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List of Abbreviations and Acronyms

[*F]FDG

Fluorine-18-labeled fluorodeoxyglucose

2D

Two-dimensional

3D

Three-dimensional

4CH

Four-chamber

AC

Arrhythmogenic cardiomyopathy

ACC

American College of Cardiology

AHA

American Heart Association

Al

Artificial intelligence

ANCA

Antineutrophil cytoplasmic antibodies

AoS

Aortic stenosis

ARDs

Autoimmune rheumatic diseases

ATTR

Transthyretin

bSSFP

balanced steady-state free precession

CCTGA

Congenitally corrected transposition of the great arteries

CMR

Cardiac magnetic resonance imaging

cT

Computed tomography

CT-ECV

Extracellular volume by computed tomography

DM

Dermatomyositis

DSP

Desmoplakin

ECG

Electrocardiogram

ECV

Extracellular volume

EMF

Endomyocardial fibrosis

ERT

Enzyme replacement therapy

ESC

European Society of Cardiology

FLNC

Filamin C

GLS

Global longitudinal strain

GraSE

Gradient- and spin-echo

HCM

Hypertrophic cardiomyopathy

HF

Heart failure

ICD

Implantable cardioverter-defibrillator

ICI

Immune checkpoint inhibitor

Idiopathic inflammatory myopathies

LC

Light-chain

LGE

Late gadolinium enhancement

LMNA

Lamin A/C

Lv

Left ventricle

LVEF

Left ventricular ejection fraction
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LVH

Left ventricular hypertrophy

mcLARO

Multi-contrast learned acquisition and reconstruction optimization

MESE

Multi-echo spin-echo

Moco

Motion correction

MOLLI

Modified look-locker inversion recovery

MRI

Magnetic resonance imaging

Mvp

Mitral valve prolapse

NDLVC

Non-dilated left ventricular cardiomyopathy

PLN

Phospholamban

PM

Polymyositis

ROC

Receiver operating characteristic

ROI

Region of interest

RV

Right ventricle

SAPPHIRE

Saturation-pulse-prepared heart-rate-independent inversion recovery

SASHA

Saturation recovery single-shot acquisition

SCMR

Society for Cardiovascular Magnetic Resonance

SD

Standard deviation

shMOLLI

Shortened modified look-locker inversion recovery

SLE

Systemic lupus erythematosus

SMART1Map

Saturation method using adaptive recovery times for cardiac T1 mapping

SNR

Signal-to-noise ratio

SSc

Systemic sclerosis

SSFP

Steady-state free precession

T

Tesla

T1IM

T1 mapping

T2M

T2 mapping

T2-prep

T2 preparation

TE

Echo time

Tl

Inversion time

VT

Ventricular tachycardia

WASO0G

World Association for Sarcoidosis and Other Granulomatous Diseases
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: Clinical applicability

of detecting early myocardial abnormalities, improving risk stratification, and monitoring therapeutic response,
thereby enabling a more precise and personalized approach to cardiovascular disease

@ Multiparametric mapping transforms cardiovascular magnetic resonance into a quantitative imaging tool capable
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Basic concepts and clinical applicability of multiparametric maps in cardiac magnetic resonance imaging. ECV: extracellular volume;
MOLLI: modified look-locker inversion recovery; ROI: region of interest; SAPPHIRE: saturation-pulse prepared heart-rate-independent

inversion recovery; SASHA: saturation recovery single-shot acquisition.
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1. Introduction

Cardiovascular diseases continue to be the leading cause
of morbidity and mortality in Brazil, having a significant
impact on both public health and socioeconomic costs.
Among these conditions, cardiomyopathies — both ischemic
and non-ischemic — stand out for their high prevalence,
etiological diversity, and diagnostic complexity. Early and
accurate recognition of these diseases is essential for guiding
appropriate treatment interventions, improving prognosis, and
reducing adverse outcomes.

In this context, cardiac magnetic resonance (CMR) imaging
has established itself as one of the primary tools for evaluating
patients with cardiomyopathies. In addition to providing
detailed anatomical and functional information, CMR plays
an increasingly important role as a multiparametric imaging
method, allowing for the noninvasive, highly accurate
characterization of myocardial tissue. International and
national guidelines highlight the importance of CMR and
computed tomography (CT) in the diagnosis of ischemic
and non-ischemic cardiomyopathies, as well as congenital
heart diseases, reinforcing the relevance of these methods in
contemporary clinical practice.'*

Among the most significant advances in the field of
CMR is multiparametric mapping, which has revolutionized
diagnostic capabilities by quantifying intrinsic properties of
the myocardium, such as T1 and T2 relaxation times, as well
as calculating extracellular volume (ECV). This technique
originated in the early relaxation studies of the 1980s, which
demonstrated the potential of CMR parameters to distinguish
normal from abnormal tissue. Systematic application of
multiparametric maps began in earnest in the 2000s, with the
development of rapid acquisition sequences and more robust
reconstruction algorithms.>® Today, this technique continues
to evolve, with increasing international standardization,
establishment of reference values for age groups and specific
populations, and incorporation into large multicenter cohorts.

Multiparametric mapping allows objective, quantitative,
and reproducible assessment of myocardial tissue, overcoming
the limitations of qualitative methods such as late gadolinium
enhancement (LGE), especially in scenarios involving diffuse
myocardial involvement.” T1 analysis allows for the early
identification of fibrosis and infiltration, T2 reflects edema and
inflammatory activity, ECV indirectly quantifies extracellular
matrix deposition, and T2* mapping plays a key role in the
analysis of myocardial iron deposition.” Taken together, these
parameters enhance the sensitivity and specificity of CMR in
detecting inflammatory and infiltrative cardiomyopathies (such
as amyloidosis and Fabry disease), chemotherapy-induced
cardiotoxicity, and viral myocarditis, as well as help refine risk
stratification in ischemic heart disease.

