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Herceptin (trastuzumab) is a recombinant, humanized, monoclonal antibody that targets the human epidermal growth factor
receptor 2 (HER2) and is used in the treatment of HER2-positive breast and gastric cancers. However, it carries a risk of
cardiotoxicity, manifesting as left ventricular (LV) systolic dysfunction, conventionally assessed for by transthoracic echocar-
diography. Clinical surveillance of cardiac function and discontinuation of trastuzumab at an early stage of LV systolic dys-
function allow for the timely initiation of heart failure drug therapies that can result in the rapid recovery of cardiac function in
most patients. Often considered the reference standard for the noninvasive assessment of cardiac volume and function, cardiac
magnetic resonance (CMR) imaging has superior reproducibility and accuracy compared to other noninvasive imaging mo-
dalities. However, due to limited availability, it is not routinely used in the serial assessment of cardiac function in patients
receiving trastuzumab. In this article, we review the diagnostic and prognostic role of CMR in trastuzumab-

mediated cardiotoxicity.

1. Introduction

Herceptin (trastuzumab) is a recombinant, humanized,
monoclonal antibody directed against the extracellular do-
main IV of the human epidermal growth factor receptor 2
(HER2) and is indicated for the treatment of HER2-positive
breast and gastric cancers [1-3]. HER2 positivity is relatively
frequent, found in around one-fifth of breast and gastric
cancer patients [4, 5]. Trastuzumab has been transforma-
tional for the prognosis of these patients, acting through its
mechanisms of preventing HER2 dimerization and down-
stream signalling, HER2 internalization and degradation,
and antibody-dependent cellular cytotoxicity [6, 7].
Although the chemotherapeutic mechanisms of tras-
tuzumab are well characterised, the molecular aspects of
trastuzumab-induced cardiotoxicity, recognised since its
phase III trial [8], remain incompletely understood. Early
studies have reported trastuzumab-related cardiotoxicity
to be largely reversible with endomyocardial biopsies
demonstrating an absence of the typical anthracycline-

induced cardiomyocyte vacuolization or dropout [9].
However, in vivo mice studies have found trastuzumab to
alter the expression of 15 genes involved in cardiac
contractility, adaptation to stress, as well as DNA repair,
cellular proliferation, healing, and mitochondrial func-
tion [10]. Furthermore, trastuzumab-mediated phos-
phorylation of HER1 and HER2 has been reported to
activate the autophagy inhibitory Erk signalling pathway
in human primary cardiomyocytes, inducing cardiotox-
icity by disrupting the cardiomyocyte’s ability to recycle
cellular toxins [11]. These data, together with analyses of
major trastuzumab trials, have highlighted the potential
for trastuzumab to induce persistent left ventricular (LV)
systolic dysfunction (LVSD) despite drug cessation [12].
This is of concern particularly as heart failure induced by
cancer therapy is associated with worse outcomes than
that of more common heart failure patients [13]. Despite
this, it is important to recognise that close clinical sur-
veillance and discontinuation of trastuzumab at an early
stage of LVSD will allow the timely initiation of heart
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failure drug therapies that can result in the rapid recovery
of cardiac function in most patients [1, 14].

Consequently, a distinct multidisciplinary clinical sub-
specialty, cardio-oncology, has emerged with the aim of
preventing, monitoring, and treating cancer therapeutics-
related cardiac dysfunction (CTRCD) [15]. In current car-
dio-oncology practice, transthoracic echocardiography
(TTE) remains the first line for cardiac surveillance among
oncology patients due to its widespread availability and lack
of radiation exposure [16-19]. However, with a reported
temporal inter- and intra-observer variability of 10% in the
assessment of left ventricular ejection fraction (LVEF) by 2D
TTE [20], cardiac magnetic resonance (CMR) is gaining an
increasingly prominent role in cardio-oncology. Often
considered the reference standard for the assessment of
cardiac volume and function, CMR has demonstrated su-
perior reproducibility and accuracy compared to other
conventional methods [21]. However, due to limited
availability, it is not widely used in the serial monitoring for
cardio-oncology assessment. Here in this article, we aim to
review the diagnostic and prognostic role of CMR in tras-
tuzumab-mediated cardiotoxicity.

2. Volumetric Assessment and CMR

The assessment of cardiac function before, during, and after
therapy is essential for all cancer patients undergoing po-
tentially cardiotoxic therapy [16]. Whilst CMR is widely
considered as the reference standard for cardiac volumetric
assessment, its current role remains reserved for patients
with inadequate echocardiographic windows due to limi-
tations in availability, higher cost, and the requirement of
patient cooperation with breath-holding and an absence of
claustrophobia [1, 16, 21]. Conversely, echocardiography
with its wider availability and cost-effectiveness is highly
suited for serial surveillance. Consequently, given that
definitions of cardiotoxicity in many oncology trials are
based on a reduction of LVEF, TTE-derived LVEF remains
the first-line method for the detection of CTRCD according
to consensus guidelines [1, 16-19] (Figure 1). One of the key
limitations of 2D TTE is its significant inter- and intra-
observer variation, often quoted at 10% [16, 20]. Therefore, it
can be challenging to discern whether a change in LVEF, for
instance from 55 to 45%, represents true dysfunction or
merely inter-study variation. This variability can be im-
proved with the use of LV opacification contrast and is better
still with 3D TTE [20, 23]. Similarly, 3D TTE has been
reported to possess superior sensitivity (53%) to 2D TTE
(25-29%) for the identification of LVEF <50% in adult
survivors of childhood cancer when using CMR quantifi-
cation as the reference standard [24]. However, it is evident
from a recent survey of 96 echocardiographic laboratories
from 22 different countries across Europe that there are wide
variations in the adoption of 3D TTE with only 32% of
centres routinely capturing 3D data for all TTE studies, and
20% of centres not performing any 3D TTE [25]. Fur-
thermore, the feasibility of 3D TTE can be suboptimal even
under research conditions. In a study of 100 breast cancer
patients undergoing baseline and surveillance TTE during
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chemotherapy, 3D TTE was reported to be feasible in only
66% of studies, with factors such as increasing age, weight,
smoking, mastectomy, and concomitant radiotherapy con-
tributing to poor 3D image quality [26].

Multigated acquisition (MUGA) scanning was once a
commonly used method for serial evaluation of car-
diotoxicity. Despite low inter- and intra-observer variability,
such methodology may be rendered obsolete in modern
times due to low sensitivity to subtle changes and radiation
exposure [27] (Table 1).

The superior accuracy and lower variability of CMR lend
it clinical significance not only for the timely diagnosis of
CTRCD, via detection of true positives cases, but also for its
ability to avoid false negatives, thereby preventing unnec-
essary treatment interruptions. This is evident from a ret-
rospective cohort study of 369 patients receiving
trastuzumab therapy for breast cancer where trastuzumab
was withheld for at least 4 weeks in patients who had ex-
perienced a decline in LVEF >16%, or decline >10% whilst
below normal LVEF limits [28]. This treatment interruption
allowed time for cardiology review and cardioprotective
therapy initiation. Despite trastuzumab being recommenced
in those whose LVEF recovered to normal, patients expe-
riencing any treatment interruption possessed significantly
worse outcomes in terms of both disease-free survival
(adjusted hazards ratio of 4.4, P = 0.001) and overall survival
(adjusted hazards ratio 4.8, P <0.001) [28].

In the absence of randomized prospective studies di-
rectly comparing patient outcomes from CMR and TTE
derived LVEF, guidance from the British Society for
Echocardiography (BSE) and British Cardio-Oncology So-
ciety (BCOS) recognises the addition of recent pilot data on
the safe use of trastuzumab in patients with asymptomatic
reductions in TTE-derived LVEF down to 40% [17, 29, 30].
These guidelines may help to compensate for the variability
associated with TTE derived LVEF discussed above,
emphasising the ESC’s personalized approach to cardiac
surveillance by cardio-oncology services [16], and support
echocardiography in remaining at the core of cardio-on-
cology diagnostics.

3. Myocardial Strain and CMR

While LVEF has historically been used as a standard
measure of systolic function, there is increasing interest in
the use of more sensitive markers that can detect “sub-
clinical” signs of LV dysfunction that can aid earlier initi-
ation of cardioprotective therapy. The extent of myocardial
deformation which occurs following application of con-
tractile and relaxation forces can be quantified as strain,
defined as the percent change in myocardial length from the
relaxed to the contractile state. This deformation represents a
fundamental property of the tissue [31] and there is in-
creasing evidence for a causative relationship between the
development of myocardial fibrosis and a reduction in
ventricular deformation across a range of conditions
[32-34]. Deformation imaging may, therefore, act as a
functional imaging biomarker of myocardial fibrosis and
offer additional prognostic information for the personalized
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FIGURE 1: Representative images of trastuzumab-induced cardiotoxicity. Cine 3-chamber (a) and 4-chamber views (b) as well as short axis
view (c) during baseline study (LVEF = 66%) and 3 months thereafter (LVEF = 54%). Native T1 (d) shows reduction of global left ventricular
value after 3 days (baseline = 1196 ms, 1st follow-up = 1172 ms, and 2nd follow-up = 1277 ms). Myocardial T2 (f) shows subtle elevation of
global value after 3 months (baseline = 40 ms, 1st follow-up = 43 ms, and 2nd follow-up = 44 ms). The average segmental T1 and T2 times are
displayed as “bull’s eye” images (e, g). The colour maps represent continuous T1 and T2 values. LVEF, left ventricular ejection fraction;

reproduced with permission from Abdelmonem Atia et al. [22].

TaBLE 1: Advantages and disadvantages of imaging modalities.

Imaging . . . -,
modalities Cardiac MRI Echocardiography Multigated acquisition scan
High spatial and temporal resolution Widespread e.lv.al.lablhty and  Low inter- and intra-observer variability
feasibility (<5%)
Superior signal-to-noise ratio Low cost No need for geometric confirmation
Advantages . L 7 . .
Free choice of imaging plane Portable LVEEF calculation highly reproducible
. . . Current standard and guideline-
No geometric assumptions required
recommended
Expensive Operator dependence Repeated exp osure to radiation (5-10
millisieverts)
Lack of portability Suboptimal acoustic windows  Exposure to radioactive isotope tracers
Claustrophobic patients unable to . . .
. Use of geometric assumption Requires venepuncture
Disadvantages tolerate

Contraindicated in patients with
ferromagnetic metallic implants
Potential for nephrogenic systemic
fibrosis

High temporal and observer

The gamma camera may be suboptimal for

variability critical measurements of EF

management of patients receiving trastuzumab. Unlike the
inherent flaws of a simplistic measurement such as LVEF,
strain allows quantification of the different spatial compo-
nents of contractile function in either longitudinal (GLS),
circumferential (GCS), or radial (GRS) directions, both
globally and regionally.

Most myocardial strain studies in patients receiving
trastuzumab have used GLS derived from 2D speckle
tracking echocardiography (STE). A meta-analysis of 9
studies found reduced GLS to be associated with a higher
CTRCD risk (odds ratio 12.27; 95% CI 5.84-42.85; area
under the hierarchical summary receiver operating



characteristic curves 0.86; 95% CI, 0.83-0.89) [35]. However,
there remains uncertainty regarding whether a strain-guided
management approach offers incremental prognostic value
compared to an LVEF-guided approach. In an observational
study where 24 out of 81 consecutive women receiving
trastuzumab developed CTRCD, GLS reduction was the
strongest predictor of cardiotoxicity [36]. However, in the
only prospective randomized controlled trial where 331
anthracycline-treated patients were randomized to either
LVEF or GLS guided therapy, there were no significant
differences in the primary outcome of change in LVEF
between the two different study arms [37]. Despite this, it is
important to recognise that the GLS-guided approach led to
greater use of cardioprotective therapy, higher final LVEF,
and lower incidence of CTRCD [37]. The current limitation
of STE derived GLS is in its significant inter-vendor vari-
ability [38] with guideline quoted normal GLS values of
<-17% for men and <-18% for women being specific to
General Electric (United States) analysis software [17]
alongside the demands for good image quality. Strain
analysis of 3D STE datasets is also feasible. However, as a
relatively novel technique, there is a lack of data for its use in
CTRCD and it generally demands patients to breath-hold as
well as a regular cardiac rhythm to enable multi-beat 3D
acquisition [39].

Myocardial strain quantification is also feasible with
CMR and is traditionally performed with one of many
dedicated “tagging” sequences (such as spatial modulation of
magnetization (SPAMM), harmonic phase (HARP), dis-
placement encoding (DENSE), and strain encoding (SENC).
These sequences magnetise temporary tags into the myo-
cardium which are prominent during systole and fade
during diastole. These tags can be tracked throughout the
cardiac cycle to highlight myocardial movement. CMR-
tagging derived GLS and GCS have been noted to be worse
(less negative) than STE derived strain in a study of 46 cancer
survivors exposed to anthracycline therapy with normal
range LVEF, suggesting CMR to be more sensitive to sub-
clinical LV dysfunction compared to TTE [40]. Looking
beyond cardio-oncology, CMR-tagging GCS was again
found to offer incremental predictive value to the traditional
parameters of LVEF, left ventricular mass, and cardiovas-
cular risk factors, for the future onset of heart failure in 1768
asymptomatic individuals from the Multi-Ethnic Study of
Atherosclerosis (MESA) cohort [41].

The main disadvantage of dedicated deformation CMR
sequences is their time-consuming nature. To overcome this,
it is possible to derive strain from feature-tracking of steady-
state free precession (SSFP) cine images, with important
distinctions being made between 2D (average strain value of
three long-axis studies) and 3D derived strain values [42].
Whereas 3D STE is adversely affected by both poor spatial
and temporal resolution (leading to coarser speckle patterns)
and requires stitching together of volumes to achieve ade-
quate frame rates for analysis at higher heart rates, CMR cine
stack datasets are intrinsically three-dimensional with strain
quantification highly feasible [42]. Theoretically, 3D strain
quantification (either by CMR or STE) overcomes the
overestimation of myocardial movement that results from
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the through-plane loss of features into the third dimension
which plagues 2D myocardial deformation techniques [43].
This means that the absolute values of 3D strain are usually
lower than that of 2D strain and are likely provide a closer
representation of underlying myocardial mechanics [42].
Being relatively novel techniques, the incremental value of
CMR feature-tracking derived strain is not well known, with
only one study confirming feasibility of 2D CMR feature
tracking and its correlation with CMR derived LVEF [44].

A large meta-analysis comprising 65 studies and 2888
patients compared the most used noninvasive imaging
modalities to the reference standard CMR in the last two
decades [45]. The findings revealed significant negative bias
in LV end-diastolic volume (LVEDV) and LV end-systolic
volume (LVESV) for 2DE *contrast and 3DE, demon-
strating that echocardiography-based techniques tend to
underestimate these values, whereas computed tomography
(CT) correlates closely, when compared to CMR (Figure 2).
In an earlier study involving 114 patients, echocardiography
was compared to CMR imaging, focusing on the reference
standard for LV function [24]. The study reported that LV
volume was consistently underestimated in 2DE and 3DE
compared to CMR, and cardiac mass was higher in 2DE than
CMR. Compared to CMR, the echocardiographic methods
correlated rather poorly, specifically 2D TTE, which dem-
onstrated a low sensitivity (25%) and high false-positive rate
(75%) with a mean LVEF 5% higher than CMR. While 3D
TTE compared more favourably to CMR and demonstrated
less variability, the authors concluded the technique lacks
the desired accuracy to detect subtle changes that may have
important therapeutic implication.

4. Varying Definitions of Cardiotoxicity

Cardiotoxicity is a broad term that refers to any direct
untoward toxic effects on cardiac structure and function or
the acceleration of cardiovascular disease (CVD) among
patients with cardiovascular risk factors or preexisting CVD
as a result of cancer therapy [46]. A universal definition for
cardiotoxicity is lacking and often oversimplified, resulting
in the term being shrouded with controversy due to a lack of
clarity. Since the earliest definition of cardiotoxicity was
defined [47], definitions used for clinical decisions have
varied among different consensus guidelines and clinical
trials, usually based on variable cut-off values for LVEF in
various imaging modalities [48] (Table 2).

More recently, the European Association of Cardio-
vascular Imaging (EACVI) and the American Society of
Echocardiography (ASE) defined cardiotoxicity as >10%
decline in LVEF to a final LVEF <53% by echocardiography,
multigated acquisition scan (MUGA), and cardiac magnetic
resonance imaging (CMR), as well as being the first reported
guidelines to include global longitudinal strain (GLS) re-
duction defined as >15% [16, 19]. The British Society of
Echocardiography (BSE) and the British Cardio-Oncology
Society (BCOS) have jointly published similar guidelines for
adult cancer patients, specifically patients receiving
anthracycline + trastuzumab therapy [17]. The consensus
guideline classified cardiotoxicity into three categories: (1)
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FIGURE 2: Mean bias associated with LV quantification by multimodality imaging compared to reference CMR using data derived from

Rigolli et al. [45].

cardiotoxicity, (2) probable subclinical cardiotoxicity, and
(3) possible subclinical cardiotoxicity, which should ideally
be achieved via advanced echocardiographic measures (2D/
3D LVEF and GLS). Additionally, technical considerations
should be accounted for due to various factors (clear vis-
ualisation endocardial border and timing of measurement
during cardiac cycle) that could influence GLS values,
thereby further limiting efforts to define abnormal GLS.
Establishing a definitive description of cardiotoxicity is vi-
tally important with major clinical implications because
while failing to detect cardiotoxicity promptly is harmful,
overdiagnosis is equally detrimental, potentially causing
interruption to a patient’s cancer treatment and thereby
impacting upon oncological outcomes.

Trastuzumab has demonstrated effectiveness when used
either as monotherapy or in combination with other sub-
stances [52]. However, rarely is trastuzumab administered as
a single agent, but is instead more commonly combined with
surgery, chemotherapy, and radiotherapy as adjuvant
therapy. To date, most patients treated with trastuzumab
monotherapy have previously been exposed to other forms
of treatment such as anthracycline, either prior to, or
concurrently with trastuzumab administration. Conse-
quently, the assessment of trastuzumab-related cardiotox-
icity is often confounded by the lack of patients with no prior
anthracycline exposure. This is important as trastuzumab
and anthracycline are considered to have different mecha-
nisms of action. Trastuzumab tends to cause cellular dys-
function in most patients and is perceived to be largely
reversible (type 2 cardiotoxicity), whereas anthracycline
cardiomyopathy is associated with irreversible myocyte
necrosis in the form of apoptosis (type 1 cardiotoxicity)
(Table 3) [9]. However, this distinction may be further
complicated as recent evidence suggests that trastuzumab
could share some common mechanisms with anthracycline-

mediated cardiotoxicity, with equally profound toxicity,
particularly amongst the elderly population with near-
normal ejection fraction and risk factors for CVD. While
anthracycline cardiotoxicity is often perceived to be irre-
versible, there have been reports of partial recovery of
cardiac function. Trastuzumab-induced cardiotoxicity is not
always reversible [67, 68]. Hence, the classifications of
cardiotoxicity so far are oversimplifications, failing to reflect
the nuance of its complex pathophysiology and natural
history.

5. Mechanisms of Trastuzumab Cardiotoxicity

The mechanisms of trastuzumab-induced cardiotoxicity
remain to be definitively identified. Limited data from
myocardial biopsies reveal rather different mechanisms
between trastuzumab and anthracycline, and the prompt
recovery of trastuzumab-induced toxicity upon treatment
discontinuation further supports this [9]. Different mech-
anisms have been proposed relating to the cardiotoxic
mechanism, while potentially multifactorial and likely at-
tributed to the anti-HER?2 activity; this remains a topic for
extensive discussion. In vivo work in HER2-deleted mice
showed interruption to the HER2 signalling pathway
resulted in the spontaneous development of dilated car-
diomyopathy [75], supporting the notion that HER2 sig-
nalling is an important modifier in heart failure. Preclinical
studies revealed an overactive HER pathway characterised as
overexpression of HER2 receptor on a breast tumour cell or
multiple copies of HER2 gene in the nucleus of the cell being
the potential underlying mechanism of HER2+ breast cancer
[76]. Presently, disruption to NRG/ErbB signalling is rec-
ognised as the most likely mechanism of trastuzumab-in-
duced cardiotoxicity. Trastuzumab is known to selectively
bind to the juxtamembrane domain IV of HER2 - a section
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TaBLE 2: Definitions of cardiotoxicity.

Author and year of publication

Testing modality

Definition of cardiotoxicity

Additional information

Multigated acquisition

Mild: decline in LVEF >10%
Moderate: decline in LVEF >15% to

Alexander et al. 1979 [47] (MUGA) scan final LVEF <45% Anthracycline
Severe: congestive HF
Drop in global LVEF or more severe in Trastuzumab
septum
Cardiac review and evaluation Echocardiography and  >5% decline to final EF <55% with +
committee, Seidman et al. 2002 [49] MUGA symptoms of congestive HF -
. - o
Asymptomatic decline of >10% to final anthracycline

EF <55%

American society of echocardiography
(ASE), Plana et al. 2014 [19]

Echocardiography

>10% decline in LVEF to final LVEF
<53%

Reduction in global longitudinal strain

First guideline to include GLS
>15% reduction as definition
of cardiotoxicity

(GLS) > 15% from baseline Trastuzumab
Barthur et al. 2017 [50] Cardiac magnetic EF <50% Trastuzumab
resonance
NICE (National Guideline Alliance, . . L.VEF dr.OP s by 10 percentage . .
Echocardiography  (ejection) points or more from baseline ~ Chemotherapeutic agents
2018) [18]
and to below 50%
. . >10% decline in LVEF to final LVEF GLS reduction >15%
Keramida et al. 2019 [51] Echocardiography <50% Trastuzumab
>10% decline in LVEF to final LVEF
European association of cardiovascular <53%
imaging (EACVI), Celutkiené et al. Echocardiography Relative reduction in global
2020 [16] longitudinal strain (GLS) reduction by
>15% from baseline
The definition is categorised into three
groups
Cardiotoxicity:
LVEEF: a decline in LVEF by >10
absolute percentage points to a value
. . . <50%
Br1tlsh. S.O clety 9f Echqcardlogrfip hy Probable subclinical cardiotoxicity: Trastuzumab
(BSE) jointly with British Cardio- . L
Oncology Society (BCOS), Dobson Echocardiography LVEEF: a decline in LVEF by >10 +
8y ty ’ absolute percentage points to a value anthracycline

et al. 2021 [17]

>50% with an accompanying fall in
GLS >15% from baseline
Possible subclinical cardiotoxicity:
LVEEF: a decline in LVEF by <10
absolute percentage points to a value
<50%

Adapted from Lambert, J. and Thavendiranathan, P., 2016. Controversies in the Definition of Cardiotoxicity: Do We Care? American College of Cardiology.
[online] American College of Cardiology. Available at <https://www.acc.org/latest-in-cardiology/articles/2016/07/07/14/59/controversies-in-the-definition-
of-cardiotoxicity> (Accessed 25 August 2021).

of the extracellular domain essential for HER2 - ErbB4 and
HER2-ErbB4 dimerization within the cardiomyocytes.
Upon binding, the antibody downregulates the expression of
HER?2 which initiates a cascade of downstream signalling of
the PI3K-AKT-mTOR pathway, which is an important
contributor in cellular growth, proliferation, and survival
[77]. In patients preexposed to anthracycline, it is probable
these patients have begun to undergo subclinical or clinical
apoptotic/necrotic process, thereby increasing susceptibility
to further myocardial damage. Trastuzumab-associated
heart failure is likely the cause of ongoing attrition of
myocytes over time.

6. Prognosis and Reversibility of Trastuzumab-
Induced Cardiotoxicity

In contrast to anthracycline, the clinical outcome for tras-
tuzumab-induced cardiotoxicity is generally considered to
be more favourable since LV dysfunction appears largely
reversible upon the discontinuation of trastuzumab, and the
inclusion of standard cardioprotective therapy seems to
accelerate the recovery process [78]. A right ventricular-
(RV-) focused CMR study by Barthur et al. [50] found that
while RVEF and LVEF had declined with increased RVEDV
and RVESV during therapy, all parameters had normalised


https://www.acc.org/latest-in-cardiology/articles/2016/07/07/14/59/controversies-in-the-definition-of-cardiotoxicity
https://www.acc.org/latest-in-cardiology/articles/2016/07/07/14/59/controversies-in-the-definition-of-cardiotoxicity
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TaBLE 3: Clinical features differentiating herceptin- and anthracycline-related cardiac dysfunction.

