiring about a former exposure to GBCAs, it should be categorized chronologically as
acute (0–60 min), late (1 h–7 days), or very late (>7 days) in order to assess the linkage
between the contrast administration and the clinical manifestations [3,38].

If NSF is suspected due to the formerly mentioned clinical and histopathological
characteristics, a comprehensive review of risk factors and Gd chronological exposure
should be performed. Calculation of the eGFR is vital for NSF diagnosis [3], as some degree
of kidney dysfunction should be present in order to fulfill diagnostic criteria. In this way, for
an accurate diagnosis, clinicians should focus their attention on the presence of a previous
history of kidney transplantation, prior episodes of anuria or oliguria, a significant elevation
in serum creatinine, a progressive decrease in the eGFR, or the presence of acute kidney
injury (AKI) at the moment of contrast administration [3,29,34]. Such risk factors point
toward the possibility of an underlying and undetected CKD, which may have prompted
the onset of NSF.

Physicians should inquire for family and personal history of diseases with similar
characteristics such as lipo-dermatosclerosis, chronic venous insufficiency, scleroderma,
scleroderma diabeticorum, morphea, chronic graft-versus-host disease, amyloidosis, con-
genital fascial dystrophy, and porphyria cutanea tarda [34]. Even though these cases are
rare and may have a sub-clinical course, most NSF patients have similar characteristics
(especially in the initial phases) and should be excluded.

NSF severity is graded from 0–4 as follows: 0, asymptomatic; 1, mild physical, der-
matologic, or neuropathic symptoms without any kind of disability; 2, moderate physical
or neuropathic symptoms limiting physical performance; 3, severe symptoms limiting
daily physical activities; and 4, severely disabling symptoms causing dependence on daily
activities [38].

7. Histopathologic Examination

Histopathologic examination is essential in the definitive diagnosis of NSF. The pres-
ence of dermal hypercellularity, CD34+ cells, procollagen type I, thick and thin collagen
bundles, and osseous metaplasia significantly point toward NSF diagnosis [34,35]. Addi-
tionally, some grade of fibrosis of skeletal muscle, diaphragm, heart, liver, and lung may
be present and could facilitate the diagnosis (although their presence is not specific to
NSF) [38].
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8. GBCAs’ Differential Risk of NSF

As it was previously stated, when compared to L-GBCAs, M-GBCAs confer a signifi-
cantly lower risk of NSF. Table 5 summarizes some of the studies assessing the safety and
tolerability of M-GBCAs and L-GBCAs, especially regarding the incidence of NSF.

As an example of this differential risk between the types of GBCAs, a recent study
compared a cohort of 421 patients with a 3.1% NSF incidence exposed to L-GBCAs (gadodi-
amide, gadopentetate dimeglumine, and gadobenate dimeglumine) versus 0% incidence in
those who were exposed to a M-GBCAs (gadoteridol) [30]. Based on various retrospective
reports, gadodiamide has the largest number of reported NSF cases (n = 182), followed
by gadopentetate dimeglumine (n = 26), gadoversetamide (n = 5), gadoterate meglumine
(n = 7), and gadobutrol (n = 3) [16,47,48]. Nevertheless, NSF cases secondary to gadobutrol
are still controversial, and a clear causal association has not been established [29,43].

Gadobutrol’s safety and tolerability during contrast-enhanced MRI/angiography
were evaluated in the GARDIAN study, a multicenter, international registry that included
23,708 patients [41]. The investigators concluded that gadobutrol was safe in patients with
preserved kidney function and those with moderate (0.6%) or severe (0.6%) CKD. The
frequency of adverse drug reactions (ADRs) was 0.7%. The most frequently reported ADRs
were nausea (0.3%), followed by emesis (0.1%) and dizziness (0.1%). There were no NSF
cases in the GARDIAN study after a mean follow-up of 2.8 years [41].