In addition to their role in early diagnosis, multiparametric
maps hold promise for use in longitudinal follow-up, allowing
noninvasive monitoring of disease progression and assessment
of treatment efficacy. This makes them an essential tool not
only for clinical practice but also for translational research,
by providing biomarkers of response in clinical trials. Thus,
the progressive incorporation of multiparametric mapping
into routine practice in specialized centers represents a

milestone in the care of cardiomyopathies and points toward
an increasingly personalized medicine, based on quantitative,
high-precision imaging.

This position statement was developed in accordance with
the recommendations of the Brazilian Society of Cardiology
(SBC), following a structured methodology to ensure scientific
rigor and clinical applicability. A careful selection of the
available literature was conducted, prioritizing domestic and
international guidelines, consensus documents, original studies
with robust methods, systematic reviews, and meta-analyses
relevant to the topic. The recommendations contained
herein are based on the best available scientific evidence and
discussed by experts in the field; they are presented at the end
of each section and highlighted as key messages.

This SBC position statement aims to synthesize current
knowledge on multiparametric mapping in CMR, contextualize
its applicability within the Brazilian setting, standardize
information on image acquisition and analysis, and provide
guidance on the use and application of this technique for the
benefit of patients with cardiomyopathies (Central lllustration).

2. Key Concepts - Acquisition Techniques,
Protocols, and Analysis/Post-Processing

2.1. T1 and ECV Mapping

2.1.1. Basic Physics Concepts

T1 refers to the recovery of the longitudinal magnetization
of tissues following the application of a radiofrequency pulse.
Within a magnetic field, the protons in the tissues excited
by that field form a net magnetization vector that can be
shifted by radiofrequency pulses. The rate at which the
longitudinal component of this magnetization vector recovers
after a radiofrequency pulse is called the T1 time, and it is
generally exponential.

T1 mapping (TTM) refers to the process of fitting a
curve to this exponential function based on different time
measurements of the recovery of longitudinal magnetization
in the tissues of interest, which is subsequently rendered as an
image. Each pointin the image corresponds to the T1 value of
that tissue, provided that all time measurements refer to the
same tissue, highlighting the need for proper registration of the
structures to be measured. In the heart, measurements must
be acquired while accounting not only for variations imparted
by respiratory movement but also for the cardiac cycle, in
order to accurately reflect the T1 value of the myocardium.

The assessment of myocardial T1 time and the creation
of reliable parametric maps first became possible in 2004,
with the modified look-locker inversion-recovery (MOLLI)
technique, which combines an inversion recovery sequence
with rapid cardiac-gated image acquisition.®

Several factors influence the recovery of longitudinal
magnetization, including technical factors — such as the
magnetic field and acquisition parameters — and tissue-
related factors, which ultimately reflect the energy exchange
capacity of tissue protons and thus offer the potential for tissue
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characterization, allowing for the quantitative representation
of normal tissues and pathological processes. Conditions that
facilitate such energy exchange in tissues, and thus accelerate
the recovery of longitudinal magnetization, result in shorter T1
values. This includes the magnetic field itself, with T1 values
beingshorter in 1.5-Tesla (T) compared to 3.0-T scanners. The
presence of paramagnetic substances also reduces T1 time, as
occurs in conditions involving iron infiltration in myocardial
tissue and following the injection of gadolinium contrast — an
effect that can be used to measure the extracellular space
volume, as discussed below.

Excess adipose tissue in the myocardium, by reducing the
movement of protons in lipid molecules and cell walls, also
shortens T1 time — an effect observed in post-myocardial
infarction adipose metaplasia, as well as in sphingolipid
deposition in Fabry disease. On the other hand, processes
that increase the motion of water molecules reduce T1
relaxation capacity, increasing the recovery time of longitudinal
magnetization —an effect observed in myocardial edema and
in conditions involving an increase in extracellular matrix
volume, such as amyloidosis.

A detailed discussion of the physical principles involved
in the creation of myocardial T1 maps would fall outside the
scope of this paper; however, it is important to highlight the
technical complexity involved so that the reader is aware of
the precautions necessary when using this technique. More in-
depth information is available elsewhere in the literature.>*-'*

2.1.2. Myocardial T1 Map Acquisition Techniques

There are two main techniques for acquiring myocardial
T1 maps currently in use: those based on inversion-recovery,
i.e. the MOLLI sequences and their variations, and those
based on saturation-recovery, which also have variants and
adaptations depending on the equipment and manufacturer.

Table 1 - Main acquisition sequences for T1 maps

These variations and optimizations are distinguished by
different acquisition sequences (number of radiofrequency
pulses, readout times, pauses, and readout parameters, such
as flip angle) and are constantly evolving. Table 1 presents an
overview of the main sequences, while Figure 1 shows images
acquired using the different techniques.

Inversion-recovery techniques: the MOLLI technique
introduced image acquisition from each Look-Locker set using
the single-shot technique (one image per radiofrequency
pulse), with selective acquisition at the same points in the
cardiac cycle and varying inversion times (Tls), allowing for the
acquisition of a T1 map slice during a single breath hold. The
original MOLLI sequence, however, uses at least 17 heartbeats
to complete all the acquisition sets necessary to create the
map, with an acquisition protocol described as 3(3)3(3)5 (the
numerical sequence refers to the number of inversion pulses,
reads, and recovery pauses),'® requiring a long breath-hold and
thus more susceptible to respiratory movement artifacts. The
sequence has also been shown to be heart rate-dependent,
with a T1 measurement bias, particularly for longer T1 times
and higher heart rates. Variants have been proposed to address
these shortcomings.