Characteristics Herceptin (trastuzumab) Anthracycline (doxorubicin)
Cardiotoxicity Myocardial dysfunctiop, alsg .referred to as type II Myocardial damage,.also .re.ferred to as type I
cardiotoxicity cardiotoxicity
Incidence 2-27%" [49] 3-26% [53, 54]
Incompletely understood, though may be
multifactorial. Potential mechanisms include the
following:
Not definitively understood, though may be Type IIB topoisomerases-doxorubicin binding [56]
multifactorial. The most likely mechanism may be the Disruption of Ca®" homeostasis [57]
Mechanisms consequence of attenuated NRG/HER-2 mediated  The upregulation of DRs, including TNFR1, Fas, DR4,
signal transduction pathway and increased and DR5 [57]
susceptibility to anthracycline exposure [55] Disruption in HER2/HER4 and NRG-1 signalling
Such mechanisms lead to mitochondrial dysfunction,
free radical generation, myocardial oxidative stress,
and causing cell apoptosis
Dose effect Dose-independent [58, 59] Cumulative, dose-dependent [59, 60]
Features No ultrastructural changes observed [9, 61] Ultrastructural changes detected [62]
Clinicgllgourse and Mostly reversible upon the discontinuation of the Mostly irreversible [64]
reversibility agent [9, 63]

Response to

cardioprotective therapy [9, 29, 30]

Recommencement of
agent

ACEi and f3-blockers appear to mitigate the risk of HIC

Considered relatively safe [9, 46]

B-blockers (particularly carvedilol) have shown
promising results in preserving cardiac function. ACEi
could mitigate oxidate stress, LV remodelling, and
apoptosis. Statins consist of antioxidant and anti-
inflammatory properties [65]
Dexrazoxane may, in part, prevent toxicity by binding
to type IIB topoisomerases [66]

High probability of recurrence of dysfunction or
cardiotoxicity [9]

ACE], angiotensin converting enzyme inhibitor; NRG-1, neuregulin-1; HIC, herceptin-induced cardiotoxicity; DRs, death receptors; TNFR1, TNF receptor 1;
LV, left ventricular. “The patient cohort in these trials may have been preexposed to anthracycline.

at 18 months, six months following the cessation of therapy.
Consistent with these findings is another study by Ong et al.
[72] which utilised feature tracking (FT) strain analysis. The
authors reported a reduction in LVEF, FT-GLS, and FT-GCS
at 6 and 12 months into therapy. By 18 months, with
treatment completed 6 months prior, the parameters
returned to near baseline level. Ewer et al. [9] reported on the
reversibility of trastuzumab-related LVEF reduction,
showing improvements in cardiac function typically at 4 to 6
weeks (before, 0.61+£0.13; during, 0.43+0.16; after,
0.56 £ 0.11) following the withdrawal of therapy [79].

Trastuzumab-mediated cardiotoxicity is generally con-
sidered to not cause ultrastructural changes, though benign
ultrastructural changes were observed from endomyocardial
biopsy samples in a trial by Ewer and Ewer [80]. It should be
noted that while this is a sensitive method for the evaluation
of chemotherapeutic drug-induced cardiotoxicity, its inva-
sive nature and questionable ability to predict clinical
outcome renders it impractical for routine clinical use.
Moreover, abnormalities uncovered from cardiac biopsy
only reflect recent and ongoing changes rather than earlier
insults.

Additionally, an earlier trial comprising 160 patients by
Fallah-Rad et al. [81] identified 10 trastuzumab-induced
cardiotoxic patients with subepicardial linear LGE in the
lateral portion of the LV. Interestingly, at 6-month follow-up
evaluation, despite EF recovery in 6 of the 10 patients, these
LGE findings persisted, suggesting persistent myocardial

injury. Such findings were amplified in a study by Wadhwa
et al. [82] where of the 36 patients that developed mostly
asymptomatic cardiotoxicity, subepicardial linear LGE of the
LV was observed in 34 patients. Elevation of troponin-I was
also reported in 4 patients following >6 cycles of treatment
in another trial [83], implying ongoing myocardial necrosis.
The underlying mechanism for the presence of LGE is
unclear, particularly in the subepicardial lateral portion of
the LV, perhaps merely a typical distribution and location
associated with this agent (Figure 3).

Relatively little is currently known about the long-term
prognosis of trastuzumab-induced cardiotoxicity. To our
knowledge, CMR studies to date have seldom followed up
patients beyond 18 months. From the available data
[50, 72, 73], despite most CMR parameters having dem-
onstrated statistically significant changes at 18 months, the
magnitude of reductions is small. This raises the question as
to whether these statistically significant reductions are also
truly clinically significant for previously cardiotoxic patients
or whether they might potentially pose a greater risk of
cardiac functional deterioration in the coming years. These
findings suggest trastuzumab-mediated cardiotoxicity could
be associated with long-term marked impairment of cardiac
function and may contribute to increased risk of late-oc-
curring cardiovascular disease in survivors of HER2-positive
breast cancer.

One long-term study aimed to determine whether
trastuzumab-induced cardiotoxicity recovers and explore



F1GURE 3: Short axis reconstructed IR-TrueFISP image through the
mid-ventricle demonstrates subepicardial linear delayed en-
hancement (arrow) in the lateral wall of a patient who had received
trastuzumab [69]; reprinted with permission from Wadhwa et al.
[82].

any association with long-term cardiopulmonary dysfunc-
tion in survivors of HER2+ breast cancer [84]. The trial
enrolled 57 patients after completion of trastuzumab-based
therapy (median, 7.0 years after therapy). Patients were
assessed in three groups using speckle-tracking echocardi-
ography: (1) developed cardiotoxicity during therapy (TOX)
group, (2) no evidence of cardiotoxicity during therapy
(NTOX) group, and (3) healthy control (HC) group. The
study reported significantly lower LVEF in the TOX group
(56.9% [5.2%]) compared with the NTOX (62.4% [4.0%])
and HC (65.3% [2.9%]) groups. Similar results were found
for GLS (TOX group, —17.8% [2.2%]; NTOX group, —19.8%
[2.2%]; HC group, —21.3% [1.8%]) (P <0.001).

A large meta-analysis of randomized and cohort studies
of over 29,000 women with breast cancer observed the
frequency of severe cardiotoxicity up to 3 years following
trastuzumab initiation [85]. Among the 58 studies, severe
cardiotoxicity occurred in 844 breast cancer patients, ac-
counting for 3% (95% CI 2.41-3.64) of the total sample. 557
incident cases occurred in the early breast cancer group, 203
in the metastatic breast cancer group, and 84 in the mixed
population. Mild or asymptomatic cardiotoxicity was re-
ported in 45 studies with a total incidence case of 2251 (out
of 20,491 patients). Two years following the initiation of
trastuzumab therapy, severe cardiotoxicity was reported in
approximately 3% of the total patient cohort. The incidence
rate observed from cohort studies is higher compared to
randomized control trials, possibly due to such trials ex-
cluding patients at higher risk of adverse events. Accord-
ingly, this renders those studies less reflective of real-world
settings. Variability of incident cases between studies was
high with frequencies ranging from 0 to 9.8% in the early
breast cancer group and 0 to 16.1% in the metastatic group.
Such variability of cardiotoxic events is likely associated with
patient selection, definition of cardiotoxicity, and methods
of assessment.

Based on these findings, the consensus is that trastu-
zumab-mediated cardiotoxicity is largely reversible, or at
least partially reversible, particularly from a functional
standpoint. Though the true prevalence and extent of
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reversibility is debatable, late toxicity remains a possibility.
With the toxicity profile of trastuzumab yet to be fully
established, treatment necessitates close monitoring, and in
the face of new, emerging data, such issues warrant
revisiting.

An important limitation to these studies, from the CMR
perspective, other than the small sample sizes, is the lack of
CMR imaging for evaluating cardiotoxicity, whilst cardiac
biomarkers, myocardial biopsy (in some cases), and echo-
cardiography, or other imaging modalities, were adopted
instead. Large, prospective CMR-studies are warranted to
enable a more definitive conclusion on the diagnostic and
prognostic role of trastuzumab-induced cardiotoxicity.
Collectively, these studies highlight the potential need for the
utilisation of cardiac MRI in the early detection of sub-
clinical cardiotoxicity, as well its extended toxicity profile.

Establishing a validated risk stratification tool to dis-
tinguish patients that are at increased risk of developing
cardiotoxicity to those of lower risk may be necessary so that
monitoring by and utilisation of CMR can be reserved for
those at higher risk. From the present data, a multitude of
risk factors are associated with increased risk of trastuzu-
mab-treated cardiac events, including age (2.31% in
<50years to 4.91% in >60 years 95% CI 3.22-6.94), post-
menopausal status (0.013 OR: 4.39 CI: 1.28-15.02), smoking
status (5.3%, 95% CI 2.15-9.75), body mass index >25
(6.49%, 95% CI 2.34-12.51), hypertension (5.47%, 95% CI
3.40-7.99), dyslipidaemia (4.43%, 95% CI 2.54-6.78), dia-
betes (6.19, 95% CI 0.85-15.93), and previous positive
cardiac history (19.12%, 95% CI 11.85-27.63) [72, 73]. A
scoring system based on these parameters may be valuable
for estimating the risk of developing cardiotoxicity during
therapy. Additionally, it is important to establish the length
of follow-up for previously cardiotoxic patients that are
deemed to be at potential higher risk for late toxicity. It is yet
to be established if “recovered” patients with mild-to-
moderate cardiotoxicity with asymptomatic or oligo-
symptomatic status possess a higher risk of late toxicity
compared to those that developed severe toxicity with in-
tense clinical symptomology.

7. Tissue Characterisation and CMR

Chemotherapy associated myocardial oedema, diffuse
interstitial fibrosis (collagen deposition in the absence of
myocyte loss), and coarse replacement fibrosis (collagen
deposition in the presence of myocyte necrosis) can be
uniquely imaged with CMR based T2 mapping, TI1
mapping, and late-gadolinium enhancement (LGE) se-
quences, respectively [86] (Table 4). Given the lack of
consensus of a precise LVEF-based definition of CTRCD,
increasing evidence for deformation imaging to provide
incremental prognostic information, and a potential
causative relationship between myocardial fibrosis de-
velopment and reduced myocardial strain [32-34], there
is increasing appeal for direct myocardial characterisation
in the earlier detection of CTRCD. To date, only the
presence of absence of LGE has been studied following
trastuzumab therapy [69]. While T1 and ECV increase



"UONJRIOOSSY JIBSH] I0OX MIN ‘VHAN oInyrej 3reay aansaguod JHD AydeiSorpresoydps [eUoIsusWIp-om} “Gg ©OUBUOSII d[oUSEW deIpIed
AND puowr ‘I ‘{dn-mof[oj N/ suondely uondd(d IBNOLIIUIA 1Yo ‘JTAT ‘UTen)s [BNUIJWNOID [eqo[d ‘SOO T, ‘utens [eurpnyiduo] eqoiS urdde) ‘g7o 1, curens [erjuaryundIn [eqo[s Sunppen a1njedj ‘§OOL.J
surex)s feurpnyiduo] [eqo[S Sunyoer) 21nyesy ‘SO L] XOPUI SSeUT [EIPILIOAU ‘TINJA SUOTIORIJ UOTIO3(d Jf OWIN[OA SI[0ISAS-PUD ‘ ASH OWIMN[OA SI[OISBIP-PUD ‘A (TH SUONIUNJsAp deIpIes pajear-Aderay) 1ooued ‘qDIND

NTI
a0 BLI)LID How MMHMME_ aanadsoxd e
dde 49 %zt T T T T T 1 1 9911WWIOD UOT)BN[RAD } e szl QNud (ve] s
AN £q %87 : : 19)3e SIOQNOH
PpUB MITAdI DRIpIR)) o8urg
/4 Apuow
-921y]7,
(AI 10 III SSe]> VHAN) N8I
apLo JHD jo swoidw4s pue J0j wonEnIUT .
1 10} ppPUYYIM Elea EleH Ewﬁlﬁ sudis pue 905> JIAT juaueaI) ¥ MMMMWM& [ez] me SE)
juowyeas) | W9l WeIB9l IWNZI%9 IO ‘QUI[dSeq WOIJ e N/ BN a
0%GTZ 9seaI09p JIAT  A[Iuow-xIg
NST
1 SWMWNEE W8T~ N8T W8I partodar 10N wammﬁmwﬂ _ |12 aanpadsord [eZ]
JoumEaD) WT189T WeIR9T NTT89T R QRUABMN e BuO
Apuow-x1g
N/d wel
ue Surpnpuf
apLo Wzl
1 10} POYYIIM W8I N8I« N8I« N8I« pojiods1 10N 10§ uonenIul - aanoadsoxd  [pg] ‘e 10
JusunEsn h.ﬂ WZI89T NZI9l W9l INTI89T jusuryeany QRUDHMN - InyIeg
1oy
0/q Arpuow
-921yT,
BLIS)LID MM:HMWW% aanpdadsoxd e
SUON WZIR9T 99)IWIUIOD UOTJeN]eAd yuunean 6 Qnud izl e s
e I9)® INTT oueyeN
PU® MIIAJI DBIpIE)) R o8urg
pue ‘9 ‘¢ 0
%01 JO JH Ul 2uIpap se  uoneniul
wetl Werl pastajoereyd saueyd jusurjean) aapdadsord [oz] Te 3o
patels 10N T | P T T o SI QnuUad
[euonouny juedyrudrs 1958 NCT I9A0ID)
38 Aqurepy Aqurey o o apdurg
9 jnq payrodar JoN pue % 1 0
=
< dHO
Y Jo swojdwifs 10 sudrs uonenIur aanoadsoxd [69]
..m (%S2) 01 T | | Surfuedwoooe yum jusuneas) W QIuad ‘Te 39 pel
© ‘%SS MO[3q %01 Ised]  Iaye INTI a[3uig “Ueled
S 18 JO JTAT Ul U
g ad.ryado
m ASIXO10TDIES dd ASH Add SOOL STOL SOOId  SIOId dd ASH AQE  @DIYD/ALdIXojorpIed  juswraInsedw  (N) WSisop Apn
& [AARIXOIOLP Jo wonruyaq IAEN az1g 159p ApTis
B JO 20UIPU]  UOTOUNJ JR[NOLIUIA Y3 UOT)OUNJ JE[NOLIJUSA 3T i ‘ :
...I.m ‘syuanjed pajean-surpAoeryiue F undaoiay ur surpuy YD F 914V,
o
-
<
©)



10 Cardiology Research and Practice
TaBLE 5: CMR characteristics of chemotherapeutic agents.
LV l Cardiotoxicity/cardiac
T 12 EGE LGE ECV | LVEF volume  RVEF dysfunction
Herceptin v [89] v [69, 81, 82, 90] v [50] v 73] v [50] 2-27%" [49]
Anthracycline v v v v 0
(doxorubicin) 871 187,00 (871 0 92,03y PN V170941 I70] 3-26% [53, 54]
Pertuzumab v [56] 6.6% [95]
- v 9
Lapatinib (57, 65] 2.7% [96]
Epirubicin [9“7] v[97) v 98] v [99]  0.7-11.4% [100]

EGE, early gadolinium enhancement; T1, T1 mapping; T2, T2 mapping; ECV, extracellular volume; LGE, late gadolinium enhancement; LV, left ventricular; |
LVEF, reduction in left ventricular ejection fraction; | RVEF, reduction in right ventricular ejection fraction. *The patient cohort in these trials may have been

preexposed to anthracycline.

Anatomical imaging

Pre-contrast tissue characterisation

Post-contrast tissue characterisation

Post-contrast
MOLLI
(5 mins)

LV short axis
cine
(5 mins)

Phase-contrast
aortic flow
(2 mins)

LGE IR / PSIR
(5 mins)

Pre-contrast
MOLLI
Localisers |1V long axis (5mins) {7y STIR &
(2 mins) cine mapping Contrast
(2 mins) (4 min)
ShMOLLI
(5 mins)

FIGURE 4: Proposed 30-minute cardiac magnetic resonance imaging protocol for the assessment of trastuzumab cardiotoxicity. LV, left
ventricle; MOLLI, modified look-locker inversion recovery; ShAMOLLI, shortened modified look-locker inversion recovery; STIR, short tau
inversion recovery; IR, inversion recovery; PSIR, phase-sensitive inversion recovery.

following anthracycline therapy [87, 88], this has not been
characterised for trastuzumab (Table 5).

8. Summary: When Should You Do a
CMR for Trastuzumab?

In the 2016 ESC position paper, there was recognition of
the value of CMR for the following: evaluating cardiac
structure and function, identifying the cause of LV dys-
function, and distinguishing left and right ventricular
function in difficult cases where other imaging modalities
are unsuccessful [1]. Consistent with this are the consensus
recommendations from the European Society for Medical
Oncology (ESMO) and the joint guidelines from BSE and
BCOS, which recommends the utilisation of CMR if sig-
nificant and unexplained discrepancies exist in echo-de-
rived measures of LVEF and GLS [17, 101]. While CMR is
the reference standard procedure for assessing cardiotox-
icity, it remains largely underutilised for breast cancer
cardiotoxicity surveillance [16]. The choice of imaging
modality depends on local expertise and availability; it is
strongly encouraged that the imaging modality utilised for
baseline assessment remains the same for the remainder of
the treatment pathway. A potential protocol for CMR
assessment of trastuzumab cardiotoxicity is illustrated in
Figure 4.

CMR is demonstrably superior to echo-based imaging of
left ventricular function, whether by assessment of LVEF or
strain, offering greater sensitivity and specificity in the de-
tection of cardiotoxicity in patients receiving trastuzumab.
Furthermore, it offers the ability to assess for myocardial
oedema, diffuse interstitial fibrosis, or replacement fibrosis.
It also carries some limitations. Thus, currently published
normal LVEF reference ranges show an overlap of normal
ranges. Application of CMR to patients would require a
baseline CMR and regular surveillance scans with associated
healthcare costs and requires gadolinium administration.

There are several important lines of enquiry to guide
future research. Firstly, whether CMR-based detection of
cardiotoxicity as assessed by LVEF and strain leads to im-
proved outcomes compared to their detection by echo re-
mains to be determined. Secondly, whether CMR-based
identification of oedema and fibrosis, particularly the type
and distribution of the latter, leads to improved risk strat-
ification in trastuzumab cardiotoxicity is unknown. Thirdly,
can CMR offer detection of features that would suggest a
greater likelihood of recovery from cardiotoxicity by tissue
characterisation findings? Given the greater availability of
echocardiography than CMR, these three questions are
central to further research into the optimum detection,
follow-up, and surveillance of cardiotoxicity in trastuzumab
patients. In the interim, we agree on the current echo-based
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methodology of current guidance, with the use of CMR
where echo images are poor despite left ventricular opaci-
fication with echo contrast agents.
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Cardiovascular magnetic resonance (CMR) imaging has had a vast impact on the understanding of a wide range of disease
processes and pathophysiological mechanisms. More recently, it has contributed significantly to the diagnosis and risk strati-
fication of patients with valvular heart disease. With its increasing use, CMR allows for a detailed, reproducible, qualitative, and
quantitative evaluation of left ventricular volumes and mass, thereby enabling assessment of the haemodynamic impact of a
valvular lesion upon the myocardium. Postprocessing of the routinely acquired images with feature tracking CMR methodology
can give invaluable information about myocardial deformation and strain parameters that suggest subclinical ventricular im-
pairment that remains undetected by conventional measures such as the ejection fraction (EF). T1 mapping and late gadolinium
enhancement (LGE) imaging provide deep myocardial tissue characterisation that is changing the approach towards risk
stratification of patients as an increasing body of evidence suggests that the presence of fibrosis is related to adverse events and
prognosis. This review summarises the current evidence regarding the utility of CMR in the left ventricular assessment of patients

with aortic stenosis or mitral regurgitation and its value in diagnosis, risk stratification, and management.

1. Introduction

Valvular heart disease (VHD) has a high prevalence
worldwide with mild disease affecting up to one in two
people over the age of 65 [1, 2]. A substantial number of
individuals in the primary care setting with symptoms of
heart failure suffer from clinically significant VHD, most
commonly aortic stenosis and mitral regurgitation [3].
Undoubtedly, prompt diagnosis and appropriate manage-
ment are vital in positively influencing the prognosis and
future course of the disease.

Traditionally, and still dominating much of cardiovas-
cular medicine now, valvular heart disease assessment, and
myocardial function has relied heavily upon echocardio-
graphic data. Over recent years, as our knowledge and

understanding of the pathophysiological mechanisms un-
derlying VHD expands, it has become apparent that perhaps
assessing the severity of valvular disease alone without the
impact this has on the myocardium may be insufficient to
guide prognostication and explain consequent VHD-related
cardiomyopathy, morbidity, and mortality. This is evident in
patients with similar degrees of valvular stenosis, but dif-
ferences in clinical presentation and outcomes that relate to
myocardial dysfunction. In this respect, cardiovascular
magnetic resonance (CMR) has an invaluable role as, with its
high spatial resolution, it allows accurate qualitative and
quantitative assessment of left ventricular wall thickness,
mass, volumes, and ejection fraction, which are of high
prognostic value and thus allows accurate assessment, di-
agnosis, and risk stratification.
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TaBLE 1: Techniques available with CMR and comparison with echocardiography. Symbol “+” represents “good” and “++” represents “very

good.” Symbol “-” is used when there is no means to assess the particular method.
Assessment methods CMR Echocardiography
++ +

Chamber quantification (wall
thickness, mass, and volumes)
chambers

++

Assessment of myocardial
deformation (most commonly
global longitudinal strain)

images
++

Comprehensive assessment of
valvular anatomy and structure
simple and complex valvular

++
Qualitative and quantitative
assessment of valvular lesions
(regurgitation/stenosis)
eccentric jets)
++

Tissue characterisation (LGE and
T1 mapping) assessment of fibrosis with the use

mapping techniques

The high spatial resolution allows accurate
qualitative and quantitative assessment of cardiac

Dedicated accurate sequences can be used for
CMR strain. Furthermore, reproducible method
of myocardial deformation assessment using
feature tracking postprocessing of SSFP cine

Unlimited imaging planes and high spatial
resolution help in the detailed assessment of

CMR is very useful in the assessment of the
severity of valvular lesions that are difficult to be
quantified with echocardiography (e.g., very

CMR is the gold standard method for direct

Measurements are dependent on several
parameters (acoustic windows, endocardial
definition, on-axis/off-axis views, and
sonographer)
++

A reproducible method that provides valuable
information, as long as certain requirements are
fulfilled (clear endocardial definition and frame

rate >50)

+
Comprehensive anatomical assessment that is,
however, limited in a certain number of imaging
planes and by spatial resolution, which is lower
compared to CMR
++
High temporal resolution and assessment with
colour and continuous wave Doppler offers a
detailed evaluation of the severity of valvular
lesions

anatomy

Not available with echocardiography.
Echocardiography backscatter can associate with
myocardial fibrosis, but it is not an accurate
method.

of LGE and T1

CMR has proved to successfully fill in gaps and answer
both scientific and clinical questions, not only because it can
provide a detailed evaluation of the valve function and
anatomy but also because it can assess the haemodynamic
consequences of the valvular lesions on the myocardium that
is directly associated with the valve. T1 mapping and late
gadolinium enhancement (LGE) allow direct assessment of
myocardial fibrosis and changes in extracellular volume,
while feature tracking CMR allows accurate evaluation of
myocardial deformation. Table 1 summarises the strengths
of CMR and how these compare with echocardiography.

This review provides an overview of the role of CMR in
the assessment and diagnosis of cardiomyopathy related to
two of the commonest forms of valvular heart disease, aortic
stenosis (AS), and mitral regurgitation (MR).