In a prospective, international, and multicenter study, Michaely et al. assessed the
safety of gadobutrol-enhanced MRI in patients with moderate (n = 586;
eGFR < 45 mL/min/1.73 m2) and severe (n = 284; eGFR < 30 mL/min/1.73 m2) CKD. A
total of 927 patients was enrolled between 2008 to 2016. This study included patients with
a history of organ transplantation (7.7%), hemodialysis (9.9%), diabetes (31.9%), and hyper-
tension (58.5%) [43]. The investigators concluded that gadobutrol was safe in their patients
with moderate and severe renal impairment, with no NSF cases reported after a two-year
follow-up period [43].

The SECURE study assessed the safety and tolerability of gadoterate meglumine in a
cohort of 35,499 patients. The total population included 514 patients that had some degree
of renal impairment (eGFR less than 60 mL/min/1.73 m2), including 417 patients with eGFR
between 30–60 mL/min/1.73 m2, 58 subjects with eGFR less than 30 mL/min/1.73 m2,
and 7 with eGFR less than 15 mL/min/1.73 m2 on RRT. In this study, no NSF cases were
observed after a 3-month follow-up period. The most frequent ADRs were urticaria (0.03%),
nausea (0.02%), and emesis (0.01%) [42].

In the NSsaFe study, gadoterate meglumine was administered in 540 patients with
moderate (69.4%), severe (16%), or end-stage renal impairment (12%). After a maximum
follow-up of 2 years, there were no NSF reports, demonstrating gadoterate’s safety in this
specific group of patients [46].

A recent meta-analysis assessed the safety of ACR group-II GBCAs in patients with
stage 4 or 5 CKD (eGFR, <30 mL/min/1.73 m2) on RRT and concluded that the risk
of NSF was less than 0.07% [19]. Interestingly, in the total population of 4931 patients
included in this meta-analysis, not a single NSF case was reported secondary to group II
GBCA exposure.
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9. Prevention and Treatment of NSF

There is not a specific prophylaxis regimen to prevent the onset of NSF. The current
approach is based on minimizing the impact of predisposing risk factors and performing
hemodialysis sessions right after GBCA exposure in patients with a history of ESRD on
RRT [35]. Hemodialysis or peritoneal dialysis should take place the same day and within 2
or 3 h after contrast administration. Hemodialysis could be more efficient than peritoneal
dialysis for gadolinium clearance; however, there is insufficient evidence supporting a
clinical superiority of either technique for the prevention of NSF [49] and limited evidence
in the use of peritoneal dialysis to effectively remove GBCAs [50]. Maintaining adequate
hydration and minimizing the concomitant exposure to nephrotoxic agents (NSAIDs,
diuretics, and certain antibiotics) are also recommended, as well as not exceeding the
recommended dose of administration.

Although kidney transplant improves renal function, this may not help to treat
NSF [29]. Dermatologic symptoms can be treated with thalidomide, calcipotriene, and
clobetasol (high-potency topical corticosteroids). Extracorporeal photopheresis improves
the articulations’ range of motion and skin tightening as well. Finally, pentoxifylline
demonstrated efficacy in ameliorating NSF symptoms [51].

10. Take-Home Messages and Clinical Applications

10.1. Estimation of the Glomerular Filtration Rate

• In the outpatient setting, eGFR should be estimated only in those patients with risk
factors for CKD. Those patients with no risk factors or confirmed CKD should not
undergo additional testing [25].

• Current evidence supports the usage of the Modification of the Diet in Renal Disease
(MDRD) or the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) in
order to estimate the patient’s eGFR and base clinical decisions regarding GBCA
administration [25,28,36].

• A recent creatinine value should be used (<72 h) for eGFR estimation. However, there
is no evidence regarding the most appropriate timing for eGFR estimation [49].

10.2. Patients at Risk for Chronic Kidney Disease

• Outpatients who may be receiving GBCAs should be screened for risk factors or
conditions associated with CKD [25]. This assessment should include inquiring about
a history of confirmed CKD or any kidney condition (dialysis, kidney transplant,
glomerulopathies, single kidney, kidney surgery, or kidney neoplasm), hypertension
(requiring medical therapy), cardiovascular disease (including heart failure or coronary
disease), and diabetes mellitus on metformin. For those patients identified by screening
with one or more risk factors, eGFR estimation with serum creatinine should be
performed [25].