One of the most common such variants is MOLLI with a
5(3)3 acquisition protocol, which shifts acquisition of the first
five images to the first inversion pulses, allowing for a longer
myocardial recovery time and using only 11 heartbeats for
acquisition. Another variation is the SAMOLLI (“shortened”
modified Look-Locker imaging) sequence™ with a 5(1)1(1)1
acquisition protocol, which is less heart rate- dependent and
requires only a short breath hold. For post-contrast imaging,
the 4(1)3(1)2 protocol is used over 11 heartbeats, improving
estimation of T1 time, which is shortened after contrast
administration.

Despite these variations and optimizations, inversion-
recovery-based sequences such as MOLLI and ShMOLLI

T1 Preparation Acquisition Time

MOLLI IR 17 beats
MOLLI

5(3)3 IR 9-12 beats
ShMOLLI

5(1)1(1)1 IR 9 beats
SASHA SR 11 beats
SAPPHIRE IR/SR 9 beats

T1 Precision T1 Accuracy Comments

++ ++ Measurement bias,
underestimating
T1 (T2 effect and
magnetization
transfer);
dependent on

heart rate

++ ++

++ ++

No dependence on
T2, magnetization
transfer, or heart
rate. Increased
noise, loss of
precision

+ +++

++ +++ Improved accuracy

Source: after Moon et al.® IR: inversion recovery; MOLLI: Modified Look-Locker Inversion Recovery; SAPPHIRE: Saturation pulse
prepared heart rate independent inversion recovery; SASHA: saturation-recovery single-shot acquisition;, ShMOLLI: Shortened

Modified Look-Locker Inversion Recovery; SR: saturation recovery.
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Figure 1 - Representative images of the Modified Look-Locker Inversion Recovery (MOLLI) technique with 5(3)3 protocol (A and B) and
the SmartMapT1 (C and D) technique. Global myocardial measurement, same time point, patient with aortic regurgitation.

always carry a potential bias toward underestimating T1, due
to factors such as dependence on transverse magnetization loss
or the T2 factor, “off-resonance” effects, and magnetization
transfer. These limitations notwithstanding, they are highly
reproducible and accurate sequences, with a large body of
published studies on their utility in various pathological states.

2.1.3. Saturation-Recovery Techniques

Saturation-recovery sequences cancel out the longitudinal
magnetization, making image acquisition independent of
heart rate by eliminating the need to wait for T1 recovery.
Although they offer greater accuracy in determining T1 time,
they have lower precision and a lower signal-to-noise ratio
(SNR) than inversion-recovery techniques. The evolution of
steady-state free-precession (SSFP) techniques, as used in the
saturation recovery single-shot acquisition (SASHA) sequence,
has mitigated the issue of low SNR. Another variant of this
technique is SMART1Map (saturation method using adaptive
recovery times for cardiac TTM). Unlike SASHA, where each
saturation and acquisition pulse occurs during the same
heartbeat, the SMART1Map sequence uses saturation and
acquisition pulses during different heartbeats. Finally, a hybrid
technique has been developed which employs saturation
pulses followed by inversion pulses prior to image acquisition
(saturation pulse prepared heart rate independent inversion
recovery, SAPPHIRE), thereby improving accuracy.’'®

2.1.4. Extracellular Volume

ECV is a quantitative biomarker of the fraction of
myocardium corresponding to the extracellular compartment.
An increase in ECV reflects expansion of this compartment,
which can occur through various mechanisms, such as
interstitial fibrosis, edema, or infiltration by abnormal material,
including amyloid deposits. Therefore, ECV is not a specific
histological marker of fibrosis and should be interpreted in
correlation with the clinical context, other CMR findings and,
when available, local reference values. In patients with heart
disease, ECV exceeds 28-30% (depending on the magnetic
field strength), and may even reach values above 40% in
infiltrative conditions such as amyloidosis.

Following intravenous (and, therefore, extracellular)
administration, paramagnetic contrast medium distributes
throughout both the intravascular space and the extracellular
space of tissues, including the myocardium. It is well known
that gadolinium contrast shortens the T1 time in proportion to
its concentration in different tissues, allowing for a comparative
evaluation of pre- and post-contrast T1 maps, thereby
generating an estimate of gadolinium concentration based
on the pre- and post-contrast 1/T1 ratio in myocardium and
blood - the latter measured in the ventricular cavity. Correction
for hematocrit is required, as well as comparison with the
intravascular concentration of the paramagnetic agent,
thereby excluding the cellular component of the intravascular
compartment and generating an estimate of plasma T1. It is
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then assumed that gadolinium has distributed itself evenly
between the intravascular and extracellular compartments,
which has been shown to occur with relative certainty
approximately 10 minutes after intravenous injection of the
contrast agent. There is a constant shift in this distribution
of gadolinium following intravenous administration, as a
result of variations in tissue perfusion and renal filtration of
the contrast agent; however, from a clinical standpoint, a
measurement obtained 10 minutes after contrast injection
has proven sufficient for calculating the ECV. The formula for
ECV estimation is:

Post-contrast

1Min _ Native 1fl-'1 in
. myocardium
myocardium
.« Post-contrast Native 1/T1 in
ECV=" (1-Hematoc®) ™ 4riiihiood = blood

Values should be expressed and interpreted as a fraction of
volume rather than an absolute measurement. Normal values
have been reported in several studies, some of which even
record variations with age and sex.