2. Aortic Stenosis

According to the current guidelines, valvular intervention is
recommended for symptomatic patients with severe AS and
asymptomatic patients with evidence of LV decompensation
as noted by EF <50% or elevated BNP/NT-pro-BNP level
more than twice the upper limit of normal [4]. The as-
sessment of the aortic stenosis severity is conventionally
performed with echocardiographic two-dimensional (2D)
and Doppler assessment, with the main parameters being the
peak jet velocity, the transvalvular mean gradient, and the
valve area (as obtained by the continuity equation), while the
ventricular function is routinely conducted with the echo-
cardiographic assessment of the ejection fraction [5, 6]. Left

ventricular ejection fraction (LVEF) has been traditionally
one of the important prognostic markers of the disease, as
patients with early left ventricular decompensation as evi-
denced by EF <60% have an increased risk of mortality, even
after valve replacement [7] leading the National Institute for
Health and Care Excellence (NICE) in the UK to recom-
mend consideration of intervention when the LVEF <60%
when the decline is attributed to the AS in their initial
guidance in March 2021 [8]. While echocardiography re-
mains the gold standard technique for the assessment and
grading of aortic stenosis, new techniques and methodol-
ogies have emerged for better and detailed assessment of the
left ventricular myocardium with CMR having a central role.

Over recent years, however, assessment of myocardial
deformation using strain imaging has been found to be of
major significance in the evaluation of left ventricular
function, especially for the large proportion of patients with
aortic stenosis and preserved EF [9]. Several studies have
suggested that global longitudinal strain (GLS) is of great
prognostic importance and can detect subtle changes in LV
function pre- and postaortic valve intervention, even with
LVEEF in the normal range [10]. Feature tracking (FT) CMR
methodology is based on tracking the endocardial and
epicardial borders of the ventricle on postprocessing of
steady-state free precession (SSFP) cine images [11]. GLS
obtained by FT CMR is a highly reproducible quantification
technique that provides invaluable information about
myocardial function without requiring any additional im-
aging acquisitions over and above the routinely acquired
CMR images [12]. Evidence suggests that patients with
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asymptomatic severe AS and apparently normal LVEF do
have in fact, impaired GLS, comparable to that of symp-
tomatic patients with severe AS awaiting valve intervention
[13]. This finding highlights the value of myocardial de-
formation analysis in this patient population. Abnormal GLS
indicates the presence of potentially subclinical, impaired
myocardial function, and that could help in the clinical
decision-making process regarding the timing of interven-
tion so as to avoid further potentially irreversible myocardial
damage. Additionally, FT-derived GLS correlates well with
the presence and extent of LGE, as strain values deteriorate
when LGE is present [11, 14]. As the analysis of GLS is not
dependent on gadolinium administration and does not
require dedicated sequences (for example, when feature
tracking is performed), it can therefore be assessed even in a
noncontrast study during the postprocessing. This makes it a
very useful measurement, specifically for the patients to
whom MRI contrast agents may be contraindicated.

CMR is also the gold standard method for tissue
characterisation as it allows the detection of changes of the
myocardium on a cellular level [11]. In aortic stenosis, the
left ventricular response to chronic pressure overload
consists of an initial hypertrophic phase followed by cell
apoptosis and eventually myocardial fibrosis [15]. Myo-
cardial fibrosis is an early and fundamental part of this
maladaptive response that determines changes in left ven-
tricular function and heralds the presentation of symptoms
and adverse events and therefore has prognostic implica-
tions [16].

Myocardial fibrosis in AS has a complex but charac-
teristic pattern, formed mainly in two patterns which can be
evaluated with the use of CMR, replacement (focal) and
reactive (diffuse) fibrosis [17]. It has been demonstrated that
both replacement and diffuse fibrosis are associated with the
magnitude of LV hypertrophy, LV dysfunction, symptoms,
and prognosis [18]. Interestingly enough, they are only
weakly associated with the severity of the valve disease [18].

LGE is the paradigm method for the assessment of re-
placement (focal) fibrosis. Replacement fibrosis is the late
phase of the disease process and represents cellular death
that is followed by focal fibrosis (scar). This process is ir-
reversible and is a strong predictor of adverse prognosis [19].
Replacement fibrosis can be detected and quantified with the
use of CMR and LGE. This distinct pattern of midwall
myocardial fibrosis signals the transition from the hyper-
trophic response to a decompensated phase with the oc-
currence of symptoms [15]. The poor prognosis associated
with this irreversible stage persists even after aortic valve
intervention and is strongly associated with all-cause and
cardiovascular mortality [20]. Interestingly, this correlation
appears to be “dose-dependent,” related to the scar burden.
A large study conducted by the British Society for Car-
diovascular Magnetic Resonance Valve Consortium, in-
cluding six hundred seventy-four patients, demonstrated
that for every 1% increase in myocardial scar burden, there
was an 11% increase in all-cause mortality and an 8% in-
crease in cardiovascular mortality [20].

While LGE is a well-established method for identi-
fying replacement fibrosis, quantification can be

challenging when diffuse fibrosis is present. The added
value of T1 mapping-derived measurements enables the
detection and quantification of reactive (diffuse) inter-
stitial fibrosis, which is an early and importantly reversible
stage of the disease process [11]. CMR with T1 mapping
has the strength of differentiating changes on a cellular
level from changes on an extracellular level. Given that
reactive fibrosis represents the expansion of the extra-
cellular matrix, T1 mapping-derived techniques can be
used to assess diffuse fibrosis by quantifying the extra-
cellular volume fraction (ECV%) and the indexed ex-
tracellular volume (iECV), which represents the total
fibrosis burden [21, 22]. Combined with the LV mass,
these parameters can provide a comprehensive assessment
of LV remodelling regarding both the cellular and the
extracellular compartments [19]. Since diffuse fibrosis is
potentially reversible, the contribution of CMR is in-
valuable as thorough assessment and quantification of the
diffuse fibrosis are essential to identify early decompen-
sation and allow prompt intervention [22]. In a recent
study by Everett et al. that included more than four
hundred patients with severe aortic stenosis undergoing
aortic valve replacement, diffuse fibrosis as assessed by T1
mapping was found to be an independent predictor of all-
cause mortality [22]. Like the midwall fibrosis data, a dose
dependency was also found, with every 1% increase in the
ECV% followed by a 10% rise in the risk of death [22].

These findings have triggered questions in the scientific
community about the appropriate timing of intervention
and whether this should be driven by early markers of LV
decompensation rather than the development of symptoms
when irreversible damage may have possibly already oc-
curred. The EVOLVED (Early Valve Replacement Guided
by Biomarkers of Left Ventricular Decompensation in
Asymptomatic Patients with Severe Aortic Stenosis) trial is a
multicentre randomised controlled trial in which patients
with asymptomatic severe (AS), LVEF >50%, and midwall
LGE are randomised either to an early intervention or
conventional “watch and wait” approach (NCT03094143)
[23]. It aims in this way, to investigate whether an inter-
vention based on objective evidence of early LV decom-
pensation will be better for the patients clinically and
prognostically.

Additionally, 4D flow is an emerging CMR tool that is
becoming increasingly popular as an alternative tool for the
assessment of aortic stenosis. This noninvasive tool can
provide an accurate evaluation of the valvular lesion as the
measurements acquired are not subject to the common
errors and restrictions that accompany the two-dimensional
echocardiography [24]. Furthermore, 4D flow CMR can
provide invaluable information and comprehensive evalu-
ation of aortic flow patterns and the haemodynamic con-
sequences of severe aortic stenosis to the left ventricle and
the aorta [25]. Figures 1 and 2 illustrate examples of CMR
assessment of severe aortic stenosis with the CMR modalities
discussed.

Undoubtedly, for patients with AS, CMR with both its
conventional and emerging methods will continue to have a
huge impact not only in diagnosis but also in prognosis, risk
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FIGURE 1: A case of severe aortic stenosis. (a) CMR assessment of left ventricular function and geometry. (b) 4D flow assessment of the
severity of the aortic stenosis. (c) Tissue characterisation and assessment of myocardial fibrosis.

stratification, and potential decisions about the appropriate
timing of intervention.

3. Mitral Regurgitation

Echocardiography is the primary investigation for the as-
sessment of severity and mechanism of mitral regurgitation
(MR). Transthoracic echocardiography may often be fol-
lowed by a transoesophageal echocardiographic study for
better assessment of the severity and mechanism of the
mitral regurgitation. Standard 2D and Doppler echocar-
diographic methods of quantification of the severity include
the vena contracta, proximal isovelocity surface area (PISA)
method, and qualitative assessment of the continuous wave
Doppler of the MR jet [26, 27]. Nevertheless, complex
valvular anatomy or morphology or mechanism of regur-
gitation (multiple jets or very eccentric jets) may present a
limitation of these techniques and may limit their diagnostic
yield.

CMR has a central role in the evaluation of MR as it
provides a comprehensive assessment of the valve anatomy,
morphology, and accurate quantification of the MR [28]. MR
can be either primary, where one or more structures of the
valve apparatus are affected or secondary (functional), where
regurgitation results from increased tethering forces stem-
ming from either left ventricular or left atrial geometric al-
terations and subsequent annular dilatation [4]. CMR offers
unlimited imaging planes that aid in the comprehensive
assessment of the complex mitral valve apparatus and is an

excellent tool that can be utilised if diagnostic uncertainty
remains after echocardiography [29, 30]. This is reflected in
clinical guidelines that suggest CMR assessment in patients
where ventricular function and dimensions are insufficiently
evaluated by echocardiography [4].

The haemodynamic impact of the mitral regurgitation
on the myocardium is essential and traditionally this is
evaluated with the 2D and volumetric assessment of the left
ventricle and the left atrium [26, 27]. The LV end-diastolic
and end-systolic volumes acquired from the standard vol-
ume quantification methods, together with forward flow
measurements of the aorta or pulmonary artery, are used for
the calculation of the regurgitant volume (MR regurgitant
volume = LVSV-forward flow) and also determine the de-
gree of LV dilatation resulting from the MR [28, 30]. In this
way, the impact of chronic volume overload can be thor-
oughly assessed, and the haemodynamic effects of the mitral
regurgitation on the left ventricle can be appreciated [31].
Current guidelines highlight the importance of LVEF and
end-systolic cavity size in decision-making regarding the
timing of intervention with LVEF <60% and LVESD
>40 mm being markers of ventricular decompensation and
worse outcomes, triggering, therefore, the referral for in-
tervention regardless of symptoms [4]. There is, however,
much debate regarding this matter, as, similar to aortic
stenosis, there is evidence suggesting the occurrence of
subtle myocardial impairment in the presence of normal
LVEF and normal cavity size [31]. Such observations lead to
a hypothesis in which LV remodelling, and indeed
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FIGURE 2: A case of aortic stenosis assessment using four-dimensional flow CMR. (a, b) Cine views demonstrating thickened and restrictive
opening of aortic valve leaflets with flow acceleration in the aortic root. (c) Increased wall sheer stress on the anterior wall of the aortic sinus
and ascending aorta due to eccentric jet through the stenosed valve. (d, e) Cine views with velocity overlay demonstrating flow acceleration
greater than 4 m/sec and a two-dimensional plane through that to quantify peak velocity. (f) Peak velocity was consistent with severe aortic

stenosis in this case.

myocardial fibrosis, can occur before a decline in LVEF and
even before the development of symptoms [11]. Thus, in a
small study of 35 patients with asymptomatic primary
moderate or severe MR, diffuse interstitial fibrosis as
measured by ECV was noted to occur before the occurrence
of conventional indications for valvular intervention [32].
This was correlated with impaired myocardial deformation
and reduced exercise tolerance assessed by cardiopulmonary
exercise testing [32]. This finding has been confirmed in
another large study comprised of 120 patients with chronic
primary MR, which demonstrated that fibrosis, as quantified
by ECV, occurs before the onset of symptoms [33].
Whereas early studies suggest a diffuse interstitial fi-
brosis pattern, more recent studies indicate there may also be
a coexistent focal replacement fibrosis model. Recently,
Kitkugvan et al. investigated the pattern of fibrosis and
whether diffuse interstitial fibrosis was the result or the cause
of the MR in a study that included more than four hundred
patients with chronic primary MR [34]. The presence of
diffuse fibrosis and raised ECV correlated with the severity of
MR and was independently associated with symptoms and
clinical events that included mitral surgery and cardiovas-
cular death [34]. While diffuse interstitial fibrosis with raised

ECV was raised in a similar fashion in patients with and
without MVP, it was noted that replacement fibrosis with
increased LGE was more prevalent in the individuals with
MVP [34]. This finding was in agreement with a further
study that included four hundred patients with MVP of
variable severity [35]. This found that replacement fibrosis is
common in patients with MVP and is independently as-
sociated with adverse cardiovascular events [35].
Although the pattern and spectrum of fibrosis in MR
remain complex, the consequences of it remain rather clear.
More specifically, it has been found that in young and
middle-aged patients with mitral valve prolapse (MVP),
there is a clear association of replacement fibrosis, as
assessed by LGE, with life-threatening arrhythmias and risk
of sudden cardiac death [36]. The myocardial scarring in this
patient population targets specific myocardial regions, in-
cluding the papillary muscles and the inferobasal LV wall
[36, 37]. The presence of this nonischaemic pattern of LGE
that appears to be in high prevalence in patients with MVP is
not directly associated with the severity of the MR but has
been repeatedly found to be a substrate for arrhythmic
events [36-38]. The negative prognostic value of the pres-
ence of fibrosis may persist even after the intervention,
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(a)

FIGURE 3: A case of mitral annular disjunction (a) (yellow arrow) with associated fibrosis in the basal lateral wall (b, ¢) (late gadolinium
enhancement imaging) and moderate mitral regurgitation (a) (blue flow in the left atrium).

although further large studies are needed to confirm a causal
relationship between LGE and adverse events [39].

CMR has also contributed significantly to the identi-
fication of the entity of mitral annular disjunction as a
common cause of arrhythmias [37]. Mitral annular dis-
junction is defined as an atrial displacement of the hinge
point of the mitral valve away from the ventricular myo-
cardium, leading to paradoxical haemodynamics and
acting as an arrhythmic trigger [37, 40]. Whereas this
pathological finding was thought to be linked with MVP, it
has been demonstrated that the two are separate, although
commonly coexistent entities [37, 40]. Figure 3 demon-
strates the CMR assessment of a case of mitral annular
disjunction with myocardial fibrosis and moderate mitral
regurgitation.

More recently, 4D flow CMR assessment and quantifi-
cation of mitral valve regurgitation is increasingly used in
clinical practice as it offers a much improved and detailed

method of evaluation, especially for challenging cases, such as
complicated anatomical lesions, multiple coexistent lesions or
shunts [28]. The severity of the mitral regurgitation can be
evaluated with 4D flow CMR either with direct quantification
of the MR flow with retrospective mitral valve tracking or with
indirect method, which is the mitral forward flow minus the
aortic forward volume [28] (Figure 4). The exact mechanism
and pathophysiology behind the findings may remain com-
plicated and unclear, but CMR has undoubtedly the potential
to support researchers in the quest to uncover the clinical and
prognostic implications of the complex anatomical features
and the presence of the different types of fibrosis.

4. Conclusions

The assessment and management of valvular heart disease
have long centred on a triad of the presence or absence of
symptoms, valvular functional parameters confirming
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Direct MR jet quantification: 59 ml

Indirect MR quantification method: 54 ml
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FIGURE 4: A case of mitral regurgitation assessment using four-dimensional flow CMR. (a) Two-chamber cine view with velocity overlay
demonstrating mitral regurgitation (blue flow in the left atrium). (b) Four-chamber cine view shows the same mitral regurgitation jet which
is swirling in the whole left atrium. (c) A three-chamber cine view used to quantify aortic stroke volume by valve tracking. (d) Three-
dimensional streamlines of blood flow during systole demonstrating aortic forward flow and the mitral regurgitation swirling in the left

atrium.

severity, and the presence or absence of LV dilatation or
dysfunction assessed by LVEF. Furthermore, the as-
sessment of valvular function and LV dysfunction has
long been dominated by echocardiography. The utility of
CMR in VHD-related cardiomyopathy offers more ac-
curate and incremental information than that derived
from echo. The ability to image in any plane also offers
structural analysis, particularly important in mitral val-
vular assessment. Through its delivery of accurate and
highly reproducible chamber quantification CMR pro-
vides a gold standard for volumetric assessment, and in
turn, myocardial mass measurement. Moreover, with
LGE imaging and T1 mapping, CMR also offers deep
tissue characterisation, which is emerging as a powerful
technique in the identification of myocardial fibrosis with
potential implications for risk stratification and timing of
valvular intervention. Whether the timing of valvular
intervention based on these early markers of LV de-
compensation results in improved clinical outcomes
remains, however, to be determined and is the subject of
active clinical trials.
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Objectives. In a cohort of type 2 diabetic (T2D) patients who underwent baseline cardiac magnetic resonance (CMR) and
biomarker testing, during a median follow-up of 6 years, we aimed to determine longitudinal changes in the phenotypic ex-
pression of heart disease in diabetes, report clinical outcomes, and compare baseline clinical characteristics and CMR findings of
patients who experienced major adverse cardiovascular events (MACE) to those remaining MACE free. Background. T2D
increases the risk of heart failure (HF) and cardiovascular mortality. The long-term impact of T2D on cardiac phenotype in the
absence of cardiovascular disease and other clinical events is unknown. Methods. Patients with T2D (n =100) with no history of
cardiovascular disease or hypertension were recruited at baseline. Biventricular volumes, function, and myocardial extracellular
volume fraction (ECV) were assessed by CMR, and blood biomarkers were taken. Follow-up CMR was repeated in those without
interim clinical events after 6 years. Results. Follow-up was successful in 83 participants. Of those, 29 experienced cardiovascular/
clinical events (36%). Of the remaining 59, 32 patients who experienced no events received follow-up CMR. In this cohort, despite
no significant changes in blood pressure, weight, or glycated hemoglobin, significant reductions in biventricular end-diastolic
volumes and ejection fractions occurred over time. The mean ECV was unchanged. Baseline plasma high-sensitivity cardiac
troponin T (hs-cTnT) was significantly associated with a change in left ventricular (LV) ejection fraction. Patients who expe-
rienced MACE had higher LV mass and greater LV concentricity than those who remained event free. Conclusions. T2D results in
reductions in biventricular size and systolic function over time even in the absence of cardiovascular/clinical events.
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1. Introduction

Cardiovascular disease represents the primary cause of death
in type 2 diabetic patients (T2D) [1]. Although T2D is
recognized as a strong risk factor for atherosclerosis-related
events, heart failure (HF) is the commonest initial presen-
tation of cardiovascular disease in T2D [1-3]. The risk of
developing HF is increased 2.4-fold in men and 5-fold in
women with T2D compared with age-matched controls [4],
and the combination of T2D and HF is associated with a 4-
to 6-fold higher mortality [5, 6]. The early detection of
adverse subclinical myocardial structural and functional
alterations associated with progressive myocardial dys-
function might offer the opportunity of early initiation of
disease-modifying pharmacological therapies prior to the
onset of overt HF [7].

Cardiac magnetic resonance imaging (CMR) is the
reference standard for the assessment of cardiac volumes,
mass, and function [8]. Using CMR, patients with T2D have
been extensively phenotyped with a nuanced description of
disease burden [9, 10]. However, to our knowledge no CMR
study to date has examined longitudinal changes in
biventricular structure and function in patients with T2D
with no prior cardiovascular disease.

In this longitudinal observational study, we tested the
hypothesis that T2D would be associated with a progressive
decline in biventricular systolic function even in a cohort of
diabetic patients with no prior cardiovascular disease or
interim major adverse cardiovascular events (MACE) during
the follow-up period. We also sought to report clinical
outcomes and compare demographic, clinical, and bio-
chemical variables, and CMR and plasma biomarkers
measured at baseline between those patients who experi-
enced MACE and those who remained free of MACE during
the follow-up period.

2. Methods

Using CMR at two time points baseline visit and end of the
study, we performed a prospective longitudinal study in a
cohort of ethnically diverse, asymptomatic patients with
T2D with no history or evidence on examination of car-
diovascular disease. Participants who remained asymp-
tomatic and free of MACE or any other new clinical
comorbidity were invited for a second CMR scan after 6
years.

2.1. Participants. Recruitment was performed from primary
care health centers in Leeds, the United Kingdom. One
hundred participants with T2D were recruited at baseline
[11]. The results of this initial study have been previously
published [11, 12]. For this study, all surviving T2D par-
ticipants who could be contacted and remained eligible were
offered a follow-up research visit for a repeat CMR scan.

2.2. Inclusion and Exclusion Criteria. Asymptomatic adult
patients with a diagnosis of T2D (diagnosed according to the
World Health Organization criteria) [13] with the ability to

Cardiology Research and Practice

provide informed written consent were recruited at baseline.
Patients were excluded if they had a previous diagnosis of
cardiovascular disease (previous cardiac surgery, angio-
plasty, myocardial infarction, angina, moderate or above
valvular heart disease, and atrial fibrillation(AF)), hyper-
tension (resting systolic blood pressure (BP) >140 mmHg
and diastolic BP >90 mmHg on 24-hour ambulatory BP
monitoring), contraindications to CMR, ischemic changes
in 12-lead electrocardiogram (ECG), renal impairment
(estimated glomerular filtration rate (eGFR) below 30 mL/
min/1.73 m?), or if they were using insulin. After 6 years,
surviving participants who remained asymptomatic, with no
MACE, other diabetic complications, or important
comorbidity (such as inflammatory disease or malignancy)
were invited for a second CMR study.

2.3. Baseline Clinical Assessment. At baseline and at the
follow-up visit, height and weight were recorded and body
mass index (BMI) was calculated. A fasting blood sample
was taken from each participant at baseline for assessments
of full blood count (FBC), eGFR, fasting glucose, glycated
hemoglobin (HbAlc), high-sensitivity cardiac troponin T
(hs-cTnT), and N-terminal prohormone B-type natriuretic
peptide (NT-proBNP) levels. All participants underwent
resting ECG, and all had 24-hour BP monitoring at baseline
to exclude undiagnosed hypertension [11]. At the follow-up
study visit, brachial BP was recorded as an average of 3
supine measures taken over 10 minutes (Dinamap 1846 SX,
Critikon Corp), a fasting blood sample was obtained for
repeated assessments of FBC, eGFR, glucose, HbAlc, and
lipids, and a resting ECG was recorded.

2.4. Cardiac Magnetic Resonance Imaging. Imaging was
performed on a 3.0 Tesla magnetic resonance system both at
baseline and at year 6 CMR study visit. The baseline CMR
protocol has been previously described [11]. Follow-up scans
were performed using a matching imaging protocol.
Images for biventricular and left atrial (LA) volumes and
function were acquired using a steady-state free precession
(SSFP) sequence with breath holding at end expiration in
multiple orientations (Figure 1). Adenosine stress myo-
cardial perfusion CMR was performed to rule out significant
epicardial coronary artery stenosis [14]. Pharmacological
stress was achieved with adenosine infusion at 140 mcg/kg/
min for a minimum of 3 mins, and an intravenous bolus of
0.075 mmol/kg gadobutrol (Gadovist®, Bayer Pharma,
Berlin, Germany) was administered for each stress and rest
perfusion imaging sequence. Visual analysis of the perfusion
images was performed by one reporter (EL, with >8 years of
CMR experience and level 3 CMR accreditation). Ischemia
was defined as a territory with a perfusion defect during
stress [14]. Late gadolinium enhancement (LGE) imaging
was performed in matching LV short-axis planes >8 minutes
after contrast administration to exclude the presence of
previous silent myocardial infarction or regional fibrosis.
All image analyses were performed off-line by AC
(with 2 years of CMR experience) in a blinded fashion,
and all scan contours were subsequently reviewed by EL
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FIGURE 1: Representative examples of CMR imaging. Represen-
tative examples of cine images (horizontal long axis, vertical long
axis, and mid-ventricular short axis in diastole and systole) and late
gadolinium enhancement imaging (mid-ventricular short axis) in
patients with T2D at baseline and follow-up.

using cvi42 software (Circle Cardiovascular Imaging,
Calgary, Canada). Baseline and follow-up images were
analyzed in a random order after the second visit by
investigators blinded to any other data. Biventricular
volumes and ejection fraction (EF) were obtained from
contouring the endocardial and epicardial borders in
diastole and systole on the SSFP short-axis stacks. The LA
volume and EF were calculated using the biplane area-
length method in the horizontal and vertical long axes as
previously described [8]. Using cvi42 Tissue Tracking
software, global longitudinal strain (GLS), and a marker of
diastolic function, LV diastolic strain measurements were
performed from balanced SSFP short-axis and 2-chamber
and 4-chamber long-axis cine images, to calculate cir-
cumferential peak early diastolic strain rate (PEDSR) and
longitudinal PEDSR [10].