• For all inpatients, eGFR should be calculated within two days before the administration
of a GBCA. Additionally, the possibility of an undetected AKI should always be
considered [25,49].

10.3. Contrast Selection

• In patients with normal kidney function (eGFR > 60 mL/min/1.73 m2) and no ad-
ditional risk factors, the incidence of NSF after a GBCA infusion is negligible. As a
result, any type of GBCAs can be safely used [43].

• In patients with stage 3 CKD (eGFR 30–50 mL/min/1.73 m2) and no additional risk
factors, NSF’s risk is minimal. As a result, no additional actions are necessary.

• In patients with CKD stages 4 and 5 (eGFR < 30 mL/min/1.73 m2) or patients on RRT,
ACR group-I GBCAs are contraindicated (Table 3) [25]. Only ACR group-II GBCAs
should be used in this circumstance.
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• Acute kidney injury: the presence of AKI significantly increases the risk of NSF [36,39,47].
In addition, the incidence of AKI is significantly higher in patients with confirmed
or suspected cardiovascular disease. As a result, additional precautions should be
taken into account. In AKI, there is a lag between the serum creatinine values and the
actual eGFR. As a result, the sole estimation of eGFR based on creatine values could
be problematic. In this setting, the ACR group-I GBCA agents should be avoided
in patients with confirmed or suspected AKI [25].

10.4. Dialysis: Specific Recommendation

• In those patients with terminal CKD already on RRT (hemodialysis or peritoneal
dialysis), dialysis should continue after receiving a GBCA. GBCA infusion should be
performed as closely before hemodialysis as is possible [25]. These patients should
receive dialysis the same day of the procedure, ideally 2 to 3 h after the contrast
infusion to minimize the possibility of transmetalation and NSF [25,49].

• There is insufficient evidence to support changing patients from peritoneal dialysis to
hemodialysis or altering dialysis prescription after the infusion of a GBCA. Peritoneal
dialysis may be less effective than hemodialysis in clearing circulating GBCA; however,
there is no evidence regarding the superiority of a specific type of RTT in order to
decrease the risk of NSF [37,49].

10.5. Patients Who Require Multiple Studies

• NSF occurs most commonly in patients who received high doses of GBCA, either as
a single dose or cumulatively after multiple administrations [25]. In some circum-
stances, patients may require multiple doses of a GBCA within a short time frame;
thus, these patients are at a higher risk of developing NSF.

• In patients with preserved or moderately reduced kidney function (eGFR > 30 mL/min/
1.73 m2), there is no contraindication if the examinations are determined to be nec-
essary [25]. However, taking into account the elimination time of the GBCAs, it is
advisable to wait at least 4 h between studies [37,49]. The usage of an ACR type-II
GBCAs is advisable in this circumstance.

• In patients with residual kidney function who do not receive RRT, there should be at
least 7 days between each study.

• Hemodialysis efficiently clears 70% of GBCA plasmatic concentrations after one session
and more than 95% after three sessions [8,20,52]. As a result, the GBCAs’ half-life
in patients on hemodialysis is similar to an individual with normal kidney function.

11. Limitations

• Even though current studies may not suggest NSF cases with the use of group II
GBCAs, there is still epidemiological limitations to consider NSF risk as zero. There is
a small number of patients with CKD stage 5 involved which underestimates the NSF
incidence rate [48]. CKD patients should be assessed with a complete medical history
and risk factors to determine GBCA use.

• Long-term Gd+3 brain deposition should be taken with great caution in CKD patients.
This association is more frequent with the use of L-GBCAs than group II GBCA
injections [48,53].

• We did not mention some other alternatives for CKD patients with eGFR < 30 mL/min/
1.73 m2. For example, ferumoxytol is a vascular contrast agent for MR angiography
with superparamagnetic properties useful to venous and arterial enhancement in stage
4 and 5 CKD patients [54].