It is important to keep in mind that the technical
considerations applicable to native T1, as well as any
measurement biases of pre-contrast T1, will also apply to
post-contrast measurements. Other variables also come into
play, including positioning errors. The volume and type of
contrast agent used can also influence the measurements, as
can renal function, which affects the rate of contrast filtration
in blood plasma. It also bears stressing that the dependence
of ECV measurement on magnetic field strength, sequence
types, and imaging parameters is less pronounced than for
native or post-contrast T1 measurements, given the nature
of the measurement.

At many facilities, incorporating hematocrit measurement
into the routine outpatient CMR workflow can be a
challenge; in addition to laboratory variables inherent to the
measurement itself, this can also cause delays in signing off
the report. In light of these considerations, a technique for
synthetic hematocrit estimation has also been developed,
based on the relationship between the T1 value of the pre-
contrast (native) blood pool and the relationship between
that value and the patient’s hematocrit, which has come to
be known as the synthetic ECV."®

The recommended contrast dose is 0.1 to 0.2 mmol/kg/
body weight. Post-contrast T1 maps should be acquired 10
to 30 minutes after contrast injection; standardization of this
timing is recommended. When the contrast dose is divided
into more than one injection — e.g. in pharmacological stress
tests — the timer should start once the final dose is injected.
Hematocrit should be measured no later than 24 hours after
the scan; ideally, the blood sample should be drawn at the
time of the scan (Chart 1).

2.1.5. Accuracy and Precision

Accurate, precise, and reproducible measurements of
myocardial T1 and ECV are the goal of the technique, but
physical and biological variables are diverse. Accuracy errors
refer to systematic bias in the measurement. Precision, on
the other hand, refers to random, noise-related errors.
These and other biases affect the reproducibility of the
technique and the determination of normal values.
Multiple technical factors influence these values, such as
T2 sensitivity, off-resonance, flip angle, spatial resolution
(matrix), partial volume, and magnetization transfer, among
others. Changes in acquisition parameters can strongly
influence these measurements, and standardization of
parameters for each scanner is essential. Once reference
values have been established for a given scanner, the
sequence parameters should no longer be altered. Patient-

Chart 1 - Potential implications of conventional (hematocrit-based) extracellular volume, synthetic extracellular volume, and

paramagnetic contrast on interpretation of T1 maps

Potential technical limitations

Laboratory
hematocrit

Differences among contrast agents, the dose
administered, time after contrast administration, and

Gadolinium contrast
renal function.

Based on estimating hematocrit from native-blood T1,
using equations specific to each scanner, sequence, and

magnetic field.
Synthetic ECV

Sample drawn at any time other than simultaneously
with the CMR scan, hemodilution, hemoconcentration,
recent transfusions, laboratory error.

Performs less well in patients with anemia, polycythemia,

renal insufficiency, hematologic disorders, inflammatory

conditions, or abnormalities of blood composition. Lack
of universal standardization among manufacturers.

Clinical impact

May result in incorrect estimation of ECV,
even when T1 maps are of good quality.

Directly influences contrast distribution and
ECV values.

May reduce the need for blood draws, but is
less accurate in certain populations.

May introduce systematic bias and reduce
the reliability of ECV estimation when
compared to the method based on actual
measured hematocrit.

RMC: ressonancia magnética cardiaca; VEC: volume extracelular.
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related factors, such as heart rate, respiratory movements,
hematocrit, and renal function, also affect measurements.'®

The decision regarding which sequence and protocol
to employ should be guided by clinical context. Correct
positioning of the tissue to be measured between images is
essential. Automatic motion correction (MOCO) protocols
have been developed for this purpose and should be used
when available.'”'® The use of such automatic corrections
does not eliminate the need for a breath hold. Free-breathing,
navigator-based techniques are also available, but clinicians
should bear in mind that they increase acquisition time and
are reliant on the patient’s breathing pattern; therefore, a
breath hold is preferable. An understanding of the variables
involved and an ability to recognize artifacts are essential for
the proper use of the method.

2.1.6. Protocols

For diffuse cardiomyopathies, two-chamber short-axis
views at the base and middle third are sufficient; acquisition
of a long-axis view is optional. Caution is required when
obtaining measurements in slices where the structure
being measured is not orthogonal to the acquisition plane,
such as short-axis slices of the cardiac apex, where a
partial-volume effect is present. In diseases with irregular
distribution, a long-axis view should be included, such
as the four-chamber (4CH) view for amyloidosis and the
three-chamber view for Fabry disease; however, the choice
of plane should take into account the findings on cine and
T2/STIR sequences. Evaluation of cine and T2/STIR images
is also essential in determining the mapping protocol in
focal and acute diseases; in this context, coverage should
include areas of maximum and minimum abnormalities
visualized in the other sequences (or, ideally, the entire
length of the left ventricle [LV]). Care should be taken not

to prolong the scan too much, to prevent undue patient
discomfort and fatigue.

For ECV measurement, the technique and parameters
should be the same as for native T1 acquisition, except
for the MOLLI protocol. The same views and phase of the
cardiac cycle phase should be imaged.

2.1.7. Analysis

It is essential that clinicians understand the technique
being analyzed and the type of acquisition. Some analysis
software may require manual entry of certain parameters,
even if only the sequence type. Prior to map analysis, the
raw images should be assessed for motion artifacts and
other artifacts. This understanding is essential for subsequent
evaluation of the map and identification of artifacts and
areas from which measurements should or should not be
taken (Figures 2 and 3; Videos 1 and 2). A visual qualitative
analysis should be performed before any quantitative analysis
to ensure confidence in the measured values.