2.5. Statistical Analysis. Statistical analysis was performed
using SPSS (IBM SPSS statistics, version 26.0). Categorical
data were compared with Pearson’s chi-square test. Con-
tinuous variables were checked for normality using the
Shapiro-Wilk test and are presented as mean + SD. Com-
parisons of CMR data between baseline and follow-up were
performed with a two-tailed paired t-test. Bivariate corre-
lations were performed using Pearson’s correlation coeffi-
cient. The relationships of change in left ventricular ejection
fraction (LVEF) and right ventricular ejection fraction
(RVEF) (ALVEF and ARVEF, respectively) with age, BMI,
HBAc, fasting glucose, resting BP and heart rate (HR), NT-
proBNP, and hs-cTnT were analyzed using multiple logistic
regression. A p-value of <0.05 was considered statistically
significant.

2.6. Ethical Considerations. The study was approved by the
National Research Ethics Committee (Ref: 13/YH/0098),
and informed written consent was obtained from each
participant. The follow-up assessment was given additional
ethical approval (Ref: 18/YH/0168). Participants were asked
to sign a second consent form for the follow-up scan.

3. Results

3.1. Participant Characteristics and Clinical Outcomes.
Clinical outcomes of the baseline cohort were determined
after a median follow-up of 6.3 years (interquartile range
(IQR): 6.05-6.53 years) using electronic health records
systems, and symptom status was determined by phone
assessments (Figure 1). Demographics, clinical, and bio-
chemical data are shown in Table 1. Of the hundred par-
ticipants with T2D recruited at baseline (82 men, mean age
61 + 11 years, median diabetic duration 4.1 years (IQR: 1.4-7
years), 17 participants were uncontactable (Figure 2). The
healthcare records of the remaining 83 participants revealed
that 5 participants (6%) had died during the follow-up
period (one due to acute coronary syndrome (ACS)), 8
participants (9.6%) had survived an ACS, 3 participants
(3.8%) had a cerebrovascular accident, 6 participants (7.7%)
developed a malignancy, 1 participant (1.3%) had a per-
manent pacemaker implanted for a high-grade atrioven-
tricular block, and 1 participant (1.3%) developed significant
renal dysfunction (Figure 2). These participants were not
invited back for a follow-up CMR scan. Of the remaining 59
participants (76%) with T2D who remained free of MACE
invited for a repeat CMR scan, 16 participants declined, and
a further 6 participants were unable to attend for their re-
search visit due to the coronavirus pandemic (Figure 2).
Hence, 37 participants completed a second CMR scan. Of
these, 5 were found to have suffered a silent MI as evidenced
by subendocardial hyperenhancement on LGE and were
excluded from further analysis leaving a study population of
32 participants. About 25% of the original study population
had suffered a major adverse cardiovascular event (MI,
angina, revascularization, stroke, and cardiovascular mor-
tality) during the 6-year follow-up period (Figure 3) with an
overall clinical event rate of 35%.
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Variable Baseline total participants (n=100) Follow-up (n=32) P value
Age, years 61+11 64+11 0.2
BMI, kg/m” 29+4 27+4 0.02*
Male, 1 (%) 82 (82) 29 (91) 0.2
Diabetes duration, years 5.0+4.4 10.9+1.3 0.0001"
Smoking, n (%) 6 (6) 2 (6) 0.9
Heart rate, bpm 71+12 68+12 0.2
Systolic blood pressure, mmHg 131+15 129+ 16 0.5
Diastolic blood pressure, mmHg 73+9 74+7 0.6
Plasma fasting glucose, mmol/L 9.9+41 94+3.8 0.5
Glycated hemoglobin, mmol/mol 63+20 64+18 0.7
Total cholesterol, mmol/L 44+11 45+12 0.7
HDL, mmol/L 1.19+0.35 1.36 £ 0.38 0.03*
LDL, mmol/L 2.60+0.98 2.59+1.21 0.9
Medications, n (%)

Metformin 87 (87) 22 (69) 0.01*
Sulfonylurea 33 (33) 13 (40) 0.4
Aspirin 18 (18) 9 (28) 0.2
Statin 69 (69) 23 (72) 0.7
ACEI 0 (0) 13 (40) 0.001*
ARB 0 (0) 3(9) 0.0001*

Values are mean + standard deviations or percentages. *signifies P < 0.05. n-numbers; BMI-body mass index; kg-kilogram; m-meter; bpm-beats per minute;
mmHg-millimeters of mercury; mmol-millimoles; L-liters; mol-moles; HDL-high-density lipoprotein; LDL-low-density lipoprotein; ACEI-angiotensin-

converting enzyme inhibitor; ARB-angiotensin receptor blocker.

3.2. Baseline to Follow-Up Demographics and Medical
Therapy. In the 32 patients comprising this study cohort, 29
were men, the mean age was 64 +9 years, and median di-
abetic duration was 11.9 years (IQR: 11.8-12.3 years). There
were no significant differences in resting HR and BP, gly-
cemic control, or BMI between the baseline and follow-up
measurements (Table 2). Glucose-lowering treatment had
been altered for the majority of patients between baseline
and follow-up. While the proportion of patients on a
biguanide reduced from 88% to 69% (p = 0.01), the pro-
portion taking a sodium-glucose cotransporter-2 (SGLT2)
inhibitor increased from none to 12% (p =0.03). The
number of participants on sulfonylureas, thiazolidinediones,
gliptins, aspirin, or statins did not significantly change
during the follow-up period.

None of the patients were on an angiotensin-converting
enzyme inhibitor (ACEI) or an angiotensin receptor blocker
(ARB) therapy at baseline as per recruitment criteria of the
initial study [11], whereas 13 participants (41%) were re-
ceiving this therapy at the time of follow-up visit (Table 2).

3.3. Cardiac Geometry, Function, and Myocardial Scarring.
The CMR results of the 32 participants at baseline and
follow-up are shown in Table 3. At follow-up, there was a
reduction in cardiac size with reduced biventricular end-
diastolic volumes (Figures 4(a) and 4(b)) and a deterioration
of biventricular systolic function (mean LVEF 60+ 7% vs.
55+8%, p=0.0001; mean RVEF 55+5% vs. 51+7%,
p =0.003) (Figures 4(c) and 4(d)) with reductions in stroke
volumes. In keeping with the reduction in cardiac size, the
LV mass and mass index were reduced at follow-up com-
pared with baseline (p = 0.01 and p = 0.04, respectively).
There was no change in LV PEDSR over time (Figures 4(e)

and 4(f)). Consistent with the changes in LVEF, GLS was
numerically reduced from baseline over time; however, this
trend did not reach statistical significance. In keeping with
the reductions in biventricular volumes, LA volumes were
also decreased, but there was no change in LA function over
time.

Mean change in LVEF was the same in those taking and
those not taking renin-angiotensin-aldosterone blocking
agents.

The presence of new mid-wall fibrosis in a nonischemic
pattern was detected in only one patient at follow-up. There
were no changes in mean ECV between baseline and follow-
up (p =0.3).

3.4. Comparison of CMR Features, Plasma Biomarkers, and
Biochemistry at Baseline between Patients Who Experienced
Cardiovascular  Events and Those Who Remained
Asymptomatic. There were no differences in baseline hs-
c¢InT and NT-proBNP biomarker levels or clinical and
biochemical variables at baseline in participants who ex-
perienced MACE (angina, myocardial infarction, revascu-
larization, cerebrovascular accident, and cardiovascular
mortality) compared to those who did not (Table 4).
However, patients who experienced MACE during the
follow-up period had higher LV mass, LV mass indexed to
body surface area, and a higher LV mass-to-LV EDV ratio
indicating a greater concentric remodeling of the LV at
baseline compared to those remaining asymptomatic and
event free during the follow-up (Table 5).

3.5. Associations of the Change in Myocardial Function and
Baseline Variables. There were no associations between
changes in cardiac function and the baseline clinical
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FIGURE 2: Recruitment flowchart. Recruitment flowchart demonstrating recruitment and follow-up pathway for the participants (CMR-
cardiac magnetic resonance; COVID-19-coronavirus disease; MI-myocardial infarction).

variables. Although there were also no associations be-
tween laboratory variables of glucose management or NT-
proBNP, there was a significant correlation between the
change in LVEF and baseline plasma hs-cTnT (R =-0.44,
p =0.01). There was no such association for change in
RVEF.

4, Discussion

Despite the epidemiologically established link between
T2D and congestive cardiac failure [2], longitudinal car-
diac structural and functional changes in asymptomatic
patients with T2D who remain free of cardiovascular
events have not been explored before. In a cohort of
ethnically diverse, asymptomatic patients with T2D with
no history of prior cardiovascular disease, this study has
shown for the first time that T2D is associated with

clinically relevant adverse changes in biventricular func-
tion at follow-up after 6 years even in the absence of
cardiovascular events, cardiac ischemia, or other predis-
posing factors such as hypertension. The present data have
also shown that baseline glucose control seems to have no
effect, although plasma hs-cTnT does predict the magni-
tude of the subsequent change in LVEF. Finally, under-
scoring the prognostic relevance of changes in LV mass and
LV geometry in diabetes, this study has also shown higher
LV mass and greater LV concentric remodeling at baseline
in patients who experienced MACE during the follow-up
compared to those who remained asymptomatic and event
free. There were no other significant differences in clinical
or biochemical variables between the two groups, sug-
gesting that the adverse cardiovascular events in T2D are
not limited to patients with poor glycemic, BP, or weight
control.
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FIGURE 3: Major adverse cardiovascular event rates. The major adverse cardiovascular event rate (MI, angina, revascularization, CVA, and
death) during the 6-year follow-up period, including the patients with a silent MI, amounted to 25% in this study with an overall clinical

event rate of 35%.

TasLE 2: Clinical and biochemical characteristics of the participants who had baseline and year 6 follow-up CMR scans.

Variable Baseline (n=32) Follow-up (n=32) P value
Age, years 58+11 64+11 0.03*
BMI, kg/m* 28+4 27+4 0.1
Male, n (%) 29 (91) 29 (91) 1.0
Smoker, n (%) 1(3) 2(6) 0.6
Diabetes duration, years 51+1.2 109+1.3 0.0001*
Heart rate, bpm 72+13 68+12 0.3
Systolic blood pressure, mmHg 131+16 12916 0.7
Diastolic blood pressure, mmHg 73+10 74+7 0.4
Plasma fasting glucose, mmol/L 85+3.5 9.4+3.8 0.3
Glycated hemoglobin, mmol/mol 61+15 64+18 0.13
hs-cTnT, ng/ml 7.35+5.14 —

Total cholesterol, mmol/L 45+1.3 45+1.2 1.0
HDL, mmol/L 1.24+0.31 1.36 £ 0.38 0.2
LDL, mmol/L 2.86+£1.19 2.59+1.21 0.4
Medications 1 (%)

Metformin, n (%) 28 (88) 22 (69) 0.01*
Sulfonylurea, n (%) 12 (38) 13 (40) 0.3
Gliptin, n (%) 309 7 (22) 0.1
Thiazolidinediones, n (%) 0 2 (6) 0.1
SGLT?2 inhibitors, n (%) 0 4 (12) 0.03*
Aspirin, n (%) 7 (22) 9 (28) 0.1
Statin, 1 (%) 22 (69) 23 (72) 0.3
ACEIL n (%) 0 (0) 13 (40) 0.0001*
ARB, n (%) 0 (0) 3(9) 0.08

Values are mean + standard deviations or percentages. *signifies P <0.05. CMR-cardiovascular magnetic resonance imaging; n-numbers; BMI-body mass
index; kg-kilogram; m-meter; bpm-beats per minute; mmHg-millimeters of mercury; mmol-millimoles; L-liters; mol-moles; hs-cTnT-high-sensitivity cardiac
troponin-T; ng-nanograms; HDL-high-density lipoprotein; LDL-low-density lipoprotein; SGLT2-sodium glucose cotransporter 2; ACEI-angiotensin-

converting enzyme inhibitor; ARB-angiotensin receptor blocker.

4.1. Longitudinal Morphological Alterations in Type 2
Diabetes. Our results show that cardiac size and mass
decrease over time in patients with T2D, while biven-
tricular function deteriorates. In contrast to our findings
in patients with T2D, in healthy aging LVEF remains static
or increases over time as shown by multiple studies
[15-19].

In this study, in 30% of the patients on the year 6 CMR
scan, LVEF levels dropped below the normal range (<50%)
despite the asymptomatic status of these patients [20].
Supporting our findings, multiple studies showed that even
in asymptomatic individuals with T2D, there is a high
prevalence of LV systolic and diastolic dysfunction [10, 21].
The American Heart Association has classified
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TaBLE 3: CMR findings.
Variable Baseline (n=32) Follow-up (n=32) P value
LV end-diastolic volume (ml) 159 +29 145 +22 0.005*
LV end-diastolic volume index (ml/m?) 78 +12 73+10 0.02*
LV end-systolic volume (ml) 64+16 65+19 0.5
LV end-systolic volume index (ml/m?) 3147 3349 0.3
LV stroke volume (ml) 95 +20 80+ 14 0.001*
LV ejection fraction (%) 60+7 55+8 0.0001*
ALVEF (%) ~(5.66 +4.38)
LV mass (gm) 102+17 94+16 0.01*
LV mass index (gm/mz) 51+8 47+ 8 0.04*
LV mass to LV end-diastolic volume (gm/ml) 0.65+0.12 0.66 +0.14 0.8
Global longitudinal strain (%, negative) 13.06 +2.05 11.74+2.54 0.8
Peak diastolic circumferential strain rate (1/s) 0.98 +£0.28 1.04 £0.23 0.4
Peak diastolic longitudinal strain rate (1/s) 0.86 +0.19 0.69+0.17 0.1
RV end-diastolic volume (ml) 166 +33 142 +25 0.03*
RV end-diastolic volume index (ml/m?) 82+14 71+12 0.0001*
RV end-systolic volume (ml) 76+18 70+ 16 0.05*
RV end-systolic volume index (ml/m?) 37+8 35+8 0.1
RV stroke volume (ml) 91 +20 72+15 <0.0001*
RV ejection fraction (%) 55+5 51+7 0.003*
ARVEF (%) —(6.69 +4.15)
LA maximum volume (ml) 88+17 67 £21 0.0001*
LA ejection fraction (%) 58+6 56+9 0.4
Extracellular volume (%) 24.96 +3.02 24.10 +2.66 0.3

Values are meantstandard deviations or percentages. *signifies P <0.05. CMR-cardiac magnetic resonance imaging; n-numbers; LV-left ventricle; ml-
milliliters; m-meter; ALVEF-change in LV ejection fraction; gm-grams; s-seconds; RV-right ventricle; ARVEF-change in RV ejection fraction; LA-left atrium.
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FIGURE 4: Comparison of imaging parameters at baseline and follow-up. Comparison between the left ventricular end-diastolic volume
(LVEDV), right ventricular end-diastolic volume (RVEDV), left ventricular ejection fraction (LVEF), right ventricular ejection fraction
(RVEE), peak diastolic strain rate (PEDSR) circumferential and PEDSR longitudinal at baseline, and year 6 follow-up scans (line in red

indicates mean values for each variable).

TaBLE 4: Clinical and biochemical characteristics at baseline of the participants with and without MACE (angina, myocardial infarction,

revascularization, and cerebrovascular accident) at follow-up.

Variable No MACE (n=65) MACE (n=18) P value
Age, years 66+11 65+9 0.7
BMI (baseline), kg/m* 29+4 28+3 0.3
Male, % 55 (85) 17 (94) 0.2
Diabetes duration, years 9.9+4.6 10.6 £3.8 0.6
Smoker, n (%) 6 (10) 6 (33) 0.01*
Systolic blood pressure, mmHg 131+15 132+14 0.8
Diastolic blood pressure, mmHg 72+9 74+9 0.4
Glycated hemoglobin, mmol/mol 62+21 71£20 0.1
Troponin T, ng/L 7.6+5.8 7.0+3.6 0.7
NT-proBNP, pg/ml 72+129 39+42 0.3
Total cholesterol, mmol/L 43+1.1 46+1.3 0.3
LDL, mmol/L 2.6+0.9 2.7+1.6 0.7
Medications, 1 (%)

Metformin, n (%) 57 (88) 15 (83) 0.6
Sulfonylurea, n (%) 21 (32) 6 (33) 0.9
Gliptins, n (%) 7 (11) 4 (22) 0.2
Thiazolidinediones, n (%) 0 (0) 0 (0) —
SGLT?2 inhibitors, n (%) 0 (0) 0 (0) —
Aspirin, n (%) 15 (23) 3(17) 0.6
Statin, n (%) 47 (72) 13 (72) 0.9
ACE-L, n (%) 0 (0) 0 (0) —
ARB, n (%) 0 (0) 0 (0) —
Beta-blockers, n (%) 3 (4) 1(5) 0.9
Calcium channel blockers, n (%) 6 (8) 3(17) 0.4

Values are mean + standard deviations or percentages. *signifies P < 0.05. MACE-major adverse cardiovascular events; n-numbers; BMI-body mass index; kg-
kilograms; m-meters; mmHg-millimeters of mercury; mmol-millimoles, mol-moles; ng-nanograms; L-liters; NT-pro BNP-N-terminal prohormone B-type
natriuretic peptide; pg-picograms; ml-milliliters; LDL-low-density lipoprotein; SGLT2-sodium-glucose cotransporter 2; ACE-I-angiotensin-converting

enzyme inhibitor; ARB-angiotensin receptor blocker.

asymptomatic individuals with impaired cardiac function as
having stage B HF [22]. These patients remain at risk for
significant cardiovascular morbidity and mortality and ex-
perience a 5-fold increase in the risk of subsequent symp-
tomatic HF development [23]. As stage B HF is a precursor
to clinical HF, earlier identification of the cardiovascular
manifestations of stage B HF may permit earlier diagnosis
and treatment of patients at higher risk.

4.2. Relationship of Glycemic Control, Blood Pressure Control,
Body Weight Changes, and Longitudinal Cardiac Functional
Changes in Type 2 Diabetes. There were no changes in mean
HbAlc, systolic and diastolic BP, resting HR, or BMI at
follow-up. Moreover, we detected no relationship between
the baseline systolic or diastolic BP, HR, BMI, HBA1lc, and
glucose levels with the change in LVEF and RVEF over
time (ALVEF and ARVEF, respectively). This lack of
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TaBLE 5: CMR findings at baseline of the participants with and without MACE (angina, myocardial infarction, revascularization, and

cerebrovascular accident) at follow-up.

No MACE (n=65) MACE (n=18) P value
LV end-diastolic volume (ml) 146 + 35 147 +35 0.9
LV end-diastolic volume index (ml/m?) 73+15 72+ 14 0.8
LV end-systolic volume (ml) 59 +21 58 +22 0.9
LV end-systolic volume index (ml/m?) 29+9 28+9 0.9
LV stroke volume (ml) 87 +20 89+16 0.7
LV ejection fraction (%) 60+7 61+6 0.6
LV mass (gm) 102 +23 116 +25 0.02*
LV mass index (gm/mz) 51+9 57+10 0.01*
LV mass to LV end-diastolic volume (gm/ml) 0.72+0.13 0.79+0.15 0.05*
RV end-diastolic volume (ml) 151 £37 147 + 31 0.6
RV end-diastolic volume index (ml/m?) 76+ 17 72+ 14 0.3
RV end-systolic volume (ml) 68 +21 67 +17 0.8
RV end-systolic volume index (ml/m?) 34+10 33+7 0.7
RV stroke volume (ml) 83+19 80+19 0.5
RV ejection fraction (%) 55+5 54+7 0.5

Values are meant standard deviations or percentages. *signifies P <0.05. CMR-cardiovascular magnetic resonance; MACE-major adverse cardiovascular
events; LV-left ventricle; ml-milliliters, m-meter; gm-grams; RV-right ventricle.

association between glycemic control and cardiac func-
tional decline supports the notion that there are more
central mechanisms to HF pathophysiology in diabetes
than glycemic control. While a few studies demonstrated a
positive impact of metabolic control on ventricular
function [24, 25], most previous studies failed to dem-
onstrate any favorable changes in cardiac function despite
improvements in glycemic control [26, 27]. Interestingly,
we have not detected any significant changes in the di-
astolic function in this cohort despite the aging process.
This is likely to be a consequence of the normotensive
status of the cohort at baseline with no significant changes
in systolic or diastolic BP assessments over time despite
the aging process.

4.3. Relationship of Plasma Biomarkers (High-Sensitivity
Cardiac Troponin T and N Terminal Pro B-type Natriuretic
Peptide) and Longitudinal Cardiac Functional Changes in
Type 2 Diabetes. High-sensitivity cardiac troponin isoforms
are unique to the cardiac myocyte and are objective,
quantifiable, and sensitive biomarkers for detecting cardiac
injury [28]. They are predictors of cardiovascular morbidity
and mortality risk in population-based studies besides their
role as the cornerstone for the diagnosis of acute myo-
cardial infarction [29]. We show in this study for the first
time that there is a significant association between the
plasma hs-cTnT measured at baseline with change in LVEF
over time, highlighting a potentially important role for hs-
cTnT as a biomarker for assessing HF risk in patients with
T2D. A recent study has shown that lifestyle factors, such as
smoking, diet, and physical activity, are associated with
changes in high-sensitivity cardiac troponin levels, sug-
gesting that lifestyle modifications may be able to affect
changes in troponin and be beneficial in reducing mortality
risk. As an easily obtainable plasma biomarker, hs-cTnT
may be of great assistance in the incremental risk strati-
fication of patients with T2D into high-risk and low-risk
subgroups [28].

Our study does not suggest a similar role for NT-proBNP
in asymptomatic patients with T2D with no known car-
diovascular disease. A previous diabetic study did, however,
demonstrate an independent correlation of NT-proBNP
with the short-term prognosis of cardiovascular events [30].
The discrepancy between the two studies might have resulted
from the distinct populations investigated. While Huels-
mann et al. [30] have not excluded symptomatic patients,
patients with ischemic heart disease, AF, or other significant
cardiovascular diseases, in order to better characterize the
occult heart disease in diabetes we have excluded these
comorbidities and symptomatic patients.

4.4. Left Ventricular Geometry and Major Adverse Cardio-
vascular Events in Type 2 Diabetes. LV mass is a strong and
independent predictor of subsequent cardiovascular events,
including myocardial infarction, HF, and mortality [31].
While the precise underlying mechanism of LV hypertrophy
and concentric LV remodeling in the absence of significant
hypertension remains unclear, it has been suggested that
T2D induces LV mass enlargement through metabolic, and
not hemodynamic pathways [32]. Supporting this, a recent
study has shown that treatment with selective SGLT2 in-
hibitor empagliflozin was associated with significant re-
ductions in LV mass, which may account in part for the
beneficial cardiovascular outcomes of empagliflozin [33].

5. Study Limitations

The present data are in a modest number of patients,
recruited to a single study site. The study was not powered to
assess the potential association of the treatments and the
CMR findings with regression analysis. However, the lon-
gitudinal nature of the study allowed paired analysis of
images that, to minimize bias, were randomized in time and
by subject. Moreover, the image data of a random sample of
subjects were evaluated by two investigators to demonstrate
good inter- and intraobserver reproducibility.
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Another limitation is the small number of female par-
ticipants as only a smaller proportion agreed to return for a
second scan. While diabetes has been consistently found to
be a stronger risk factor for heart disease in women com-
pared to men [2], in this study we show that biventricular
reductions in systolic function occur over time even in a
predominantly male population.