12. Essentials

• Gadolinium-based contrast agents serve to improve diagnostic images’ sensitivity and
specificity and characterize a wide array of cardiovascular pathologies.
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• NSF is a devastating, multisystemic fibrotic disease that affects the skin, muscle, and
other organs (including lung, esophagus, and kidney) described in patients with severe
renal impairment exposed to a gadolinium-based contrast agent.

• There is not a specific treatment or prophylaxis regimen to treat or prevent the onset
of NSF.

• Even though the newer macrocyclic agents have proven to be much safer in patients
with chronic kidney disease and end-stage renal failure, clinicians must fully under-
stand the clinical characteristics and risk factors of this devastating pathology and
maintain a high degree of suspicion to prevent and recognize it. Cardiac MRI with
late gadolinium enhancement (LGE) has significantly impacted the management, deci-
sion making, and diagnosis of various cardiomyopathy or interstitial heart disease.
However, the over-concerned about nephrogenic systemic fibrosis may make cardiac
MRI with LGE be avoided inappropriately. The risk and benefits of this imaging study
should be balanced.
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Abstract: We report the case of a 69-year-old female patient in which echocardiography and cardiac
magnetic resonance imaging were used to diagnose a patient presenting with heart failure with
preserved ejection fraction (HFpEF) due to Loeffler endocarditis. Loeffler endocarditis is an uncom-
mon cause of heart failure with preserved ejection fraction, triggered by eosinophil and lymphocyte
infiltration of the endomyocardium, followed by the formation of thrombus in the afflicted area, and
eventually fibrosis. This condition is due to an increased number of eosinophils associated with
allergies, infections, systemic conditions, as well as malignancies and hypereosinophilic syndrome.
Loeffler endocarditis can lead to serious complications, such as progressive heart failure, systemic
thromboembolic events, or arrhythmias (including sudden cardiac death).

Keywords: Loeffler endocarditis; imaging; cardiac MRI; echocardiography

A 69-year-old female patient presented with dyspnea on moderate exertion, progres-
sively aggravated within the last two years. The patient had no history of angina or syncope.
Her medical records showed moderate hypereosinophilia, first documented 5 years before.

After ruling out a couple of common parasite infections by repeated stool sample
analysis, no other causes were investigated. The lady had no history of overt allergy and
nor of travel to any exotic destinations. She was treated for depression with escitalopram
and lorazepam; both started after the hypereosinophilia was documented.

On clinical examination, the patient had a blood pressure of 110/80 mmHg, a heart rate
of 90 bpm, fine crackles at the bases of both lungs, and bilateral edema of the inferior limbs.

The initial blood tests showed increased troponin I levels– 155 ng/L (>29 ng/L,
Pathfast assay, Medscience Corporation Mitsubishi Chemical Europe), and a blood smear
test was performed, yielding moderate hypereosinophilia with no dysmorphic features
4.95 × 109/L (55%). The number of leukocytes (7900/mm3), hemoglobin levels (14.3 g/dL),
and creatinine were normal (between 0.70 and 0.78 md/dL).

Echocardiography revealed a normal size left ventricle, with apical obliteration
(Figure 2A,B), thickening of the posterior mitral valve and chordae, restricted movement
and subsequent mild mitral regurgitation, as well as features of restrictive cardiomyopathy.
Based on these characteristics, the diagnosis of Loeffler endocarditis was suspected [1].
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Figure 1. Twelve-lead electrocardiogram—sinus rhythm and deep inverted T waves in most leads
(excepting V1, V2, and aVR), and a corrected QT interval of 533 msec.

Cardiac magnetic resonance imaging was further performed. Native and post-contrast
(9 mmol gadolinium) images were acquired. bSSFP Cine imaging showed a non-dilated
left ventricle with preserved ejection fraction and apical obliteration (Figure 2C and Sup-
plementary Videos S1 and S2). Inversion recovery images 10 min after contrast injection
showed sub-endocardial late gadolinium enhancement (LGE) pointing toward the apex
and left ventricular apical non-enhancing mass-thrombus (Figure 2D)”.