For evaluation of diffuse cardiomyopathies, a single region
of interest (ROI) covering the mid-septum should be sufficient
for analysis (Figure 4), and the value can be validated with
measurements of the basal septum. Obtaining measurements
from the lateral walls is best avoided, to prevent artifacts
related to the lung parenchyma and venous contamination.
A global measurement of the entire slice may also be used.

Focal conditions can be assessed using specific ROlIs in
the affected areas; visual evaluation of the color map may
be helpful. Always remember to assess for artifacts and avoid
areas where abnormalities in the map appear unreliable.
Generating a value and/or color map using the 16-segment
model outlined in the American Heart Association (AHA)
guidelines is also an interesting and effective technique to

Figure 2 - Motion correction (MOCO) absent in image A and present in image B, with respective maps. Analysis is compromised in

the map without MOCO.
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Figure 3 — Motion correction: the image shows an area on the inferior wall with a positional artifact despite the correction technique.
The corresponding T1 map shows an area of compromised analysis on the inferior wall.

o

A

4

Video 1 - Motion correction (MOCO) is absent in cine A and applied in cine B, with the corresponding maps. Analysis of the map

without motion correction is limited.

Link: http://abccardiol.org/supplementary-material/2026/12310/pos_mapa_vid_01a.mp4
Link: http://abccardiol.org/supplementary-material/2026/12310/pos_mapa_vid_01b.mp4

assess the entire myocardium at a glance and easily compare
segments (Figure 5). Small ROIs (i.e. less than 20 pixels)
should be avoided. Various automatic or semi-automatic
analysis software programs are available on the market, and
there is no specific recommendation regarding which to use.
What is essential, however, is understanding how these tools
work and performing a visual assessment of any automatically
generated ROls.

Arq. Bras. Cardiol. 2026;123(10):e20260859

2.1.8. Reference Values

Significant progress has been made in standardization
and matters of technical quality; nevertheless, significant
differences still persist among platforms, sequences, and
centers. Therefore, clinical interpretation continues to
depend on validated, local (facility-specific) reference values
and rigorous quality control, in accordance with published
consensus recommendations.> When establishing local
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Video 2 - Motion correction (MOCO): the cine demonstrates a positional artifact in the inferior wall despite application of the correction
technique. The corresponding T1 map shows limited interpretability in this region.
Link: http://abccardiol.org/supplementary-material/2026/12310/pos_mapa_vid_02.mp4

Mapa T1

Area: 2,462 cm?
Média: 915,243 Mediana: 915 SD: 30,236 Somar: 433.825
Min: 844 Max: 981 Skewness: 0,084 Kurtosis: -0,599

Figure 4 - Short-axis Modified Look-Locker Inversion Recovery (MOLLI) technique with region of interest in the septal position.

Arq. Bras. Cardiol. 2026;123(10):e20260859 15


ttp://abccardiol.org/supplementary-material/2026/12310/pos_mapa_vid_02.mp4

16

Costa et al.
Position Statement on the Use of Multiparametric Mapping for Advanced Tissue
Characterization by Cardiovascular Magnetic Resonance

Statement

F. ; +
188 +/g6.8
\ \

Figure 5 - Modified Look-Locker Inversion Recovery (MOLLI) technique with 5(3)3 sequence showing basal and mid two-chamber
views, with measurements adapted to the respective American Heart Association segments.

reference values, technical parameters must strictly mirror
those that will subsequently be used in daily clinical practice.
Local reference values are then defined as the mean plus
or minus two standard deviations from the normal sample
acquired at the facility. Other approaches have included
the creation of standard normal tables based on Z-scores
and demonstrated the possibility of analysis across different
magnetic fields, scanners, and acquisition schemes other
than MOLLL"

2.1.9. Conclusion

T1M and ECV calculation are powerful quantitative
tools for noninvasive tissue characterization, but require
rigorous standardization, quality control, and integrated
clinical interpretation. MOLLI and SASHA are the most
widely used sequences, and ECV adds prognostic and
diagnostic value in the assessment of fibrosis, infiltration,
and myocardial edema.

2.1.10. Key Takeaways

* T1 represents the time to recovery of longitudinal
magnetization in tissues following a radiofrequency pulse;
* T1M generates quantitative parametric images that reflect
tissue properties (water, fat, iron, collagen, protein content);
* Low T1 values — iron, fat, sphingolipids (e.g. Fabry
disease);

e High T1 values — edema, diffuse fibrosis, infiltration,
increased extracellular space (e.g. amyloidosis);

* Inversion-recovery techniques - MOLLI, ShAMOLLI
(high accuracy, but dependent on heart rate and prone to
artifacts). MOLLI (5[3]3) is the most widely used protocol;
ShMOLLI reduces dependence on heart rate;

Arq. Bras. Cardiol. 2026;123(10):e20260859

* Saturation-recovery techniques = SASHA, SMART1Map,
SAPPHIRE (greater accuracy, lower precision);

* ECV: calculated as the difference between pre- and post-
contrast T1 values, corrected for hematocrit; reflects the
expanded extracellular space (fibrosis, edema, infiltration/
amyloid protein). Optimal timing for post-contrast T1
measurement: 10-30 min after contrast administration,
at a dose of 0.1-0.2 mmol/kg;

* The hematocrit must be drawn on the day of the scan; a
synthetic hematocrit may be used when necessary;

* Technical variables (magnetic field, flip angle, motion
correction, resolution, heart rate, respiration) influence
measurements;

* Automatic MOCO is strongly recommended;

* Standardize protocols and do not change settings after
local validation;

* Diffuse cardiomyopathies: basal and middle short-axis
slices; ROI in the mid-septum;

* Focal lesions: ROIs in the affected areas; avoid regions
with artifacts;

* ROIs < 20 pixels should be avoided; always review raw
images before analysis;

* Normal = mean =+ 2 SD of healthy sample.