6. Conclusions

Even in the absence of overt clinical CAD, significant
valvular disease, uncontrolled hypertension, or change in
BMI, T2D resulted in a significant reduction in cardiac
size and biventricular systolic function over time. Plasma
hs-cTnT measured at baseline was associated with the
magnitude of change in LV systolic function suggesting
that hs-cTnT could play a role in identifying patients with
T2D at higher risk for heart failure. Patients who expe-
rienced MACE during the follow-up exhibited higher LV
mass and greater LV concentric remodeling at baseline
compared to those who remained asymptomatic and event
free.
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corresponding author.
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Additional Points

Clinical Perspectives. Competency in Medical Knowledge:
in the absence of overt clinical coronary artery disease,
uncontrolled hypertension, change in BMI, or HbAlc, T2D
results in significant reductions in cardiac size and
biventricular systolic function over time. There is a sig-
nificant correlation of the change in cardiac function with
baseline plasma hs-cTnT. Plasma hs-cTnT could, therefore,
potentially serve as a screening tool to identify patients with
T2D at higher heart failure risk. Translational Outlook 1:
larger studies are needed to further delineate the rela-
tionship between plasma hs-cTnT with the risk of devel-
oping cardiac dysfunction in patients with T2D. As an
easily obtainable plasma biomarker, hs-cTnT may be of use
in the incremental risk stratification of patients with T2D
into high- and low-risk subgroups and to translate prog-
nostic projections into individualized management plans to
address the excess heart failure risk in diabetes. Transla-
tional Outlook 2: the data from this study suggest that
patients with T2D with higher LV mass and LV concentric
remodeling might be at a higher risk of MACE. Aggres-
sively targeting risk factors in patients with T2D with
higher LV mass and/or LV concentric remodeling might
lead to improved cardiovascular outcomes.
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Objectives. Cardiac amyloidosis (CA) and constrictive pericarditis (CP) are described as the differential diagnoses of restrictive
hemodynamic alterations of the heart. We aimed to explain cardiac magnetic resonance (CMR) imaging findings (especially
feature tracking (FT)) of CA and CP cases and compare them with healthy controls. Moreover, we evaluated the role of
biventricular FT parameters in differentiating CA from CP. Methods. Thirty-eight patients who underwent CMR between
February 2016 and January 2018 with the ultimate diagnosis of CA (19 patients) or CP (19 patients) were enrolled. We included
biopsy-proven light-chain amyloidosis patients. The data of 28 healthy controls were utilized for comparison. The patients were
followed up for 8-23 months to register mortality and their surveillance. All CMR morphological and functional data, including
FT parameters, were recorded and analyzed. Results. Of only 13/19 (68.4%) CA patients who had the follow-up data, 11/13 (84.6%)
died. One of The CP patients (5.3%) expired during the follow-up. Significant between-group differences were noted concerning
the biventricular ejection fraction as well as global longitudinal, circumferential, and radial strain values (Ps < 0.001). The left
ventricular (LV) global longitudinal strain (GLS) <10% was detected in 13/19 (68.4%) of the CA and 1/19 (5.3%) of CP cases
(P <0.001). A significant difference between the mean value of the LVGLS and LV global circumferential strain (GCS) of the basal
LV level compared to the mid and apical levels was observed (Ps < 0.001) in the CA patients. The differences between the mean
LVGLS and the GCS measures of the mid and apical LV levels were not significant (P = 1 and P = 0.06, respectively). Conclusions.
In our study, CA and CP severely disrupted ventricular strains. Biventricular GLS was meaningfully lower in the CA subjects.
Therefore, strain analysis, especially in the longitudinal direction, could be helpful to differentiate CA from CP.

1. Introduction

Cardiomyopathies, which are commonly classified based on
structural and hemodynamic criteria, are subdivided into
dilated, hypertrophic, restrictive (RCM), arrhythmogenic,
infiltrative, and ischemic types [1]. RCM is an uncommon
type of cardiomyopathy resulting in myocardial stiffness and
impaired ventricular filling [2]. Its pathophysiologic basis
may be hereditary, acquired, or a combination of both.

One of the chief causes of RCM is cardiac amyloidosis
(CA). Amyloidosis is a multisystem disorder in which an
unstable and misfolded protein (amyloid) aggregates in dif-
ferent organs [1]. The 2 main types of amyloidosis that affect
the heart are light-chain and transthyretin amyloidosis. Am-
yloid infiltration of the heart results in the thickening of the
myocardium and diastolic dysfunction, which ultimately leads
to heart failure. The prognosis is largely determined by the
occurrence and extent of myocardial involvement [3-6].
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A traditional well-known differential diagnosis for CA is
constrictive pericarditis (CP). Cardiac surgeries and in-
flammatory/infectious processes are among the most
common causes of CP. Both CA and CP present insidiously
and have many imaging features in common [7]. The dis-
tinction between these 2 conditions is critical because CP is a
curable disease with cardiac surgery, whereas the therapeutic
options for CA are more challenging [8].

Cardiac magnetic resonance (CMR) imaging can assist
in the differentiation of CA from CP [2, 8]. Utilizing its
tissue-characterization capability consisting of late gadoli-
nium enhancement (LGE) study, CMR may play a funda-
mental role in the diagnosis and treatment guidance in CA.
Moreover, it can limit the use of endomyocardial biopsy [9].
The tissue-characterization property of the CMR is helpful in
the diagnosis of CP by demonstrating the thickening, edema,
and enhancement of the pericardium. The conflict occurs in
CP cases without the typical morphological imaging findings
which hemodynamically mimic CA [10-12].

Recently developed CMR methods, consisting of map-
ping techniques and feature tracking (FT), contribute to the
diagnosis of variable cardiomyopathies. Noncontrast T1
mapping is a highly accurate tool for the detection of the CA
(especially AL subtype) with even more sensitivity com-
paring with the LGE images. Increased myocardial T1 value
may be an indicator of amyloid deposition [13].

FT-CMR method has diagnostic potential in many
cardiac disorders such as the different types of cardiomy-
opathies. This technique is contrast-free and is valuable in
patients with the limitation in the administration of the
gadolinium-based agents [14-18].

Speckle-tracking echocardiographic studies have dem-
onstrated that strain values help differentiate between CA
and CP. Patients with CP have markedly abnormal cir-
cumferential deformation with relative sparing of longitu-
dinal strains, whereas CA is associated with abnormal
longitudinal mechanics [8]. FT-CMR is a postprocessing
technique that is widely used to assess global and regional
myocardial function; however, there are scarce data on the
role of FT-CMR in differentiating CP from CA [19].

In this study, we investigated CMR characteristics in 2
groups of CA and CP patients. We also compared the 2
groups with healthy controls. Ultimately, we determined FT-
CMR capability in differentiating these 2 disorders.

2. Methods

2.1. Study Population. This retrospective study enrolled all
patients who were referred to the imaging department of
Rajaie Cardiovascular Medical and Research Center for
CMR between February 2016 and January 2018 who were
ultimately diagnosed with CA or CP. Nineteen patients with
CA and 19 cases of CP were included. Moreover, the CMR
data of 28 healthy controls with no signs or symptoms of a
cardiac disease without any cardiovascular risk factors were
utilized for comparison. Written informed consent was
obtained from all the participants and in the case of death
from their families. The study was approved by the Ethics
Committee of Iran University of Medical Sciences.
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All the CA patients had highly suspicious clinical and
echocardiographic findings in addition to histologically
proven (positive Congo red staining of endomyocardial,
abdominal fat, renal, rectal, or bone marrow biopsies)
amyloid light-chain amyloidosis. Moreover, CMR findings
were characteristics of CA [20]. All our CP patients had
typical imaging findings of the disease and underwent
pericardiectomy during the follow-up, which confirmed the
diagnosis.

All patients suffering from significant arrhythmia, un-
desirable CMR image quality, or inappropriate cine images
for FT analysis were excluded. The follow-up continued for
8-23 months.

2.2. Cardiac Magnetic Resonance Imaging Protocol. A 1.5T
MRI machine (MAGNETOM Avanto, Siemens Healthcare,
Erlangen, Germany) utilizing a vendor-supplied body sur-
face coil was used to perform CMR studies. After axial,
coronal, and sagittal localizer images were obtained, 2-, 3-,
and 4-chamber, as well as short-axis cine steady-state free
precession (SSFP) images, were acquired (slice thick-
ness=8mm, field of view=300mm, no interslice gap;
repetition time/echo time = 3-4/1.2 ms, imaging
matrix =156 x 192, voxel size=1.9x1.6x7mm, and “re-
ported” repetition time (TR)=31.5ms) (Figure 1). Axial,
coronal, and sagittal T1-weighted images were taken for all
the CP patients to assess the pericardial thickness. The LGE
sequence was obtained 10-15 minutes after the injection of
0.15 mmol/kg of Dotarem (gadoterate meglumine, Guerbet,
Roissy CdG, France) in the same views as the functional
images. LGE images were acquired using 2D phase-sensitive
inversion recovery (PSIR) Turbo FLASH sequences (slice
thickness =8 mm, TR =700 ms, time to echo (TE) = 5.4 ms,
and flip angle =25°).

The TI scout sequence was taken at the mid-ventricular
level in the short-axis plane (slice thickness=8mm,
TR=20ms, TE =1.2 ms, flip angle =50, and produced with
20 ms increments from 85 to 805 ms). The inversion time
applied for the LGE image was the time to the complete
nulling of the myocardial signal at the TI scout sequence.
LGE sequences were performed 10 minutes after TT scout
image.

2.3. Image Interpretation

2.3.1. Blood Pool/Myocardial Nulling. On the TI scout se-
quence, the normal order of nulling is as follows: first, the
contrast containing blood pool nulls, followed by the
myocardium and the spleen. The nulling pattern was con-
sidered abnormal whenever the mentioned order was de-
ranged [21].

2.3.2. LGE Assessment. The LGE pattern was divided into no
enhancement, subendocardial, and transmural based on the
visually assessed enhancement characteristics of our CA
patients (Figure 2).
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FiGURE 1: TheCMR feature tracking method for the analysis of myocardial strain. (a—d) Four-, two-, and three-chamber as well as short-axis
cine functional images with defined endocardial and epicardial borders for strain analysis by feature-tracking cardiac magnetic resonance
method. (e) Bull’s eye plot depicts peak segmental longitudinal, circumferential, and radial strain values.

2.3.3. Myocardial Deformation Analysis. The strain values
were calculated utilizing the cvi42 (Circle Cardiovascular
Imaging, Calgary, Alberta, Canada) version 5.6.2 (634). The
endocardial and epicardial borders of both ventricles were
delineated manually at the end-diastolic frame in 2-, 3-, 4-
chamber views and all short-axis stacks for the left ventricle
(LV) as well as 4-chamber and short-axis images for the right
ventricle (RV). Three-dimensional LV and 2D RV strain
values were extracted after the propagation of the contours
during the entire cardiac cycle. For both ventricles, the
absolute values of the global longitudinal strain (GLS), the
global circumferential strain (GCS), and the global radial
strain (GRS) were assessed. Furthermore, in CA patients,
GLS was evaluated in the LV basal, mid, and apical levels
(Figure 3). All the patients were stable hemodynamically
with euvolemic status during the CMR examination.

2.3.4. Other Assessments. Left and right atrial (LA and RA)
areas, the LV mass index, and the interatrial septal thickness
were measured in the 4-chamber view at the end of cardiac
systole. The presence of any pericardial or pleural effusion, as
well as ascites, was registered. The measurements were done by
an expert cardiologist with 5.5 years of experience in the field of
cardiac imaging, who was blinded to the study subjects’ data.

2.4. Follow-Up. All the patients were followed up by medical
file reviewing and telephone interviews for 8-23 months to
assess the mortality rate. The cardiovascular events were

collected by an independent cardiologist blinded to the
patient’s data and FT values.

2.5. Statistical Analysis. The analyses were performed uti-
lizing SPSS software, version 22.00. Normally distributed
continuous variables were described as the mean + the
standard deviation (SD), while categorical variables were
expressed as frequencies and percentages. The Kolmogor-
ov-Smirnov test was utilized for the evaluation of the
normality of the distribution of the numerical variables. The
x* test was applied to compare the ratio of the patients with
LVGLS <10% in the CA and CP groups. For the comparison
of the variables between our 3 study groups, the ANOV A test
was employed. To modulate the effect of age between
nonmatched groups, the analysis of covariance (ANCOVA)
test was applied. Then, the post hoc Bonferroni test was
utilized to reveal between-group differences. Moreover, a 2-
independent sample f-test was applied for the intergroup
comparisons of quantitative variables. A repeated-measures
ANOVA test was performed to evaluate the differences
between 3D LV strains at basal, mid, and apical levels in the
CA subjects. A cutoft value of 0.05 was considered for the P
value to mention statistically significant results.

3. Results

The study population consisted of 66 subjects: 19 patients
with CA (68.4% male, mean age =57 + 10y), 19 cases with
CP (73.7% male, mean age=51+17.5y), and 28 healthy
controls (50% male, mean age=31x4y). Table 1
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FIGURe 2: CMR findings in a patient with CA and CP. (a) Four-chamber cine function shows LV hypertrophy and thickened IAS in a CA
patient. (b) Short-axis LGE depicts transmural LV and RV GD enhancement in CA. (c) Four-chamber cine function shows pericardial
thickening (yellow arrow) in a CP patient. (d) LGE image in four-chamber view shows significant localized pericardial thickening and
calcification (yellow arrow). (e, f) Localizer and LGE images of a 49-year-old woman with a history of shortness of breath and palpitations
from three months ago. The patient had restrictive physiology on echocardiography. For further evaluation, CMR was performed, which
showed restrictive physiology with normal pericardial thickness (arrow), and notably, a moderate reduction in the strain values (GLS:
—14.01%), which was more in favor of CP. Hemodynamic finding in invasive angiography was an indicator of constriction. Finally, CP with

normal pericardial thickness was confirmed during surgery.

demonstrates the demographic and CMR values of the
study population.

The LV myocardial fibrosis pattern was predominantly
transmural in 15/19 (78.9%), predominantly subendocardial
in 2/19 (10.5%), and mixed transmural and subendocardial
in 2/19 (10.5%) of the CA group.

Only 13/19 (68.4%) CA patients had the follow-up. The
mortality rate was 11/13 (84.6%). One of the CP patients
(5.3%) died during the follow-up.

Significant differences were found in the mean values of
the interatrial septal thickness, the LV mass index, and the
biatrial areas between the CA and the healthy controls (all
Ps<0.001).

The one-way ANOVA and ANCOVA tests revealed
significant differences between our 3 study groups con-
cerning the LV ejection fraction (EF) (F [2, 63] =42.75,
P<0.001), EF (F [2, 63] =26.24, P<0.001), LVGLS (F [2,
63]=105.52, P<0.001), LVGCS (F [2, 63]=42.06,
P<0.001), LVGRS (F [2, 63] =30.76, P < 0.001), RVGLS (F
[2,63] =16.49, P<0.001), RVGCS (F [2, 63]=63.96,
P <0.001), and RVGRS (F [2,63] =46.99, P <0.001).

The results of the post hoc Bonferroni test to reveal
between-group differences are demonstrated in Table 2.

LVGLS <10% was detected in 13/19 (68.4%) of the CA
group and 1/19 (5.3%) of the CP group. The difference
between these groups considering LVGLS <10% was sig-
nificant (P < 0.001).

A significant difference in the mean value of the LVGLS
of the basal LV level compared with mid and apical levels
was detected (mean differences=-7.54 and -7.11;
Ps<0.001) in the CA population. The differences between
the mean LVGLS measures of the mid and apical LV levels
were not significant (mean difference=0.42; P = 1.00).
Similarly, the LVGCS value at the basal ventricular level was
significantly lower than that at the mid and apical levels. The
mean differences were -5.56 and -3.98, respectively
(Ps <0.001). The difference between the mean GCS value of
the mid and apical LV levels was not meaningful (mean
difference =1.57; P = 0.06). The comparison of the mean
GRS value between the 3 LV levels demonstrated a signif-
icant difference between the radial strain measures of the
apical and basal as well as mid-ventricular levels (mean
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TaBLE 1: Demographic and CMR parameters of the study population.

Variable Age (mean + SD) Gender (male) %

CA 57 +10 68.4%

CP 51+17 73.7%

Control 32+4 50%

Study group CA CP Control
Frequency (n) 19 19 28
CMR parameter Mean + SD Mean + SD Mean + SD
LVGLS% 8+3 13+2.7 18+1.4
LVGCS% 10.5+3.79 15+3.2 18.7£2.18
LVGRS% 17.5+8.89 31+12.3 40+7.8
RVGLS% 14.6 +5.70 19.4+5.90 23.6+4.48
RVGCS% 9.9+2.92 9.2+4.00 17.7+1.79
RVGRS% 16 +5.3 14.2 +5.96 31.1+7.75
LVEF% 38+11.9 52.5+6.63 58 +2.7
LVEDVI (ml) 82.5+33.99 64.3+17.76 79.9+2.94
LVESVI (ml) 52.6+32.94 29.9+6.64 34.5+2.82
RVEF% 39+12.0 47+7.8 56+2.2
RVEDVI (ml) 70.9 +£25.40 71.2 £20.08 63.6 +3.00
RVESVI (ml) 43.3+18.25 36.8+12.27 28.8+2.29
IAS thickness 5.8+1.53 1.4+£0.2 1.4+0.19
LV mass index 92.8 +£25.81 57+10.2 549 +8.57
LA area (cm?) 27.4+7.24 24+3.4 18+ 1.7
RA area (cm?) 253+4.10 18423 16.8+ 1.60

CA: cardiac amyloidosis, CP: constrictive pericarditis, LV: left ventricle, RV: right ventricle, EF: ejection fraction, GLS: global longitudinal strain, GCS: global
circumferential strain, GRS: global radial strain, CI: confidence interval, EDVI: end-diastolic volume index, ESVI: end-systolic volume index, IAS: interatrial
septum, LA: left atrium, and RA: right atrium.
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TaBLE 2: The results of the post hoc Bonferroni test.

Dependent variables Group 1 Group 2 Mean difference (95% CI) P value
Normal CA 20.01 (14.64-25.38) <0.001
LVEF Normal CP 5.70 (0.34-11.07) 0.03
CP CA 14.30 (20.16-8.45) <0.001
Normal CA 16.46 (10.84-22.08) <0.001
RVEF Normal CP 8.20 (2.58-13.82) 0.002
CP CA 8.26 (2.13-14.39) 0.005
Normal CA 10.00 (8.30-11.71) <0.001
LVGLS Normal CP 5.05 (3.35-6.76) <0.001
CP CA 4.95 (3.09-6.81) <0.001
Normal CA 8.19 (6.00-10.39) <0.001
LVGCS Normal CP 3.44 (1.25-5.64) 0.001
CP CA 4.75 (2.35-7.15) <0.001
Normal CA 22.28 (15.30-29.28) <0.001
LVGRS Normal CP 9.24 (2.26-16.25) 0.005
CP CA 13.04 (5.41-20.67) <0.001
Normal CA 8.98 (5.13-12.84) <0.001
RVGLS Normal CP 4.22 (0.37-8.08) 0.02
CP CA 4.76 (0.55-8.97) 0.02
Normal CA 7.80 (5.69-9.92) <0.001
RVGCS Normal CP 8.46 (6.35-10.58) <0.001
CP CA —0.65 (=2.97-1.65) 1.00
Normal CA 15.09 (10.25-19.95) <0.001
RVGRS Normal CP 16.83 (11.98-21.69) <0.001
CP CA -1.73 (-7.03-3.56) 1.00

CA: cardiac amyloidosis, CP: constrictive pericarditis, LV: left ventricle, RV: right ventricle, EF: ejection fraction, GLS: global longitudinal strain, GCS: global

circumferential strain, GRS: global radial strain, and CI: confidence interval.

differences = 18.87 and 17.47; Ps < 0.001). The difference in
the mean GRS value between the basal and mid-LV levels
was not significant (mean difference =-1.40; P = 0.14).

4, Discussion

The 2 traditionally mentioned together differential diagnoses
with restrictive cardiac hemodynamic manifestations are CA
and CP. Several clinical and imaging criteria have been
described for the precise diagnosis and differentiation of
these conditions [7, 8]. In the present investigation, we
compared CMR features between 3 groups: CA, CP, and
healthy controls. The main findings of our study were as
follows:

(1) All biventricular strain values were severely impaired
in the CA and CP groups compared with the healthy
controls.

(2) The incidence of LVGLS <10% in the CA group was
significantly higher than that of the CP group.

(3) Compared with the patients with CP, LV strains were
significantly reduced in the CA group. Among the
RV strains, only RVGLS was meaningfully different
between the 2 categories of patients.

(4) In the CA group, LVGLS and GCS were significantly
decreased at the basal level by comparison with the
mid and apical parts. Moreover, LVGRS was di-
minished at both basal and mid-ventricular levels
compared with the apex.

(5) In our research, with a mean follow-up of 15.5
months, the mortality rate was 84.6% in the subjects
with CA and 5.3% in those with CP.

Distinguishing between CA and CP is a challenging but
vital process that affects patient survival [8]. The therapeutic
options are revolutionized for CA, especially if diagnosed
early. Moreover, CP is a curable disease by pericardiectomy,
and the sooner the diagnosis of CA and CP is established, the
better the outcome is [7, 22-24].

Detecting and classifying myocardial dysfunction in
patients with CA before obvious clinical symptoms of heart
failure are needed to find CA patients who benefit from
autologous stem cell transplantation and high-dose che-
motherapy to improve prognosis [7, 8, 22, 25, 26]. Strain
analysis can successfully detect subtle functional impair-
ments associated with several diseases such as CA and CP. In
addition to conventional diagnostic methods, the ventricular
strain measurement may be a beneficial diagnostic aid in
differentiating between these 2 conditions (Figures 2(e) and
2(f)).

We analyzed myocardial FT parameters in 3 groups of
patients: CA, CP, and healthy controls. Compared with the
healthy control group, biventricular strain values, com-
prising GLS, GCS, and GRS, were severely impaired in both
CA and CP groups.

Bhatti et al. showed that LVGLS was affected earlier than
radial and circumferential strain in 46 patients with multiple
myeloma with suspected CA [27]. They included a subgroup
of patients with multiple myeloma who still had normal LV
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wall thickness with biopsy-proven CA, indicating early
stages of the disease, while we examined patients with rel-
atively advanced CA and apparent cardiac involvement in
our CMR study. It seems that in the advanced stages of CA,
all ventricular strains are severely reduced. We suppose that
further studies on groups of amyloidosis patients concerning
cardiac involvement severity may be of great interest.

The main finding of our study was that all global LV
strain values demonstrated a meaningful decline in the CA
group by in comparison with the CP group. Previous studies
have revealed abnormal circumferential deformation, tor-
sion, and untwisting velocity in CP accompanied by pre-
served GLS [28, 29]. We found that 68% (13/19) of the
subjects with CA had LVGLS <10%, while only 5% (1/19) of
the cases with CP showed the stated finding (P <0.001).
Therefore, it is logical to consider LVGLS as a powerful
marker for differentiating between these disease classes. A
previous study demonstrated that abnormal LV deformation
was related to coronary microvascular dysfunction, which
has a more prominent impact on the longitudinal function
of the heart. Additionally, there is a link between impaired
GLS and worse outcomes in patients with amyloid light
chain and thus may help to predict prognosis in CA patients
[22].

In our investigation, RVGCS and RVGRS impairment
was similar between the CA and CP groups, while RVGLS
was significantly lower in the CA patients compared with
the CP subjects. In other words, only RVGLS had a sig-
nificant difference in the CA group by comparison with
the CP group. In CA patients, RV involvement happens in
more advanced stages of the disease. Similar to our results,
in another study, impaired RV-free wall longitudinal
strain in patients with CA was reported [30]. We pos-
tulated that CP patients might have preserved RVGLS
compared with CA cases and that it could be utilized as a
CMR marker. Nonetheless, more research is needed in
this regard.

We also demonstrated LV apical sparing in strain values
in the subgroup of patients with CA. In previous investi-
gations, similar to our current work, the pattern of LV apical
sparing in strain values was also observed in cases with CA.
The preservation of LV apical longitudinal strain in CA may
be related to low amyloid deposition in this region compared
with the base, and it is a sensitive and specific marker in CA
patients [29]. Interestingly, Moiivas Palomero et al. de-
scribed an apical sparing pattern in the RV as previously
described in the LV [30]. Singh et al. mentioned that the
accuracy of apical sparing in strain values for the diagnosis of
amyloid light chain was reduced in patients with chronic
kidney disease [31].