The imaging features and the presence of hypereosinophilia were consistent with the
diagnosis of Loeffler endocarditis [1,2]. A coronary angio-computed tomography was per-
formed, showing no significant coronary stenosis, a myocardial bridge in the mid-segment
of the left anterior descendant artery, and a coronary calcium score of 0. The increase in
troponin levels suggested active myocardial inflammation, prompting the initiation of treat-
ment with corticosteroids (methylprednisolone 32 mg/day, starting dose), antihistamines
(loratadine 10 mg), as well as loop and antialdosteronic diuretics, an angiotensin-converting
enzyme inhibitor, and anticoagulants (acenocumarol and enoxaparin, which was discontin-
ued when therapeutic INR was achieved) [3].
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Figure 2. Cont.

183



Diagnostics 2022, 12, 2157

 
(D) 

Figure 2. (A) Echo Parasternal long axis view showing obliteration of the left ventricular apex.
(B) Echo Parasternal long axis view: normal-size left ventricle with normal systolic function, in-
creased thickness of the posterior mitral leaflet and chordae, apical obliteration. (C) Cardiac MRI:
4 chamber view showing a normal-size left ventricle, with preserved ejection fraction and an apical
mass engulfing the papillary muscles. (D) Cardiac MRI: inversion recovery images 10 min after
contrast injection showing left ventricular apical thrombus (white arrows) and sub-endocardial
enhancement (star).

Following treatment, the signs and symptoms of heart failure subsided, and the
troponin levels quickly returned to normal levels (19.4 ng/L at discharge). The eosinophil
count was normal after a week of treatment. We further attempted to identify the cause
of hypereosinophilia. A computer tomography scan ruled out solid malignancy; an area
of panacinary emphysema and mild fibrosis at the base of the right lung were visible.
Repeated stool samples were negative for parasites. The patient was referred to the
internal medicine department to complete the investigations panel for eosinophilia. We
considered parasite infection, allergy, rheumatological and hematological disorders as
potential causes [3] and scheduled the patient for an appointment with the hematologist to
test for JAK2, FIP1L1, CAL-R, and CMPL. However, the patient was non-compliant with
recommendations and followed her treatment inconsistently. At the time of discharge, the
echocardiography showed the remanence of thrombus, with little change in size. While
it is accepted that upon follow-up CMR can show both the decrease in cardiac chamber
volumes, the resolution of apical thrombus, and the receding of subendocardial fibrosis,
our patient skipped the follow-up visits and was, eventually, lost to follow-up.

Loeffler endocarditis is a rather rare cause of heart failure, which requires specific
treatment and is associated with a very poor prognosis if left untreated. HFpEF in Lo-
effler endocarditis is due to a change in ventricular compliance, and it shares similar
pathophysiology with other restrictive cardiomyopathies; however, its pathophysiology
is due to endocardial fibrosis from eosinophilic injuries instead of deposits of amyloid (in
amyloidosis), iron (hemochromatosis) or non-caseating granulomas (sarcoidosis).

Cardiovascular imaging plays a pivotal role in the diagnosis [2,4,5]. While echocar-
diography features are usually most obvious in the late stages of the disease and may
provide insufficient details, cardiac magnetic resonance imaging may be used to identify
early changes and to better characterize the endocardium and the presence of thrombus
in the late stages [6–8]. Although endomyocardial biopsy remains the gold standard for
diagnosing the disease, it is an invasive procedure and may sometimes yield falsely neg-
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ative results [3]. However, cardiac MRI provides compelling evidence of the disease in
this patient, such as the presence of subendocardial LGE, and apical thrombus, features
that do not emerge in other cardiomyopathies associated with a restrictive pattern, such as
sarcoidosis, amyloidosis, or Fabry disease. Although apical hypertrophic cardiomyopathy
may exhibit a similar electrocardiographic pattern, the presence of apical thrombus and
subendocardial LGE lining the hypertrophied area is unlikely in this condition [4].

Every effort should be made to identify the cause of hypereosinophilia and provide
targeted treatment.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/diagnostics12092157/s1, Video S1: CMR 4C view, Video S2: CMR
2C view.
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