2.2. T2 Mapping

T2 mapping (T2M) of the myocardium using CMR is
performed by pixel-by-pixel fitting to a transverse magnetization
decay curve from a series of T2-weighted (T2W) images. This
technique allows direct quantification of myocardial T2 values
and is used to detect changes in myocardial T2 relaxation time.
Such changes reflect alterations in the amount of water present
in the myocardial tissue, a parameter directly associated with
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various clinical conditions, such as ischemic heart disease (acute
myocardial infarction),® acute inflammatory processes such
as myocarditis,*' takotsubo cardiomyopathy,?* chemotherapy-
induced cardiotoxicity,* and heart transplant rejection, ¢
among others.?”2® T2M mapping entails acquiring a specific
sequence during CMR, followed by post-processing of the
images to generate the T2 map. Precise measurements of T2M
values can then be obtained. The technical aspects involved will
be detailed below, while clinical applications will be discussed
in their respective sections.

2.2.1. Technical Concepts

2.2.1.1. Magnetic Resonance Imaging Scanners

In current clinical practice, magnetic resonance imaging
(MRI) scanners with magnetic field strengths (BO) of 1.5 T and
3.0 T are used, in accordance with Society for Cardiovascular
Magpnetic Resonance (SCMR) recommendations.>** Systems
with a BO of 3.0T provide a higher SNR and may allow greater
spatial and temporal resolution, but are more susceptible
to artifacts.*® The use of a dedicated cardiac imaging coil is
recommended to reduce artifacts and increase the SNR. All
MRI system manufacturers provide pulse sequences for T2M
acquisition.

2.2.1.2. T2 “Preparation”

Preparation for T2 magnetization in T2M uses a T2
preparation module (T2-prep) followed by rapid image
acquisition, typically using balanced steady-state free
precession (bSSFP) or gradient-echo (GRE) sequences. T2-prep
consists of a 90° pulse, followed by 180° pulses to refocus
the transverse magnetization, and a final 90° pulse to restore
longitudinal magnetization, as described by Huang et al.?' This
preparation can be applied selectively or non-selectively and
combined with other pulse techniques to acquire a single or
multiple images.

Conversely, T2M techniques without magnetization
preparation are generally based on multi-echo spin-echo
(MESE) sequences, in which multiple images with different
echo times (TEs) are acquired to generate maps with varying
T2 sensitivity.*

2.2.1.3. Sequence Acquisition Type

Image acquisition for T2M can be “single-shot” or
segmented. “Single-shot” acquisitions are faster, performed
during a single R-R interval and a single breath-hold, and are
most commonly used for two-dimensional (2D) sequences.
Segmented acquisitions require multiple R-R intervals, which
increases the breath-hold duration needed for acquisition,
but they can be used for three-dimensional (3D) sequences.

Currently, 2D T2M sequences are those most widely
available in daily practice and, consequently, most commonly
used. The main difference between 2D and 3D images is
isotropy: in 3D, the images are isotropic, whereas in 2D they
are non-isotropic, making them susceptible to the partial-
volume effect and areas of low resolution.*

A proper patient breath-hold at the time of acquisition
remains the best method for minimizing artifacts in CMR.
MOCO techniques should be used if available.>32

2.2.1.4. Sequence Types

There are many sequences under development for T2M
acquisition that still require clinical validation. Table 2 lists
the commercially available 2D T2M sequences offered by
manufacturers in Brazil at the time of writing.

2.2.1.5. Image Acquisition Protocol

For T2M imaging, the acquisition protocol will depend
on the suspected clinical condition:

* Diffuse cardiomyopathies (e.g., amyloidosis): a single

short-axis image may be sufficient; addition of a 4CH

image may aid in diagnosis;

* Focal conditions (e.g., myocardial infarction,

myocarditis): one or more images in the short-axis plane,

the location of which may be guided by cine MRI and

T2-weighted imaging; addition of a 4CH image or one

obtained in a plane orthogonal to the affected segment

may aid in diagnosis;

e Slice thickness: 6 to 8 mm, with in-plane spatial

resolution of at least 1.6 to 2.0 mm.?

The current recommendation is to acquire
electrocardiogram (ECG)-gated images during mid-diastole
to minimize cardiac motion artifacts.> If acquisition
“accelerators” such as “parallel imaging” are compatible with
the sequence employed, they should be used, provided that
image quality is maintained.

2.2.1.6. Postprocessing

Postprocessing of T2M images must quantify the mono-
exponential T2 decay of the myocardium to obtain the native
T2M value. In current daily practice, such postprocessing
can be performed automatically by the acquisition system
and, consequently, is specific to the manufacturer of the
MRI scanner employed; it consists of automatic generation
of color and grayscale maps of the acquired slice(s). In this
modality, to obtain the native T2 value of the myocardium,
the professional must draw an ROI on the LV myocardium
displayed on the map (usually the grayscale map); the value
obtained will correspond to the T2M?* (Figure 6).

Alternatively, manual postprocessing can be performed
by the professional, using dedicated software or manual
calculation. In this case, the ROl must be positioned on the
LV myocardium in the same location across all images from
the specific sequence acquisition so that the T2M can be
calculated by the software (Figure 7) or manually.