In our investigation, as in previous works, the prog-
nosis of patients with CA was much worse than that of
patients with CP. Approximately, 85% of our cases with
CA died within an average of 15.5 months, indicating the
importance of the early diagnosis of these patients. On the
other hand, the early diagnosis of patients with CP is of
utmost importance because, with timely surgical inter-

vention, most patients survive and return to routine daily
life.

4.1. Limitations. The major limitation of our study was its
relatively small sample size within each group of CP and CA,
precluding the extraction of a cutoff for strain values to
differentiate between these categories of disease. Novel
parametric mapping was not included in our study, and
planning research with the inclusion of mapping techniques
is helpful. Designing studies in the early stages of the disease
is essential. Moreover, evaluation of the inter and intra-
observer variability was not part of our study.

5. Conclusion

FT-CMR is a novel noninvasive method to detect insidious
myocardial disorders. In the present study, cardiac defor-
mation parameters were declined significantly in both
groups of CA and CP compared with healthy controls.
Biventricular GLS was meaningfully reduced in CA subjects.
Strain analysis, especially in the longitudinal direction, is an
auxiliary finding to differentiate CA from CP subjects.

Data Availability

The datasets generated during the current research are
available from the corresponding author on reasonable
request.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Authors’ Contributions

Dr. MF collected the data. Dr. FT, YT, MHK, and Dr. LH
prepared the primary draft. Dr. HB contributed in data
analysis. Dr. NR and Dr. SA participated in data gathering as
well as writing the paper.

References

[1] W.J. McKenna, B. J. Maron, and G. Thiene, “Classification,
epidemiology, and global burden of cardiomyopathies,”
Circulation Research, vol. 121, no. 7, pp. 722-730, 2017.

[2] G. Habib, C. Bucciarelli-Ducci, A. L. P. Caforio et al.,

“Multimodality imaging in restrictive cardiomyopathies: an

EACVI expert consensus document in collaboration with the

“working group on myocardial and pericardial diseases” of the

European society of cardiology endorsed by the Indian

academy of echocardiography,” European Heart Journal-

Cardiovascular Imaging, vol. 18, no. 10, pp. 1090-1121, 2017.

D. Eisenberg and M. Jucker, “The amyloid state of proteins in

human diseases,” Cell, vol. 148, no. 6, pp. 1188-1203, 2012.

M. Skinner, J. J. Anderson, R. Simms et al., “Treatment of 100

patients with primary amyloidosis: a randomized trial of

melphalan, prednisone, and colchicine versus colchicine

only,” The American Journal of Medicine, vol. 100, no. 3,

pp. 290-298, 1996.

[5] R. H. Falk, R. L. Comenzo, and M. Skinner, “The systemic

amyloidoses,” New England Journal of Medicine, vol. 337,

no. 13, pp. 898-909, 1997.

C. Rapezzi, G. Merlini, C. C. Quarta et al., “Systemic cardiac

amyloidoses,” Circulation, vol. 120, no. 13, pp. 1203-1212,

2009.

[3

[4

[6



(7]

(8]

(9]

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

M. J. Garcia, “Constrictive pericarditis versus restrictive
cardiomyopathy?” Journal of the American College of Car-
diology, vol. 67, no. 17, pp. 2061-2076, 2016.

J. B. Geske, N. S. Anavekar, R. A. Nishimura, J. K. Oh, and
B. J. Gersh, “Differentiation of constriction and restriction,”
Journal of the American College of Cardiology, vol. 68, no. 21,
pp. 2329-2347, 2016.

N. Galea, G. Polizzi, M. Gatti, G. Cundari, M. Figuera, and
R. Faletti, “Cardiovascular magnetic resonance (CMR) in
restrictive cardiomyopathies,” La Radiologia Medica, vol. 127,
pp. 1-15, 2020.

J. M. Czum, A. M. Silas, and M. C. Althoen, “Evaluation of the
pericardium with CT and MR,” International Scholarly Re-
search Notices, vol. 2014, Article ID 174908, 2014.

C. C. Quarta, S. D. Solomon, I. Uraizee et al., “Left ventricular
structure and function in transthyretin-related versus light-
chain cardiac amyloidosis,” Circulation, vol. 129, no. 18,
pp. 1840-1849, 2014.

M. Fontana, S. Pica, P. Reant et al., “Prognostic value of late
gadolinium enhancement cardiovascular magnetic resonance
in cardiac amyloidosis,” Circulation, vol. 132, no. 16,
pp. 1570-1579, 2015.

T. D. Karamitsos, S. K. Piechnik, S. M. Banypersad et al.,
“Noncontrast T1 mapping for the diagnosis of cardiac am-
yloidosis,” Journal of the American College of Cardiology:
Cardiovascular Imaging, vol. 6, no. 4, pp. 488-497, 2013.

F. Jafari, A. M. Safaei, L. Hosseini et al., “The role of cardiac
magnetic resonance imaging in the detection and monitoring
of cardiotoxicity in patients with breast cancer after treatment:
a comprehensive review,” Heart Failure Reviews, vol. 26, no. 3,
pp. 679-697, 2021.

M. Sharifian, N. Rezaeian, S. Asadian et al., “Efficacy of novel
noncontrast cardiac magnetic resonance methods in indi-
cating fibrosis in hypertrophic cardiomyopathy,” Cardiology
Research and Practice, vol. 2021, Article ID 9931136, 2021.
A. M. Safaei, T. M. Kamangar, S. Asadian et al., “Detection of
the early cardiotoxic effects of doxorubicin-containing che-
motherapy regimens in patients with breast cancer through
novel cardiac magnetic resonance imaging: a short-term
follow-up,” Journal of Clinical Imaging Science, vol. 11, no. 33,
2021.

N. Rezaeian, M. A. Mohtasham, A. J. Khaleel, N. Parnianfard,
K. Kasani, and R. Golshan, “Comparison of global strain
values of myocardium in beta-thalassemia major patients with
iron load using specific feature tracking in cardiac magnetic
resonance imaging,” The International Journal of Cardio-
vascular Imaging, vol. 36, no. 7, pp. 1343-1349, 2020.

S. Asadian, N. Rezaeian, L. Hosseini, Y. Toloueitabar,
M. M. H. Komasi, and L. Shayan, “How does iron deposition
modify the myocardium? a feature-tracking cardiac magnetic
resonance study,” The International Journal of Cardiovascular
Imaging, pp. 1-9, 2021.

Z. U. Rahman, P. Sethi, G. Murtaza et al., “Feature tracking
cardiac magnetic resonance imaging: a review of a novel non-
invasive cardiac imaging technique,” World Journal of Car-
diology, vol. 9, no. 4, p. 312, 2017.

M. A. Gertz, R. Comenzo, R. H. Falk et al., “Definition of
organ involvement and treatment response in immuno-
globulin light chain amyloidosis (AL): a consensus opinion
from the 10" international symposium on amyloid and
amyloidosis,” American Journal of Hematology, vol. 79, no. 4,
pp. 319-328, 2005.

T. Pandey, K. Jambhekar, R. Shaikh, S. Lensing, and
S. Viswamitra, “Utility of the inversion scout sequence (TI

(22]

(23]

(24]

(25]

[26]

[27

(28]

(29]

(30]

(31]

Cardiology Research and Practice

scout) in diagnosing myocardial amyloid infiltration,” The
International Journal of Cardiovascular Imaging, vol. 29, no. 1,
pp. 103-112, 2013.

R. Li, Z.-G. Yang, H.-Y. Xu et al., “Myocardial deformation in
cardiac amyloid light-chain amyloidosis: assessed with 3T
cardiovascular magnetic resonance feature tracking,” Scien-
tific Reports, vol. 7, no. 1, pp. 1-9, 2017.

C. Lei, X. Zhu, D. H. Hsi et al,, “Predictors of cardiac in-
volvement and survival in patients with primary systemic
light-chain amyloidosis: roles of the clinical, chemical, and 3-
D speckle tracking echocardiography parameters,” BMC
Cardiovascular Disorders, vol. 21, no. 1, pp. 43-11, 2021.

A. V. Macedo, P. V. Schwartzmann, B. M. De Gusmaio,
M. D. De Melo, and O. R. Coelho-Filho, “Advances in the
treatment of cardiac amyloidosis,” Current Treatment Options
in Oncology, vol. 21, no. 5, pp. 1-8, 2020.

M. Bergman, J. Vitrai, and H. Salman, “Constrictive peri-
carditis: a reminder of a not so rare disease,” European Journal
of Internal Medicine, vol. 17, no. 7, pp. 457-464, 2006.

J. Ternacle, D. Bodez, A. Guellich et al., “Causes and con-
sequences of longitudinal LV dysfunction assessed by 2D
strain echocardiography in cardiac amyloidosis,” Journal of
the American College of Cardiology: Cardiovascular Imaging,
vol. 9, no. 2, pp. 126-138, 2016.

S. Bhatti, S. Vallurupalli, S. Ambach, A. Z. Magier, A. Hakeem,
and W. Mazur, “Determination of strain pattern in patients
with cardiac amyloidosis secondary to multiple myeloma: a
feature tracking study,” Journal of Cardiovascular Magnetic
Resonance, vol. 18, no. 1, pp. 1-2, 2016.

P. P. Sengupta, V. K. Krishnamoorthy, W. P. Abhayaratna
et al., “Disparate patterns of left ventricular mechanics dif-
ferentiate constrictive pericarditis from restrictive cardio-
myopathy,” Journal of the American College of Cardiology:
Cardiovascular imaging, vol. 1, no. 1, pp. 29-38, 2008.

J. Gil, L. Abreu, H. Antunes et al., “Apical sparing of lon-
gitudinal strain in speckle-tracking echocardiography,”
Netherlands Heart Journal, vol. 26, no. 12, p. 635, 2018.

V. Monivas Palomero, A. Durante-Lopez, M. T. Sanabria
et al., “Role of right ventricular strain measured by two-di-
mensional echocardiography in the diagnosis of cardiac
amyloidosis,” Journal of the American Society of Echocardi-
ography, vol. 32, no. 7, pp. 845-853, 2019.

V. Singh, P. Soman, and S. Malhotra, “Reduced diagnostic
accuracy of apical-sparing strain abnormality for cardiac
amyloidosis in patients with chronic kidney disease,” Journal
of the American Society of Echocardiography, vol. 33, no. 7,
pp. 913-916, 2020.



Hindawi

Cardiology Research and Practice

Volume 2021, Article ID 9927533, 11 pages
https://doi.org/10.1155/2021/9927533

Review Article

Hindawi

The Role of SGLT2 Inhibitors in Heart Failure: A Systematic

Review and Meta-Analysis

Vasiliki Tsampasian (,' Ranu Baral (,' Rahul Chattopadhyay (,>* Maciej Debski ©,"
Shruti S Joshi(®,* Johannes Reinhold (,"”> Marc R Dweck ®),* Pankaj Garg 13

and Vassilios S Vassiliou®'?

'Department of Cardiology, Norfolk and Norwich University Hospitals, Norwich, UK

Department of Cardiology, Cambridge University Hospitals, Cambridge, UK

3Norwich Medical School, University of East Anglia, Norwich, UK

*University of Edinburgh/British Heart Foundation Centre for Cardiovascular Science, Edinburgh, UK

Correspondence should be addressed to Vasiliki Tsampasian; tsampasian@doctors.org.uk and Vassilios S Vassiliou; v.vassiliou@

uea.ac.uk

Received 15 March 2021; Accepted 13 August 2021; Published 20 August 2021

Academic Editor: Andrea Rossi

Copyright © 2021 Vasiliki Tsampasian et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

Aims. Recent randomised controlled trials (RCTs) have shown a significant prognostic benefit of sodium-glucose cotransporter 2
(SGLT?2) inhibitors in the cardiovascular (CV) profile of patients with diabetes. This systematic review and meta-analysis aim to
provide a concise evaluation of all the available evidence for the use of these agents in patients with heart failure (HF) regardless of
their baseline diabetes status. Methods and Results. PubMed, Web of Science, and Cochrane library databases were systematically
searched from inception until November 20™ 2020. Eight studies consisting of 13,275 patients were included in the meta-analysis.
For the total population, SGLT2 inhibitors reduced the risk of all-cause mortality (HR: 0.83; 95% CI: 0.75-0.91; s 0%), hos-
pitalisation for HF (HR: 0.68; 95% CI: 0.61-0.75; I*: 0%), CV death (HR: 0.82; 95% CI: 0.74-0.92; I*: 0%), and hospitalisation for
HF or CV death (HR: 0.72; 95% CI: 0.66-0.78; I’ 0%). Subgroup analyses of the total population according to the diabetes status
showed that SGLT2 inhibitors significantly reduced the risk of hospitalisation for HF (HR: 0.68; 95% CI: 0.61, 0.75; e 0%), as well
as the risk of hospitalisation for HF or CV death (HR: 0.72; 95% CI: 0.66, 078; I?: 0%) and CV death (HR: 0.82; 95% CI: 0.74, 0.91;
I%: 0%). Conclusions. The results of this meta-analysis confirm the growing evidence in the literature of the favourable profile of
SGLT2 inhibitors in cardiovascular outcomes and mortality in patients with heart failure regardless of the baseline diabetes status.
This systematic review has been registered with PROSPERO (CRD42021224777).

1. Introduction

Over the recent years, large randomised controlled trials have
demonstrated that sodium-glucose cotransporter 2 (SGLT2)
inhibitors improve cardiovascular outcomes irrespective of
diabetes, including risk of hospitalisation for heart failure
(HHF), cardiovascular death, and all-cause mortality [1-4].
Being a glucose-lowering medication, SGLT2 inhibitors proved
to have a significant role in reducing major adverse cardio-
vascular outcomes and hospitalisation for heart failure initially
in patients with diabetes. The magnitude of their impact has

been subsequently shown to be potentially independent—or, at
least, separated—from their glucose-lowering value with a few
hypotheses behind the exact mechanisms of their actions [5, 6].
The rapid accumulation of such evidence showing their
favourable impact has triggered further research exploring their
potential on cardiovascular outcomes and mortality in larger
cohorts, not necessarily limited to diabetic populations. In
response to this, two large randomised controlled studies in-
vestigated the impact of SGLT2 inhibitors in heart failure
patients, with the cohort being comprised of patients with and
without diabetes [7, 8].
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With an increasing number of trials reporting on SGLT2
inhibitors in patients with and without diabetes, the goal of
this systematic review and meta-analysis is to provide a
concise evaluation of all the available evidence so far and
analyse the data from the existing studies that focus on
patients with heart failure, so as to better comprehend the
clinical implications of the use of SGLT2 inhibitors. Addi-
tionally, we a priori planned to analyse the existing evidence
depending on the diabetic status with the goal to determine
the efficacy of SGLT2 both in the diabetic population and in
heart failure patients without diabetes.

2. Methods

This is a systematic review and meta-analysis conducted and
reported according to the Preferred Reporting Items for
Systematic Reviews and Meta-Analysis (PRISMA) guide-
lines. It has been submitted and registered with PROSPERO
(registration number: CRD42021224777).

2.1. Search Strategy. PubMed, Web of Science, and
Cochrane library databases were slzlstematically searched
from inception until November 20" 2020. The key terms
used for the search were (“SGLT2” or “Sodium-glucose
cotransporter-2 inhibitors” or “canagliflozin” or “dapagli-
flozin” or “empagliflozin” or “ertugliflozin”) and “heart
failure.”

2.2. Study Selection. After removing duplicates, all the
remaining studies were screened at the title/abstract level.
Our inclusion criteria were as follows:

(1) Observational or randomised controlled studies
comparing SGLT2 inhibitors with placebo

(2) Included adults (>18 years old)

(3) Included patients diagnosed with heart failure, either
with prespecified echocardiographic parameters
(ejection fraction) or investigator-reported

(4) Assessed mortality or clinical outcomes in patients
with heart failure taking SGLT2 inhibitors

(5) Studies which include imaging or blood biomarker
parameters as outcomes that were included in the
systematic review but not the meta-analysis

The selected studies underwent full-text screening. This
process was performed by 3 independent investigators
(R. C, M. D, and V. T.). Any conflicts were resolved by
discussion, after which consensus was achieved. The study
selection process is depicted in Figure 1 in Supplementary
Materials.

2.3. Data Extraction. Two investigators (V. T. and R. B.)
independently extracted the data from the selected studies
using prespecified collection forms. The data extracted in-
cluded type and characteristics of the study, number of
patients on each group, number of diabetic and nondiabetic
patients (where applicable), hazard ratios and confidence
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intervals for hospitalisation for heart failure (HHF), car-
diovascular (CV) mortality, and all-cause mortality. The
main outcomes of interest were all-cause mortality, CV
mortality, and HHF. In studies that included both HF and
non-HF patients, the data for the HF group with reduced
ejection fraction was extracted from the prespecified sub-
group analysis given in the respective study. Additionally,
wherever possible, the outcomes were evaluated in subgroup
analyses that included (1) patients with diabetes and (2)
patients without diabetes.

2.4. Data Analysis. The hazard ratios and 95% CI that were
given in each study were used for the meta-analysis. A
random-effects model with inverse-variance weights was
used to combine the effect measures from all studies on a
logarithmic scale. Wherever possible, subgroup analysis in
diabetic versus nondiabetic patients was performed. Sta-
tistical heterogeneity was assessed using the I” statistic. The
statistical analyses were conducted using the Review Man-
ager (RevMan) software (version 5.3. Copenhagen: The
Nordic Cochrane Centre, The Cochrane Collaboration,
2014). The statistical significance was defined as p < 0.05. The
between-study variance component was estimated using the
DerSimonian and Laird method, which is the default ap-
proach of the software used for this meta-analysis [9].

3. Results

Out of the 86 studies that underwent full-text evaluation, a
total of 8 studies including 13,275 participants were in-
cluded. A total of 6,877 of these participants were in the
SGLT2 group, while 6,398 were in the placebo group.
Dapagliflozin was used in three Randomised Control Trials
(RCT), empagliflozin in two RCTs, and canagliflozin,
sotagliflozin, and ertugliflozin were used in one RCT each.
Some three studies included patients with and without di-
abetes, two of which provided hazard ratios for cardiovas-
cular and mortality outcomes that were used in the statistical
analyses [7, 8]. The nondiabetic cohort is comprised of 4,576
patients, out of which 2,284 were in the SGLT2 group and
2,292 were in the placebo group. While the majority of the
studies had prespecified left ventricular ejection fraction
(LVEF) in their inclusion criteria, two studies had “inves-
tigator reported HF” with no prerequisite for EF for in-
clusion in the study, while one required specific NT-proBNP
level along with previous hospitalisation for HF. Three
studies included patients with EF <40%, two studies in-
cluded patients with EF <45% and EF > 45%, one study
reports a median baseline EF of 35% and two studies did not
have prespecified baseline ejection fraction of the heart
failure population in their inclusion criteria. The two studies
(DECLARE-TIMI 58 & VERTIS CV) that have included
patients with both EF <45% and EF >45% have provided
separate hazard ratios for the two groups. In order to
maintain a more homogeneous group of baseline charac-
teristics, the hazard ratios given for the group with the
EF <45% were used in the meta-analyses of the efficacy
endpoints for the total population examined in our review
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and in the subgroup analysis according to the baseline di-
abetes status. However, a further subgroup analysis was
performed to examine the impact of SGLT2 inhibitors in
patients with EF <45% compared with their impact in pa-
tients with EF > 45%. Table 1 summarises the characteristics
of all the studies included in the meta-analysis with the
available number of cardiovascular events provided from
each study, while Supplementary Table 1 summarises the
cardiovascular outcomes for patients with and without di-
abetes from the studies that investigated these cohorts
separately. Cochrane collaboration’s tool was used for as-
sessment of risk of bias to assess the randomised controlled
studies (Supplementary Table 2).

3.1. Efficacy Endpoints. In the analyses that included all the
participants (regardless of diabetes status), the use of SGLT2
inhibitors was associated with significantly reduced risk of
all-cause mortality (HR=0.83, 95% CI, 0.75-0.91; I* 0%)
(Figure 1), hospitalisation for heart failure (HHF)
(HR =0.68, 95% CI, 0.61-0.75; I* 0%) (Figure 2), CV death
(HR=0.82, 95% CI, 0.74-0.92; I* 0%) (Figure 3), and
hospitalisation for heart failure or CV death (HR =0.72, 95%
Cl, 0.66-0.78; I* 0%) (Figure 4) compared with placebo.
Subgroup analysis of the total population according to the
diabetes status showed that SGLT2 inhibitors significantly
reduced the risk of HHF both in patients with and without
diabetes (HR = 0.68, 95% CI: 0.60-0.76; I* 0% and HR = 0.69,
95% CI: 0.56-0.84; I 0%, respectively) (Figure 5), as well as
the risk of HHF or CV death (HR =0.70, 95% CI: 0.64-0.77;
I? 0% and HR =0.75, 95% CI: 0.66-0.87; I 0%, respectively)
(Figure 6). The favourable impact of SGLT?2 inhibitors on the
outcome of CV death alone was significant in the partici-
pants with diabetes although it did not reach the level of
statistical significance in the participants without diabetes
(Figure 7). Additionally, subgroup analysis according to
baseline EF was performed from the data available from the
two studies (DECLARE-TIMI 58 & VERTIS CV) that
stratified patients according to this. SGLT2 inhibitors did
not have a significant impact on all-cause mortality
(HR=0.88, 95% CI: 0.67-1.14; I’ 45%) (Supplementary
Figure 2) or cardiovascular death (HR=0.95, 95% CI:
0.63-1.44; I* 65%) (Supplementary Figure 3) with no sig-
nificant differences between the two groups. However,
SGLT2 inhibitors significantly reduced the risk of hospi-
talisation for heart failure or CV death (HR 0.78, 95% CI:
0.65-0.94; I* 9%) with more pronounced effect on the group
of heart failure with reduced ejection fraction, whereas in
participants with EF > 45%, the favourable impact of SGLT2
inhibitors did not reach the level of statistical significance
(Supplementary material Figure 4).

Funnel plots for unadjusted all-cause mortality (Sup-
plementary Figure 5) and hospitalisation for heart failure
(Supplementary Figure 6) were used to assess publication
bias with no evidence of significant publication bias.

3.2. The Impact of SGLT2 on LV Function and BNP. A rel-
atively small number of studies have been published so far
investigating the impact of SGLT2 inhibitors on LV function

and dimensions as assessed by imaging parameters, bio-
markers (NT-proBNP or BNP), exercise capacity, symptom
improvement, and quality of life in patients with heart
failure. Table 2 summarises these studies along with their
main characteristics and outcomes of interest.

EMPA-TROPISM is the only study so far investigating
the effect of SGLT2 exclusively in nondiabetic patients [10].
Comprised of 84 participants, it showed that empagliflozin
had a significantly positive impact on LV function and
remodelling as well as on the quality of life compared to
placebo. On the other hand, the EMPIRE-HF study, which
included 190 diabetic and nondiabetic patients, did not show
significant differences between empagliflozin and placebo in
any of the endpoints investigated (NT-proBNP, activity level
and quality of life/symptomatic improvement) 3 months
after initiation of the treatment [11]. While this RCT did not
study LV function or volumes by any means of imaging, it is
notable that the follow-up period was relatively short
(3 months), which differentiates it from the rest of the
studies. Apart from the relatively short follow-up period, the
participants of this study were patients with a relatively
milder phenotype of heart failure with better baseline status
and functional capacity and lower baseline NT-proBNP
levels [11].

LV function was assessed by echocardiography in some
of the studies and by CMR in others. From the echocar-
diographic studies, it was noted that SGLT2 inhibitors did
have a positive impact on diastolic function. In two of the
three studies, the majority of the patients had HF with
preserved ejection fraction [12, 13], while the third study
included a small number of patients (twelve) with advanced/
drug refractory heart failure [14]. Even in this small cohort
with advanced disease, there was an improvement in the E/e’
ratio; however, this did not reach the level of statistical
significance (p value given as 0.06).

From the studies that utilised CMR, it may be argued
that SGLT2 favours cardiac remodelling and improvement
in LV volumes; however, results are not consistent. More
specifically, the LV end-diastolic volume (LVEDV) was
assessed with the use of CMR in three RCTs: SUGAR-DM-
HF, EMPA-TROPISM, and REFORM [10, 15, 16]. SUGAR-
DM-HF and EMPA-TROPISM included a combined
number of 189 patients and demonstrated a significant
improvement of the LVEDV in the SGLT2 arm compared to
placebo [10, 15]. Remarkably, this positive effect was also
noted in the nondiabetic cohort that the EMPA-TROPISM
study included [10]. The REFORM study included 56 pa-
tients in total, and after 12 months of follow-up, the in-
vestigators did not find significant differences in the LV
volumes between the SGLT2 and placebo groups [16]. It
should be noted that the patient cohort consisted of diabetic
patients with mild HF symptoms on modest doses of loop
diuretics. Nevertheless, in the same study, a significant re-
duction in the diuretic requirements was noted in the SGLT2
group.

The evidence regarding BNP/NT-proBNP is somewhat
inconsistent, with some of the studies showing improvement
[13-15] and others demonstrating no substantial changes
between the two groups [12, 17]. This could be explained by
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SGLT2 Placebo Hazard Ratio Hazard Ratio
Study or Subgroup log[Hazard Ratio]  SE Total  Total Weight 1V, Random, 95% CI IV, Random, 95% CI
CANVAS -0.3567 0.1616 803 658  9.1% 0.70 [0.51, 0.96]
DAPA-HF -0.1863 0.0797 2373 2371 37.6% 0.83 [0.71, 0.97] ——
DECLARE-TIMI 58 -0.5276 0.1983 318 353 6.1% 0.59 [0.40, 0.87] _—
EMPAREG -0.2357 0.2134 462 244 52% 0.79 [0.52, 1.20]
EMPEROR-REDUCED -0.0834 0.0908 1863 1867  29.0% 0.92[0.77, 1.10] —m—
SOLOIST-WHF -0.1985 0.168 608 614  8.5% 0.82 [0.59, 1.14]
VERTIS CV -0.0408 0.2314 319 159 4.5% 0.96 [0.61, 1.51]
Total (95% Cl) 6746 6266 100.0% 0.83 [0.75, 0.91] 'S
Heterogeneity: Tau” = 0.00; Chi® = 5.81, df = 6 (P = 0.45); I* = 0% : : .
Test for overall effect: Z = 3.89 (P = 0.0001) 0.2 0.5 1 2

Favours SGLT2 Favours placebo

FiGure 1: Effect of SGLT2 inhibitors versus placebo on all-cause mortality for the total population.

SGL T2 Placebo Hazard Ratio Hazard Ratio
Study or Subgroup log[Hazard Ratio]  SE Total  Total Weight IV, Random, 95% CI 1V, Random, 95% CI
CANVAS -0.6733 0.2221 803 658 5.6% 0.51 [0.33,0.79]
DAPA-HF -0.3567 0.0872 2373 2371 36.2% 0.70 [0.59, 0.83] -
DECLARE-TIMI 58 -0.4463 0.2029 318 353 6.7% 0.64 [0.43, 0.95] _—
DEFINE-HF -0.1744 0.4323 131 132 1.5% 0.84 [0.36, 1.96]
EMPAREG -0.2877 0.2277 462 244 5.3% 0.75[0.48, 1.17] _—
EMPEROR-REDUCED -0.3567 0.0959 1863 1867 29.9% 0.70 [0.58, 0.84] ——
SOLOIST-WHE -0.4463 0.1363 608 614  14.8%  0.64[0.49,0.84] —_—
Total (95% Cl) 6558 6239 100.0%  0.68 [0.61,0.75] <&
Heterogeneity: Tau? = 0.00; Chi® = 2.59, df = 6 (P = 0.86); I = 0% T T T
Test for overall effect: Z = 7.38 (P < 0.0001) 0.2 0.5 1 2

Favours SGLT2 Favours placebo

FiGure 2: Effect of SGLT2 inhibitors versus placebo on hospitalisation for heart failure for the total population.

SGL T2 Placebo Hazard Ratio Hazard Ratio
Study or Subgroup log[Hazard Ratio] SE Total Total Weight 1V, Random, 95% CI 1V, Random, 95% CI
CANVAS -0.3285 0.1759 803 658 9.9% 0.72 [0.51, 1.02] 1
DAPA-HF -0.1985 0.0881 2373 2371 39.4% 0.82 [0.69, 0.97] ——
DECLARE-TIMI 58 -0.5978 0.2454 318 353 5.1% 0.55 [0.34, 0.89] _—
EMPAREG -0.3425 0.2559 462 244 4.7% 0.71 [0.43, 1.17] _—
EMPEROR-REDUCED -0.0834 0.1042 1863 1867 28.1% 0.92 [0.75, 1.13] ——
SOLOIST-WHF -0.1744 0.189 608 614 8.6% 0.84 [0.58, 1.22] —_—
VERTIS CV -0.0408 0.266 319 159 4.3% 0.96 [0.57, 1.62] _—r
Total (95% Cl) 6746 6266  100.0%  0.82[0.74, 0.92] <&
Heterogeneity: Tau® = 0.00; Chi® = 5.10, df = 6 (P = 0.53); I* = 0% o' 5 o' 5 j 2
Test for overall effect: Z = 3.56 (P = 0.0004) ) )

Favours SGLT2 Favours placebo

Ficure 3: Effect of SGLT2 inhibitors versus placebo on cardiovascular death for the total population.

SGL T2 Placebo Hazard Ratio Hazard Ratio
Study or Subgroup log[Hazard Ratio] ~ SE Total Total Weight IV, Random, 95% CI 1V, Random, 95% CI
CANVAS -0.4943 0.144 803 658 8.4% 0.61 [0.46, 0.81]
DAPA-HF -0.2877 0.073 2373 2371 32.7% 0.75 [0.65, 0.87] -
DECLARE-TIMI 58 -0.478 0.1635 318 353 6.5% 0.62 [0.45, 0.85] —_—
EMPAREG -0.3285 0.186 462 244 5.0% 0.72 [0.50, 1.04] —_—
EMPEROR-REDUCED -0.2877 0.073 1863 1867 32.7% 0.75 [0.65, 0.87] -
SOLOIST-WHF -0.4005 0.1293 608 614 10.4% 0.67 [0.52, 0.86] —_—
VERTIS CV -0.2744 0.2035 319 159 4.2% 0.76 [0.51, 1.13] —_—
Total (95% Cl) 6746 6266  100.0%  0.72[0.66, 0.78] 3
Heterogeneity: Tau® = 0.00; Chi® = 3.16, df = 6 (P = 0.79); I* = 0% r T T
Test for overall effect: Z = 7.92 (P < 0.00001) 02 05 1 2

Favours SGLT2 Favours placebo

FiGure 4: Effect of SGLT2 inhibitors versus placebo on hospitalisation for heart failure or cardiovascular death for the total population.
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SGLT2 Placebo

Hazard Ratio Hazard Ratio

Study or Subgroup log[Hazard Ratio] SE  Total  Total Weight IV, Random, 95% CI IV, Random, 95% CI
Hospitalisation for Heart Failure - Non Diabetic Population

DAPA-HF -0.462 0.1387 1298 1307  14.6% 0.63 [0.48, 0.83]

EMPEROR-REDUCED -0.2744 0.1468 936 938  13.0% 0.76 [0.57, 1.01] —

Subtotal (95% CI) 2234 2245 27.6% 0.69 [0.56, 0.84] ‘

Heterogeneity: Tau® = 0.00; Chi* = 0.86, df = 1 (P = 0.35); I* = 0%

Test for overall effect: Z = 3.70 (P = 0.0002)

Hospitalisation for Heart Failure - Diabetic Population

CANVAS -0.6733 0.2221 803 658 5.7% 0.51[0.33,0.79] —_—

DAPA-HF -0.2744 0.1122 1075 1064  22.3% 0.76 [0.61, 0.95] —a

DECLARE-TIMI 58 -0.4463 0.2029 318 353 6.8% 0.64 [0.43, 0.95] —_—

DEFINE-HF -0.1744 0.4323 131 132 1.5% 0.84 [0.36, 1.96]

EMPAREG -0.2877 0.2277 462 244 5.4% 0.75[0.48, 1.17] —_—
EMPEROR-REDUCED -0.4308 0.1339 927 929 15.6% 0.65 [0.50, 0.85] —_—

SOLOIST-WHF -0.4463 0.1363 608 614  15.1% 0.64 [0.49, 0.84] —

Subtotal (95% CI) 4324 3994 72.4% 0.68 [0.60, 0.76] ‘

Heterogeneity: Tau® = 0.00; Chi’ = 3.48, df = 6 (P = 0.75); I* = 0%

Test for overall effect: Z = 6.27 (P < 0.00001)

Total (95% CI) 6558 6239 100.0% 0.68 [0.61, 0.75] <*

Heterogeneity: Tau® = 0.00; Chi® = 4.36, df = 8 (P = 0.82); I* = 0% r T T )
Test for overall effect: Z = 7.28 (P < 0.00001) 0.2 0.5 1 2 5
Test for subgroup differences: Chi® = 0.02, df = 1 (P = 0.89). I* = 0% Favours SGLT2 Favours placebo

FIGURE 5: Subgroup analysis of the treatment effect SGLT2 inhibitors on hospitalisation for heart failure depending on baseline diabetes

status.
SGLT2  Placebo Hazard Ratio Hazard Ratio
Study or Subgroup log[Hazard Ratio] SE Total Total Weight IV, Random, 95% CI IV, Random, 95% CI
HHEF or CV death - Non Diabetic Population
DAPA-HF -0.3147 0.1001 1298 1307 15.6% 0.73 [0.60, 0.89] —
EMPEROR-REDUCED -0.2485 0.1009 936 938 15.4% 0.78 [0.64, 0.95] —e
Subtotal (95% CI) 2234 2245 31.0% 0.75 [0.66, 0.87] <o
Heterogeneity: Tau? = 0.00; Chi? = 0.22, df = 1 (P = 0.64); I = 0%
Test for overall effect: Z = 3.97 (P < 0.0001)
HHEF or CV death - Diabetic population
CANVAS -0.4943 0.144 803 658 7.6% 0.61 [0.46, 0.81] _—
DAPA-HF -0.2877 0.089 1075 1064 19.8% 0.75 [0.63, 0.89] -
DECLARE-TIMI 58 -0.478 0.1635 318 353 5.9% 0.62 [0.45, 0.85] —_—
EMPAREG -0.3285 0.186 462 244 4.5% 0.72 [0.50, 1.04] e
EMPEROR-REDUCED -0.3285 0.093 927 929 18.1% 0.72 [0.60, 0.86] —a—
SOLOIST-WHF -0.4005 0.1293 608 614 9.4% 0.67 [0.52, 0.86] B —
VERTIS CV -0.2744 0.2035 319 159 3.8% 0.76 [0.51, 1.13] _—
Subtotal (95% CI) 4512 4021  69.0% 0.70 [0.64, 0.77] ‘
Heterogeneity: Tau® = 0.00; Chi’ = 2.46, df = 6 (P = 0.87); I* = 0%
Test for overall effect: Z = 7.44 (P < 0.00001)
Total (95% CI) 6746 6266 100.0% 0.72 [0.66, 0.78] ‘
Heterogeneity: Tau” = 0.00; Chi® = 3.39, df = 8 (P = 0.91); I’ = 0% " T T 1
Test for overall effect: Z = 8.39 (P < 0.00001) 0.2 0.5 1 2 5
Test for subgroup differences: Chi?=0.72,df = 1 (P = 0.40). I = 0% Favours SGLT2 Favours placebo

FIGURE 6: Subgroup analysis of the treatment effect SGLT?2 inhibitors on hospitalisation for heart failure or cardiovascular death depending

on baseline diabetes status.

the discrepancies in the baseline characteristics of the
participants in addition to the different follow-up periods
and methodology in each study.

Despite the fact that each of the aforementioned studies
comprised a relatively small number of patients and in-
vestigated LV function and parameters by different imaging
modalities (echocardiography or CMR), it can be argued
that even in this heterogeneous group, there is a general
trend towards improvement of diastolic function and LV
volumes in the SGLT2 group, even if these did not always
reach the level of statistical significance. Further research

with large randomised controlled trials would be beneficial
in portraying the impact of SGLT2 inhibitors on LV
function, tissue characterisation, and cardiac remodelling.

4. Discussion

The present meta-analysis, the largest to date, shows that the
use of SGLT2 inhibitors is associated with reduction in the
risk of hospitalisation for heart failure, cardiovascular death,
and all-cause mortality in patients with heart failure pri-
marily with reduced ejection fraction. In subgroup analyses
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SGLT2 Placebo Hazard Ratio Hazard Ratio
Study or Subgroup log[Hazard Ratio] SE  Total Total Weight IV, Random, 95% CI 1V, Random, 95% CI
Cardiovascular Death - Non Diabetic Population
DAPA-HF -0.1625 0.1291 1298 1307 17.6% 0.85 [0.66, 1.09] —=1
EMPEROR-REDUCED -0.0834 0.1542 936 938  12.3% 0.92 [0.68, 1.24] —_—
Subtotal (95% CI) 2234 2245 30.0% 0.88 [0.72, 1.07] <o
Heterogeneity: Tau® = 0.00; Chi® = 0.15, df = 1 (P = 0.69); I* = 0%
Test for overall effect: Z = 1.31 (P = 0.19)
Cardiovascular Death - Diabetic Population
CANVAS -0.3285 0.1759 803 658 9.5% 0.72 [0.51, 1.02] —_—
DAPA-HF -0.2357 0.1155 1075 1064  22.0% 0.79 [0.63, 0.99] —a—
DECLARE-TIMI 58 -0.5978 0.2454 318 353 4.9% 0.55 [0.34, 0.89]
EMPAREG -0.3425 0.2559 462 244 4.5% 0.71[0.43,1.17] —
EMPEROR-REDUCED -0.0834 0.1322 927 929  16.8% 0.92 [0.71, 1.19] —
SOLOIST-WHF -0.1744 0.189 608 614 8.2% 0.84 [0.58, 1.22] —_—
VERTIS CV -0.0408 0.266 319 159 4.1% 0.96 [0.57, 1.62] —_—r
Subtotal (95% CI) 4512 4021  70.0% 0.80 [0.70, 0.91] <o
Heterogeneity: Tau” = 0.00; Chi® = 4.57, df = 6 (P = 0.60); I = 0%
Test for overall effect: Z = 3.48 (P = 0.0005)
Total (95% CI) 6746 6266 100.0% 0.82[0.74, 0.91] ’
Heterogeneity: Tau® = 0.00; Chi® = 5.37, df = 8 (P = 0.72); I* = 0% i T " !
Test for overall effect: Z = 3.63 (P = 0.0003) 02 05 ! 2 5
Test for subgroup differences: Chi® = 0.65, df = 1 (P = 0.42). I* = 0% Favours SGLT2 Favours placebo

FIGURE 7: Subgroup analysis of the treatment effect SGLT2 inhibitors on cardiovascular death depending on baseline diabetes status.

TABLE 2: Review of studies on SGLT2 and LV function.

Study

(authors al.ld . Number of Baseline HF Diabetes Follow-up .
name of trial  Study design .. status of . Study endpoints Outcomes
where participants status participants period
applicable)
Significant
Primary: difference in improvement in
change of LVESVi & LVESVi, LVEDVi,
GLS NT-proBNP in the
Lee et al. RCT DM Secondary: difference in empagliflozin group
Sugar-DM- (empagliflozin 105 EF <40% diabet 9 months change of LVEF, compared to
HF versus placebo) preciabetes LVEDVi, NT-proBNP, placebo. No
6MWT, KCCQ-TSS (all difference in GLS,
imaging parameters LVEF, 6MWT, and
assessed by CMR) KCCQ-TSS between
the groups.
No differences noted
RCT Primary: difference in  between the groups
]ense.n et al. (empagliflozin 190 EE <40% DM Non- o " .« change of N"lj-proB.N.P in the change of NT-
Empire-HF versus placebo) DM Secondary: daily activity proBNP, daily
level, KCCQ-OSS activity level or
KCCQ-OSS
Primary: difference in
change of LVEDV and
LVESV Significant
Santos- RCT Secondary: difference in  improvement of all
Gallego et al. (empagliflozin g4 EF < 50% Non-DM 6 months change in peak VO2  the stu.dy endpoints
Empa— versus placebo) (assessed by CPET), (primary 'and
tropism LVM, LVEF, 6MWT, secondary) in the
and KCCQ-12 (all empagliflozin group
imaging parameters
assessed by CMR)
Primary: difference in No differences
change of LVESV
Singh et al. RC.T . o Secondary: LVEDV, be.tween the groups
REFORM (dapagliflozin 56 EF < 45% DM 12 months LVMi, and LVEF (all in the change of

versus placebo)

imaging parameters
assessed by CMR)

LVESV, LVEDV,
LVMi, and LVEF
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TaBLE 2: Continued.
Study
(authors ar‘1d . Number of Baseline HF Diabetes Follow-up .
name of trial  Study design .. status of . Study endpoints Outcomes
participants status . period
where participants
applicable)
Dapagliflozin was
Primary: diastolic  30cated with
function (E/e), GLS diaiolic function
. HFpEF and Secondary: LVEDV, ,
Prospective . (E/€’) and GLS as
. HEFrEF LVESV, LVEF, LVMj, .
Tanaka et al. multicentre study 53 o DM 6 months ) well as LAVi. No
. (majority LAVi, and BNP (all -
(dapagliflozin) L significant changes
HFpEF) imaging parameters .
assessed by 2D in the rest of t}‘1e
echocardiography) parameters studied
sraphy in the 6-month
follow-up period
Improvement was
noted in NYHA
class, LVEDV,
Retrospective Advanced/ NYHA class, BNP, TRPG, and BNP
study druo- LVEDV, LVEF, E/e’, levels 6 months after
Seo et al. (empagliflozin, 12 refrac%o DM 6 months TRPG (all imaging initiation of the
canagliflozin, HE Y parameters assessed by SGLT2. No changes
dapagliflozin) 2D echocardiography)  in the rest of the
parameters studied
in the 6-month
follow-up period
Primary: changes of
subcutaneous, visceral, All fat areas
and total fat areas significantly
HFoEF and (determined by decreased after 12
Sezai et al Prospective I—II)FrEF computed tomography) months treatment
Canossa ’ controlled trial 35 (majori DM 12 months Secondary: ANP, BNP, with SGLT2. ANP,
(canagliflozin) HFi) EFt)y LVEF, LVMi, diastolic =~ BNP, LVEF, LVMi,

and E/e’ also
significantly
improved

function (E/€’) (amongst
others) (all imaging
parameters assessed by
2D echocardiography)

RCT, randomised controlled trial; HFpEF, heart failure with preserved ejection fraction; HFrEF, heart failure with reduced ejection fraction; EF, ejection
fraction; DM, diabetes mellitus; LVESVi, left ventricular end systolic volume indexed; LVEDVi, left ventricular end-diastolic volume indexed; GLS, global
longitudinal strain; LVEF, left ventricular ejection fraction; LVMI, left ventricular mass indexed; LAV, left atrial volume indexed; 6 MW, 6-minute walk test;
KCCQ-TSS, Kansas City Cardiomyopathy Questionnaire Total Symptom Score; KCCQ-OSS, Kansas City Cardiomyopathy Questionnaire Overall Summary
Score; CPET, cardiopulmonary exercise test; E/E’, ratio of early diastolic peak velocity of Doppler transmitral flow to early diastolic mitral annular velocity;
TRPG, pressure gradient of tricuspid regurgitation; ANP, atrial natriuretic peptide; BNP, brain natriuretic peptide.

stratified by the presence of diabetes, it is demonstrated that
SGLT?2 inhibitors provide consistent benefit on cardiovas-
cular outcomes regardless of the baseline diabetes status.

Our data are in agreement with previous evidence that
supports the prognostic value of SGLT2 in cardiovascular
outcomes and mortality. Crucially, our findings highlight
the importance of this drug group in the patients with heart
failure regardless of diabetes status, revealing in this way that
the potential therapeutic benefit in this population cohort
could be invaluable.

4.1. Current Evidence and Recommendations. Previous large
RCTs have shown remarkable benefits of SGLT2 specifically
in cardiovascular outcomes in the diabetic population

[18-20]. These results drew the attention to one or more
potentially unrevealed thus far cardioprotective mechanisms
of SGLT?2 inhibitors that make it unique in the world of oral
antidiabetic medications. Interestingly, the impact of SGLT2
inhibitors on cardiovascular outcomes does not seem to be
directly related with their glucose-lowering efficacy [5].
Since there are now accumulating evidence supporting that
the cardioprotective mechanisms are not associated with the
glycemic control, the focus has been shifted to using these
agents to patients regardless of their baseline diabetes status.
Previous studies that have investigated the effect of SGLT2
inhibitors in nondiabetic cohorts have so far demonstrated
positive results [7, 8, 10, 21]. The rapidly accumulating
evidence of the substantial favourable impact of these agents
on risk reduction in hospitalisation for heart failure and



Cardiology Research and Practice

cardiovascular death has led in their inclusion in the latest
recommendations for the management of patients with
heart failure [22]. Notably, given the results of DAPA-HF
and EMPEROR-Reduced trials, dapagliflozin and empagli-
flozin are now recommended in symptomatic patients with
HF and reduced EF on optimal treatment, regardless of the
presence of diabetes [7, 8, 22].

4.2. Potential Mechanisms of Action. While the exact path-
ophysiological process remains to be fully understood, there
are several hypotheses that investigate the cardiometabolic
profile of these agents. Some of the benefits observed most
notably particularly in the HF population could be explained
by the natriuresis and osmotic diuresis that these agents
promote [5, 23]. This, subsequently, results in improvement
of the left ventricular loading conditions by a reduction in
the preload. While one may argue that this is a feature of all
the commonly used diuretics, it has been noted that SGLT2
inhibitors do not reduce the intravascular volume as much as
the common diuretics but instead target rather selectively
the interstitial fluid, with a greater reduction in the extra-
cellular fluid and no major impact on organ perfusion
[24, 25]. Interestingly, in a small study by Griffin et al., it was
demonstrated that empagliflozin resulted in natriuresis
which was independent of the glucose load, indicating a
direct natriuretic effect distinct from the osmotic diuresis
[26]. Additionally, in contrast with the loop diuretics, SGLT2
inhibitors promote uricosuria and can reverse diuretic-in-
duced hyperuricaemia, another contributing factor to their
cardiovascular protective effects [27].

SGLT2 inhibitors have also been shown to reduce the
blood pressure without increasing the heart rate and
therefore improve the myocardial workload [28]. The
pathophysiology behind this mechanism is not delineated
yet; nevertheless, there is data to suggest that reduction in
arterial stiffness and improvement on vascular resistance
may play a significant role [5, 6, 28].

The action of SGLT2 inhibitors on a cellular level is
surprising as they induce a state that mimics starvation [29].
As a result, there is activation of signaling pathways that
involve important enzymes such as the sirtuin 1 (SIRT1) and
the adenosine monophosphate-activated protein kinase
(AMPK), both of which attenuate oxidative stress and in-
flammation and promote oxidation of fatty acids resulting in
ketonaemia [29, 30]. Additionally, the activation of SIRT1
leads to stimulation of erythropoietin synthesis and eryth-
rocytosis, which has been found to be one of the factors
contributing to the significant cardiovascular benefits of
SGLT2 inhibitors [31, 32].

Furthermore, SGLT2 inhibitors improve insulin sensi-
tivity and glycemic control. With reduced requirements in
insulin, SGLT2 inhibitors promote weight loss which also
contributes to lower blood pressure [33]. While it could be
argued that these effects are reflected on the improvement of
diastolic function and filling pressure parameters noted in
the echocardiographic studies investigating the impact of
these agents on LV function, further research on this matter
is required to prove this hypothesis.

Another promising emerging feature of SGLT2 inhibi-
tors is their antifibrotic impact on the heart [34, 35]. Pre-
clinical research data have demonstrated that empagliflozin
directly attenuates cardiac myofibroblast activity and col-
lagen remodelling [34], while dapagliflozin also diminishes
the process of myocardial fibrosis after myocardial infarction
[35]. It will be of great clinical interest to assess if these
research data are in accordance with findings from CMR
studies focusing on the left ventricular tissue
characterisation.