It is important to note that the ROl must be positioned
within the myocardium, avoiding partial-volume interference
from intraventricular blood or extracardiac tissues.’> T2M
measurement for diffuse myocardial involvement can be
performed using a single mid-septal ROL.>** For diseases with
focal myocardial involvement, the ROI should be positioned
in the areas identified as abnormal.>*3
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Table 2 - Cardiac magnetic resonance imaging sequence types for myocardial T2 mapping

This T2M technique uses T2-prep in a non-selective manner, followed by

“single-shot” bSSFP image acquisition. Typically, 3 images are acquired at
different T2 preparation times, and the bSSFP scan is programmed to occur
during the same phase of the cardiac cycle (either mid-diastole or end-systole).
The pulse sequence parameters are chosen so that the total acquisition time

remains within the duration of a single breath-hold for most patients.

These are MESE-based T2M techniques that generate T2-weighted images

with a desired effective TE within a breath hold, with blood signal suppression,
resulting in “dark-blood” T2-weighted images. Multiple such “dark-blood”
T2-weighted images can be acquired at different TE values and then aligned

pixel-by-pixel to create a T2 map.

GraSE-based T2M combines an FSE pulse sequence with EPI, producing

“Single-shot

T2-prep bSSFP” 2D “Bright”

(Huang et al., 2007)*'

DIR-prepared FSE or TSE “ »

(BaeRler et al., 2015)% 2D "Dark
33

GraSE (BaeRler et al., 2015, 2D “Dark”

Sprinkart et al., 2015)%

“dark-blood” images. GraSE pulse sequences generally yield significantly higher
T2 values than T2-prep bSSFP pulse sequences. In addition, the longer echo
spacing and EPI readout used in GraSE may increase susceptibility to motion

blur and in-plane motion, introducing partial-volume effects.

2D: two-dimensional; 3D: three-dimensional; bSSFP: balanced steady-state free precession; DIR: double inversion recovery; EPI:
echoplanar imaging; FSE: fast spin echo; GraSE: gradient- and spin-echo; T2M: T2 mapping; T2-prep: T2 preparation; TE: echo

time; TSE: turbo spin echo.

Figure 6 — T2 mapping (T2M) after automatic postprocessing by the acquisition system software. Color (A) and grayscale (B) maps are
shown, both with value scales related to color or grayscale intensity displayed on the left side of the image. In (C), the region of interest
was positioned over the interventricular septum, and the obtained value (“MED”, in green) corresponds to the native T2M value.

2.2.1.7. Normal Values

In healthy individuals, myocardial tissue has a uniform
composition and, therefore, exhibits consistent magnetic
properties. As a result, normal native T2 values of the
myocardium are highly reproducible and exhibit relatively
narrow ranges when acquired under the same conditions,*®
ranging from 40 to 60 ms for most sequences obtained on
1.5-T MRI scanners.>” However, there are no in vitro normal
values that can be applied to in vivo T2M.
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Furthermore, individual T2M can be affected by various
factors, some intrinsic (such as hydration status and body
temperature) and others extrinsic (environmental ones, such
as ambient temperature; those related to image acquisition,
including BO, sequence type, apnea, and motion; and those
related to postprocessing).

For T2M to be applicable in clinical practice, the current
recommendation is that reference or normal values be obtained
in each MRI scanner from a sample of the local population,
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Figure 7 - Software-processed T2 mapping (T2M). At the bottom of the screenshot, the three images obtained in the balanced
steady-state free precession sequence with motion correction are shown, with the region of interest positioned over the
interventricular septum, as evident in the upper right panel. The graph in the upper left panel shows the T2 decay of the
myocardium, with the selected calculation protocol (orange arrow) and the actual value obtained (green arrow), corresponding

to the native T2M value.

always using the same acquisition and postprocessing
parameters. The SCMR recommends obtaining reference
values from at least 15 healthy individuals or 20 individuals
with a normal CMR for the study of major myocardial changes
(e.g. amyloidosis and acute myocardial infarction); and from
at least 50 healthy individuals for subtle myocardial changes
(e.g. diffuse fibrosis). These reference values which will be
more accurate if stratified by sex.®

2.2.1.8. Quality Control

For T2M measurements to be reliable, image acquisition
and postprocessing must be performed in the same manner
as for the images of healthy individuals used to establish the
reference/normal values for that particular MRI scanner. If
these conditions change, it becomes impossible to assess
whether changes in tissue parameter results are due to
pathology or simply to a change in how the measurement
was obtained.

In addition, image quality control must be performed using
acquisitions of the sequence(s) on a phantom — the same one
used as a quality benchmark for other sequences obtained in
that particular scanner — whenever there is a change in system
hardware, a software upgrade or update, and every 3 months
even if no such changes have occurred.® Also regarding image
quality control, it is important to note the interference caused
by magnetic field inhomogeneity (which is most significant
in 3.0T MRI systems, and which can be minimized through
the use of shimming and adiabatic pulses) as well as motion
artifacts (e.g. cardiac or respiratory), mitigation of which

requires proper patient instruction and cooperation during
image acquisition.>?

2.2.1.9. Key Takeaways

* T2M of the myocardium can be used in daily practice,
with sequences available on 1.5-T and 3.0-T MRl scanners;

* Proper calibration of software and hardware (coil/scanner)
parameters for the desired sequence is recommended,
followed by data acquisition from local volunteers and
patients to establish normal reference ranges, without
modifying any pre-set parameters;

* When acquiring T2M images, control for respiratory
(breath-hold) and cardiac (R-R phase) artifacts, as well as
magnetic field inhomogeneity (shimming);

* During postprocessing (automatic or manual), check the
color and grayscale maps;

* Position the ROI for T2M measurement according to the
indication for the scan (diffuse cardiomyopathies: mid-
septum; focal conditions: ROI at the affected site or sites).