Undoubtedly, CMR holds an important role in the as-
sessment of LV function, and it can provide invaluable
information about the impact of the SGLT2 inhibitors on left
ventricular function and remodelling. Recently, the EMPA-
HEART CardioLink-6 randomised placebo-controlled trial
thoroughly investigated data from 74 patients with diabetes
type 2 with coronary artery disease that underwent a
comprehensive CMR study [36]. It demonstrated a signif-
icant reduction in myocardial extracellular compartment
volume (ECV), indexed extracellular compartment volume
(iECV), and indexed LV mass (LVMi) after 6 months of
treatment with empagliflozin compared with placebo. In the
same study, tissue remodelling biomarkers were also mea-
sured at baseline and at 6 months, with no significant dif-
ference found between the SGLT2 and placebo groups. It has
to be noted however that this study was not powered to
detect differences in these and that in this patient cohort the
baseline levels of these biomarkers were actually in the
normal range. Therefore, further studies, including ideally
patients with heart failure, are required to obtain detailed
information that could provide a new perspective in the
mechanism of action of SGLT2 inhibitors on the diseased
myocardium.

Independently of the mode of action, our meta-analysis
conclusively confirms that SGLT2 inhibitors have a bene-
ficial effect in patients with HF independently of the diabetes
status, reducing mortality by 17%, and hospitalisation for
heart failure by almost a third, supporting the need for
increased utilisation in patients with reduced LVEF.

5. Limitations

This study has potential limitations that should be consid-
ered. Firstly, not all the randomised controlled trials have
published the necessary subgroup data for all the endpoints.
Therefore, some of these trials were not included in the
analysis of individual endpoints. Secondly, in this meta-
analysis we included RCTs that performed subgroup analysis
depending on the HF status, regardless of their definition of
HF. While most of the studies gave prespecified EF in their
inclusion criteria, some studies had “investigator-reported
HEF.” Additionally, in order to maintain homogeneity, the
data published for the cohort with the reduced EF were used
in the meta-analyses of the efficacy endpoints for the total
population, as this cohort represents the vast majority of the
participants in the RCTs analysed in this meta-analysis. We
performed subgroup analysis of the main endpoints
according to the EF, when these data were provided.
Whereas the level of heterogeneity for the analyses of the
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endpoints for the total population was insignificant as
assessed by I? of 0%, there was moderate to substantial
heterogeneity in the subgroup analyses of endpoints
according to EF as evidenced by an I” that ranged between
9% and 65%. It has to be acknowledged that the subgroup
analysis of endpoints according to baseline EF was com-
prised of only two studies and a small number of individuals,
and this could be one of the reasons for the higher level of
heterogeneity. Finally, we acknowledge that assessment of
publication bias with the use of funnel plots is less reliable
when the meta-analysis is comprised of less than ten studies
in total.

6. Conclusion

It is without a doubt that SGLT2 inhibitors provide prog-
nostic benefit in patients with heart failure, regardless of the
exact mechanism of action. The recent large RCTs have
shown that this positive impact is expanded in patients
without diabetes. This systematic review and meta-analysis
provide robust summative evidence of the effectiveness of
these agents in patients with heart failure regardless of the
diabetes status. Our results also suggest that they are likely to
be more effective in patients with reduced LVEF. Data on
their mechanism is limited with imaging studies performed
to date providing conflicting information. Further studies
are needed to better understand their mechanisms of action
and their long-term impact on LV function and biomarkers
as well as the heart failure phenotype that will benefit most
from them. Nevertheless, given the unique pathophysio-
logical profile of SGLT2 inhibitors and their significant
benefit in cardiovascular profile, they have an invaluable role
in the management of patients with heart failure. The role of
CMR is critical in facilitating volumes and tissue charac-
terisation, and it will take a prominent role in future research
studies.
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Objective. In hypertrophic cardiomyopathy (HCM), myocardial fibrosis is routinely shown by late gadolinium enhancement
(LGE) in cardiac magnetic resonance (CMR) imaging. We evaluated the efficacy of 2 novel contrast-free CMR methods, namely,
diffusion-weighted imaging (DWI) and feature-tracking (FT) method, in detecting myocardial fibrosis. Methods. This cross-
sectional study was conducted on 26 patients with HCM. Visual and quantitative comparisons were made between DWI and LGE
images. Regional longitudinal, circumferential, and radial strains were compared between LGE-positive and LGE-negative
segments. Moreover, global strains were compared between LGE-positive and LGE-negative patients as well as between patients
with mild and marked LGE. Results. All 3 strains showed significant differences between LGE-positive and LGE-negative segments
(P <0.001). The regional longitudinal and circumferential strain parameters showed significant associations with LGE (P < 0.001),
while regional circumferential strain was the only independent predictor of LGE in logistic regression models (OR: 1.140, 95% CI:
1.073 to 1.207, P <0.001). A comparison of global strains between patients with LGE percentages of below 15% and above 15%
demonstrated that global circumferential strain was the only parameter to show impairment in the group with marked myocardial
fibrosis, with borderline significance (P = 0.09). A review of 212 segments demonstrated a qualitative visual agreement between
DWI and LGE in 193 segments (91%). The mean apparent diffusion coefficient was comparable between LGE-positive and LGE-
negative segments (P = 0.51). Conclusions. FT-CMR, especially regional circumferential strain, can reliably show fibrosis-
containing segments in HCM. Further, DWI can function as an efficient qualitative method for the estimation of the fibrosis extent
in HCM.

1. Introduction

Hypertrophic cardiomyopathy (HCM) is the most common
genetic cardiac disorder with autosomal dominant inheri-
tance and heterogeneous patterns of penetration and ex-
pression [1, 2]. The condition is characterized by left
ventricular (LV) hypertrophy with no other probable
causative etiologies. The clinical presentation varies from the
absence of symptoms to exertional dyspnea, chest pain,
syncope, and sudden cardiac death. In many cases, sudden
cardiac death due to ventricular tachyarrhythmia is the first

presentation [3]. Myocardial fibrosis occurs in more than
half of this patient population [4] and is an underlying cause
of ventricular tachyarrhythmia [5]. Cardiac magnetic res-
onance (CMR) imaging is able to detect the presence and
extent of fibrosis manifested as areas of late gadolinium
enhancement (LGE). Areas of LGE are compatible with
fibrosis on histopathology [6]. The explanatory mechanism
for LGE is the widening of extracellular spaces in fibrotic
areas, which leads to the temporary distribution of gadoli-
nium and relative hyperenhancement by comparison with
adjacent healthy tissues [7]. The 2020 guidelines of the
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American Heart Association/American College of Cardi-
ology (AHA/ACC) for the diagnosis and management of
HCM suggest LGE as a useful risk modifier for sudden
cardiac death among patients in whom the risk is deemed
borderline based on conventional risk stratification [8].
Nonetheless, the need for contrast injection limits the uti-
lization of LGE in patients with contrast allergy and renal
insufficiency, which explains why recent years have wit-
nessed an increase in research on the usefulness of contrast-
free techniques such as diffusion-weighted imaging (DWI),
native T1, and extracellular volume (ECV) mapping.

The results of a study on infarcted swine hearts indicated
comparable accuracy between DWI, LGE, and histology in
detecting and delineating densely scarred areas, border zone
areas, and healthy tissues [9]. A few small-scale studies have
shown that not only can DWT depict fibrosis in HCM hearts
but also its results exhibit a good correlation with LGE
findings [10-12]. There have also been investigations sug-
gesting the superiority of DWI over LGE owing to such
probable advantages as the capability to show both diffuse
scarring in the early stages of HCM [10, 12] and fibrotic areas
that are not well visualized by LGE [12]. Additionally, the
relatively novel technique of feature-tracking cardiac mag-
netic resonance (FT-CMR) has proven its efficaciousness in
some cardiac disorders by assisting in diagnosis, risk
stratification, and prognostication [13-18]. Since FT-CMR is
a contrast-free method and is feasible through a post-
processing analysis of routine cine images, it can act as a
practical, available, and cost-beneficial method in the di-
agnosis of areas with myocardial fibrosis.

In the present study, we studied 26 patients with HCM to
evaluate the efficacy of the 2 novel techniques of DWI and
FT-CMR in demonstrating areas with myocardial fibrosis.

2. Methods

2.1. Study Population. The current investigation enrolled 30
consecutive patients with HCM who were referred to our
center for CMR between July 2019 and December 2019. All
these patients provided informed written consent for par-
ticipation in the project. The study protocol was approved by
the Medical Research Ethics Board of Iran University of
Medical Sciences.

The exclusion criteria were a history of previous cardiac
surgeries, including myectomy; contraindications for CMR
such as severe contrast allergy, severe renal failure (glo-
merular filtration rate <45mL/min/1.73 m?), and the pres-
ence of cardiac devices such as internal cardioverter
defibrillators and pacemakers; coronary artery disease;
systemic hypertension; severe valvular disease; and systemic
diseases affecting the myocardium such as amyloidosis.

2.2. Diagnostic Criteria of CMR. The present study recruited
adult patients with a maximal end-diastolic LV wall
thickness of 15mm or greater in the absence of other eti-
ologies for LV hypertrophy or 13mm or greater in the
presence of a positive family history or genetic test for HCM

(8].
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2.3. Cardiac Imaging Protocol. All the patients underwent a
comprehensive study in keeping with a prespecific routine
CMR imaging protocol using a 1.5T MRI machine
(MAGNETOM Avanto, Siemens Healthcare, Erlangen,
Germany) and a vendor-supplied body surface coil. The
imaging protocol consisted of the acquisition of 2-, 3-, and 4-
chamber views, short-axis cine (functional) images, and LGE
images 10 minutes after contrast injection. Also, breath-hold
low b-value myocardial DWI spin-echo echo-planar imag-
ing (EPI) sequences were performed on all the patients with
an interactive ECG-gating regime to collect all signals at the
freezing point of myocardial contraction (repetition time-
=90ms, echo time=54ms, flip angle=90°, pixel band-
width = 2220 KHz, resolution = 1.45 x 1.45 mm?, slice
thickness = 10 mm, average=1, b=0s/mm? and b= 100/
150 s/mm>).

2.4. Image Analysis

2.4.1. LGE Sequence Interpretation. The presence of LGE in
each patient and each different segment was detected by an
expert with more than 5 years of experience in cardiac
imaging. With the aid of CVI42 software, the LGE per-
centage was calculated for each patient as the sum of
hyperenhanced regions with +5SD signal intensity above the
normal remote myocardium divided by the total LV myo-
cardial mass, expressed as the percentage of the enhanced
myocardial mass. The patients were classified into 2 groups:
marked fibrosis (fibrosis percentage >15%) and mild fibrosis
(fibrosis percentage <15%).

2.4.2. FT-CMR Analysis. Circle CVI’s imaging platform,
cvi42 (Calgary, Canada), was used to measure 3D longitu-
dinal, circumferential, and radial strain parameters from
cine images. First, brightness was adjusted to reach the
optimal discrimination of the endocardium and blood pool.
Next, endocardial and epicardial borders were defined on 3
long-axis views (2-, 3-, and 4- chamber views) and short-axis
views (Figure 1). The next step saw the propagation of the
contours before the calculation of regional strain values for
the 16 AHA segments as well as the calculation of global
strain values with the aid of the software. For ease, the
absolute amounts of strain values were used.

2.4.3. DWI and Apparent Diffusion Coefficient (ADC)
Analysis. DWIimages were taken from the middle and apex
of the heart for the evaluation of 6 middle and 4 apical AHA
cardiac segments. The DWI images were evaluated via both
qualitative and quantitative methods. For the qualitative
evaluation, a radiologist and a cardiologist, who were both
experienced in the field and blinded to the patients’ history
and other CMR sequences, independently observed the DWI
images and classified the segments as fibrosis-positive and
fibrosis-negative (intraobserver reproducibility: 0.89-0.92).
In the case of disagreement between the 2 interpreters, the
final decision was made by the senior radiologist in the ward.
These visual assay findings were thereafter compared with
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FIGURE 1: CMR feature-tracking technique for determining myocardial strain. (a) Four-chamber, (b) two-chamber, (c) three-chamber, and
(d) short-axis images depict left ventricle endocardial (red) and epicardial (green) borders. (e) Bull’s eye maps and (f) strain curves

according to AHA myocardial segmentation.

those of segmental LGE. In the next step, ADC maps were
calculated from the DWI dataset using MATLAB software,
and the mean ADC value for each AHA segment was
extracted (Figure 2).

2.5. Statistical Analysis. SPSS software, version 22.00, was
used for the statistical analyses. Continuous variables with
normal distributions were described as the mean + the
standard deviation (SD), while categorical variables were
expressed as frequencies and percentages. Intergroup
comparisons between LGE-positive and LGE-negative cases
and between LGE < 15% and >15% were performed in terms
of the quantitative variables by using an independent-
samples t-test. The predictive power of regional strain pa-
rameters for regional LGE was tested using logistic

regression models. A 2-tailed P value of less than 0.05 was
considered statistically significant.

3. Results

3.1. Patients and Baseline Characteristics. The current study
recruited 30 patients, of whom 4 were excluded due to severe
motion artifacts. Twenty-six patients (female: 30.8%) at a
mean (+SD) age of 46.5 (+14 y) were studied. The systolic
anterior motion of mitral valve leaflets was seen in 13 pa-
tients (50%). Mild-to-moderate valvular abnormalities were
seen in 11 patients (42.3%), with mitral regurgitation being
the most common abnormality (n=9), followed by pul-
monary insufficiency (n =4). LGE was present in 20 patients
(76.9%: LGE-positive cases) and 52 out of 212 available
segments (24.5%). Table 1 displays the baseline demographic
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FIGURE 2: (a) Late gadolinium enhancement sequence (magnitude image), (b) late gadolinium enhancement sequence (phase image), (c)
ADC map, and (d) true FISP image in a known case of hypertrophic cardiomyopathy. ADC: apparent diffusion coefficient; FISP: fast

imaging with steady-state free precession.

TaBLE 1: Baseline demographic and cardiac MRI characteristics of the study population.

Variables All subjects (n=26) LGE<15% (n=18) LGE>15% (n=38) P value
Age () 46.6 (+14) 471 (+13)y 452 (+19) 0.776
Gender (female) 8/26 (30.8%) 3/18 (16%) 5/8 (62%) 0.060
Body surface area (m?) 1.91 (+0.21) 1.9 (+0.16) 1.7 (+0.23) 0.006
Positive family history 17/26 (68%) 14/18 (77%) 3/8 (37%) 0.078
Heart rate 64 (+8) 65 (+9) 63 (+6) 0.522
LVEF (%) 54 (x11) 58 (+8) 47 (£13) 0.024
LVESVI (mL/m?) 34.7 (+18.3) 29 (+13) 46 (+23) 0.032
LVEDVI (mL/m?) 74.7 (+£20.8) 70 (+19) 84 (+22) 0.121
LV mass index (g/mz) 84.1 (+39.1) 78 (+35) 96 (+46) 0.312
Cardiac output (L/m) 49 (+1.4) 5.3 (x1.4) 4.0 (x0.8) 0.027
Maximal wall thickness (mm) 19.5 (£5.7) 17 (+4.1) 24 (+6.2) 0.003

Values are mean (+SD) or n (%). LVEF: left ventricular ejection fraction; LVESVI: left ventricular end-systolic volume index; LVEDVTI: left ventricular end-

diastolic volume index; LV: left ventricle.

and cardiac MRI characteristics of the total study population
and subgroup comparison based on the LGE percentage of
greater or less than 15%. The patients with LGE percentage
of 15% or greater had significantly lower LV ejection fraction

(47+13% vs. 58+8%, P =0.024) and cardiac output
(4+0.8L/m vs. 53+ 1.4L/m, P =0.027), as well as signifi-
cantly higher LV end-systolic volume index (46 + 23 ml/m”
vs. 29+ 13 ml/m? P =0.032) and maximal wall thickness
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(24 +6.2mmvs.17 £ 4.1 mm, P = 0.003). The LV mass index
and LV end-diastolic volume index did not show a signif-
icant difference between the two groups (P > 0.1 for both).

3.2. FT-CMR Analysis. The comparison of global strain
values between LGE-positive and LGE-negative patients
demonstrated no significant difference in global longitudinal
strain (GLS), global radial strain (GRS), and global cir-
cumferential strain (GCS) (GLS=11+3.5 vs. 12.3+4.5,
GCS=14.3+3.0 vs. 152+44, and GRS=36.9+14.0 vs.
31.3 £ 14.3, respectively; P> 0.1 for all). According to their
LGE percentage, the patients were divided into 2 groups of
LGE of less than 15% and LGE of 15% or greater so that
global strain values could be compared between the groups.
The intergroup analysis showed no significant difference in
the absolute global strain values (GLS=10.60+3.60 in
LGE>15% vs. 12.42+3.72 in LGE<15%, P>0.1;
GRS=36.52+18.40 in LGE>15% vs. 3520+12.26 in
LGE<15%, P>0.1; and GCS=12.67 +2.57 in LGE>15%
vs. 15.33+3.40 in LGE<15%, P =0.09). Thereafter, a
comparison of segmental longitudinal, circumferential, and
radial strain values revealed significant differences con-
cerning all 3 strain parameters between LGE-positive and
LGE-negative segments (longitudinal strain=10.5+5.1 vs.
15.5+ 6.6, circumferential strain=11.8+5.7 vs. 16.8+6.3,
and radial strain =24.8+26.6 vs. 32.2+28.1, respectively;
P <0.001 for all). As is shown in Table 2, the logistic re-
gression models revealed that regional longitudinal and
circumferential strain values had significant associations
with regional LGE (P < 0.001 for both), and circumferential
strain was the only independent predictor of segmental LGE
(OR: 1.140, 95% CI: 1.073 to 1.207, P <0.001).

3.3.DWIand ADC Analysis. In 12 patients, the DWI images
of cardiac apical segments were excluded due to severe
motion artifacts. In the total of 212/260 reviewed segments, a
visual agreement between DWI and LGE images was re-
ported in 193 segments (91%). In the remaining 19 segments,
5 LGE-positive segments were classified as fibrosis-negative
by DWI images (false negative) and 14 LGE-negative seg-
ments were classified as fibrosis-positive by DWI images
(false positive). In 11 out of the 19 discordant segments
(57%), the timing of the cardiac cycle was dissimilar between
LGE and DWI images. The mean ADC was 0.64 +0.25 for
LGE-positive and 0.61+0.23 for LGE-negative segments.
The difference between the ADC values of LGE-positive and
LGE-negative segments failed to constitute statistical sig-
nificance (P = 0.51).

4. Discussion

The main findings of our investigation are as follows:
(1) All regional strain values showed significant dete-
rioration in fibrosis-containing segments

(2) Among the 3 regional strain values, circumferential
strain was an independent predictor of fibrosis

TaBLE 2: The results of logistic regression analysis on the predictive
role of regional strain values for regional fibrosis.

Variable OR (95% CI) P value
Regional longitudinal strain 1.121 (1.052-1.183)  <0.001
Regional circumferential strain ~ 1.125 (1.052-1.183)  <0.001
Regional radial strain 1.005 (0.993-1.016) 0.386

(3) In patients with notable amounts of fibrosis, GCS
showed relative impairment

(4) The qualitative assessment of DWI images revealed
an excellent agreement with LGE sequences

(5) The quantitative assessment of ADC showed no
difference between segments with or without LGE

Contractile dysfunction in HCM and its relationship
with tissue characteristics have been the focus of some
previous studies. Using speckle-tracking echocardiography,
Popovic et al [19] demonstrated that regional and global
longitudinal strain parameters had decreased absolute values
in LGE-containing segments and patients, respectively. In
their study, regional circumferential and radial strain values
were comparable between LGE-positive and LGE-negative
segments. Conversely, in a more recent study on 45 patients
with HCM, Wu et al. [11] reported impairment in all 3
regional strain parameters in LGE-positive segments and
segments with increased ECV values. Similarly, in a study on
pediatric HCM, Bogarapu et al [20] demonstrated that all
strains were significantly decreased in LGE-positive groups
and introduced a cutoff point of —12.8% for GLS to dif-
ferentiate between LGE-positive and LGE-negative patients.
Scintillatingly, Swoboda et al [21] reported that segmental
hypertrophy, LGE, and abnormal native T1 and ECV values
were all associated with impairment in circumferential and
radial strains. However, they showed that after correction for
regional wall thickness, circumferential and radial strain
values were significantly associated with native T1, but not
with LGE and ECV. Therefore, they proposed that con-
tractile abnormality was probably affected more by cellular
changes and to a lesser extent by extracellular expansion.

In our study, global strains exhibited no significant
difference between LGE-positive and LGE-negative cases.
The regional strains, however, showed significant impair-
ment in LGE-positive segments, and segmental circumfer-
ential strain proved to be an independent predictor of LGE.
This might be due to the fact that, in HCM, myocardial
fibrosis is typically midwall [4, 22, 23], and among the 3
strain axes, it is circumferential strain that is mainly gen-
erated by the circumferential fibers of the midwall myo-
cardium [24]. Consequently, circumferential strain is
diminished by the fibrous degeneration of these fibers. The
mean maximal wall thickness of the patients in our study was
low by comparison with that reported by some previous
studies [20]. Given that the myocardial thickness is a major
determinant of disease severity in HCM, it is probable that
our study group consisted of individuals with milder disease.
Thus, it could be postulated that, in the course of HCM,
circumferential strain is the first strain to show impairment.



A few previous studies have utilized DWI to detect fi-
brosis in HCM hearts [10-12]. Our results demonstrated
that the visual identification of fibrotic regions on b100 DWI
images was consistent with LGE images in 91% of the
reviewed segments, and more than half of the observed
discordance was attributable to mismatched cardiac phases.
Since no more than 2 segments were discordant in DWI with
LGE images in each patient, the total visual estimation of
fibrosis was comparable between LGE and DWI images. This
is in line with the results of Nguyen et al [10], who reported a
high visual agreement between ADC, ECV, and LGE images,
not least for the detection of patch-like fibrosis. Neverthe-
less, in our study, ADC values did not show a significant
difference between LGE-positive and LGE-negative seg-
ments. The broad SD of the ADC values in both normal and
fibrotic regions indicates that low b-value DWI is not an
efficient quantitative technique for the evaluation of myo-
cardial changes. This finding does not chime in with that
reported by a few investigations that demonstrated signif-
icantly increased ADC measures in fibrosis-positive seg-
ments defined by either LGE or ECV images [10-12]. One
possible explanation for this discrepancy could be the fact
that the low b-value diffusion also contains data regarding
the perfusion characteristics of the myocardium [25, 26]. As
long as resting-state dynamic contrast-enhanced myocardial
perfusion images are close to normal, it is logical to observe
no ADC value changes in the study group. On the other
hand, according to previous studies, abnormal rest perfusion
and reduction in capillary microcirculation are seen in a
large percentage of patients with HCM and are mostly as-
sociated with areas of fibrosis shown in LGE images [27].
We, therefore, hypothesized that the reduction in the mi-
crocirculation in these areas might compensate for the in-
crease in movements in the widened ECV and result in no
significant change in the ADC values of these areas.

4.1. Limitations. The current study has some notable limi-
tations, first and foremost among which is our small sample
size, possibly explaining the indeterminate significance of
some findings. In our view, similar studies with larger
samples should be considered. Second, DWI sequences were
based on segmented spin-echo EPI, which added to the
susceptibility of the lung tissue over the LV lateral wall and
caused distortion in some images. Third, EPI-based se-
quences usually have a low signal-to-noise ratio, adding to
the complexity of image and data analysis. Thus, we rec-
ommend the evaluation of balanced steady-state free pre-
cession for DWI in larger studies on HCM.

5. Conclusions

FT-CMR can reliably show fibrosis-containing segments in
HCM. Circumferential strain is probably the first strain
parameter to exhibit impairment in LGE-positive patients.
This is of paramount importance since this novel post-
processing technique can serve as an available, easy, and fast
method to show myocardial fibrosis in clinical practice and
obviate the need for any additional CMR sequences or
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contrast injections. DWI can function as an efficient qual-
itative method for the estimation of the fibrosis extent in
HCM, whereas low b-value DWT is not a reliable method to
quantify the scar extent. Further large-scale multicentric
studies are warranted to reliably propose these 2 novel
noncontrast CMR methods for fibrosis prediction in patients
suffering from HCM.
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