2.3. T2* Quantification

Myocardial iron overload represents a serious and
potentially life-threatening complication of a wide range of
clinical conditions, but is particularly prominent in patients
with thalassemia major, chronic hemolytic anemias, hereditary
hemochromatosis, and myelodysplastic syndromes with a high
transfusion burden.
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Excessive iron deposition in the myocardium has
several effects: changes in molecular structure and cellular
homeostasis, increased production of reactive oxygen species,
increased oxidative stress, mitochondrial damage, interstitial
fibrosis, and progressive ventricular dysfunction.**3 Clinically,
these mechanisms translate into an increased risk of heart
failure (HF), complex arrhythmias, and sudden death, making
early diagnosis and monitoring of iron overload essential for
reducing morbidity and mortality.3%4

In this context, CMR has established itself as the most robust
noninvasive method for quantifying myocardial iron. The
advent of the T2* quantification technique — initially based
on the acquisition of multiple TEs and analysis of a ROl in
the interventricular septum — represented a milestone in the
management of these patients. With subsequent advances,
the technique has evolved to allow construction of parametric
T2* maps, which provide a voxel-by-voxel representation of
the actual transverse relaxation time. Recent studies have
stressed that T2* maps not only maintain the diagnostic
accuracy of the conventional method but also expand its
clinical applicability.*'-+

2.3.1. Definitions and Objectives

The T2* parameter corresponds to the actual transverse
relaxation time observed in tissues. Unlike “pure” T2, which
reflects only the loss of phase coherence (dephasing) caused
by intrinsic spin—spin interactions, T2* also incorporates the
effects of local inhomogeneities in the magnetic field.?*4 In
other words, T2* is more sensitive to microscopic changes
in the magnetic environment, such as those caused by the
presence of iron. The result is a faster exponential decay of
the signal, which translates into reduced T2* values.*

Reduced T2* values are directly related to the degree of
iron deposition and correlate robustly with ventricular function
and the risk of adverse clinical events.?#3°

The primary purpose of quantifying myocardial T2* is to
detect, stratify, and monitor iron overload in the heart. It is
an objective marker that allows radiologist and cardiologist to
integrate functional, prognostic, and therapeutic information
into a single measurement, with a direct impact on clinical
management of the patient.

One of the greatest advances brought about by T2* was
the ability to diagnose iron overload before the onset of
clinical manifestations or echocardiographic abnormalities.?**
Patients with T2* values that are still only slightly reduced
may have preserved ventricular function but are already at
risk of progressive deterioration if their chelation therapy
is not adjusted. This subclinical nature of the technique
makes it essential for monitoring of high-risk populations,
such as patients undergoing periodic blood transfusions for
thalassemia major.

Prognostic stratification is another core purpose of T2*
quantification. Reduced values are strongly associated with
development of HF and sudden death and are considered one
of the best predictors of events in patients with thalassemia.**42

T2* is also indispensable for monitoring the response to
iron chelation therapy. Changes in values over time reliably
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reflect the efficacy of the established therapeutic regimen,
allowing for individualized dose adjustments, changes in
chelation agents, or intensification of a combination strategy.*’
Furthermore, the possibility of serial measurement, with high
reproducibility across scans, gives T2* a central role in clinical
practice, and it has been incorporated into international
consensus statements and guidelines.?

It is important to note that, although the cutoff values
were originally established using the traditional mid-septum
ROI method, T2* maps preserve this applicability while also
offering the possibility of assessing regional heterogeneity and
providing additional information on iron distribution.*'#3#4
Thus, the ultimate goal of quantification remains the same,
but the modern method broadens the range of information
available to the treating physician.

2.3.2. Traditional (T2*) Quantification Technique

The traditional T2* quantification technique laid the
foundation for CMR diagnosis of iron overload.?*#0424¢ The
protocol is based on a multi-echo CGRE sequence, typically
ECG-gated to reduce motion artifacts. The scan is performed
during a brief breath-hold, usually lasting 8 to 12 seconds,
ensuring that multiple TEs are obtained within the same
respiratory cycle.’40424¢ These TEs are selected so as to
capture both the initial points (when the signal is still elevated)
and the final points of decay (near the noise level), allowing
for precise fitting of the mono-exponential curve (Figure 8).

The most commonly used image is a short-axis view at the
mid-level of the LV, with a single ROI positioned mid-septum.
This is not an arbitrary choice: the septum is relatively thick,
less prone to susceptibility artifacts originating from the lungs
or intracavitary blood and exhibits excellent inter-scan and
inter-observer reproducibility. 404246

The mean signal of the ROl is plotted as a function of TE to
yield a decay curve. This behavior is described mathematically
by a simple mono-exponential function:

S(TE) = S(] . e_TE/TZ*

Where S(TE) is the signal intensity at a given TE, S is the
initial signal, and T2* is the actual relaxation time.**

This was the technique used to establish clinical reference
values. Several studies have shown that healthy individuals
have T2* values in the interventricular septum equal to or
greater than 20 ms when imaged on 1.5-T scanners. Values
between 10 and 20 ms indicate moderate iron overload,
and values below 10 ms correlate with a high risk of HF and
sudden death.?*#0424¢ This categorization is still widely used
today, and serves as a benchmark for comparison even when
more advanced techniques are employed.

Despite its robustness, this method has significant
limitations. The main limitation is that it provides only an
overall, averaged value for the interventricular septum, without
capturing regional variations across the myocardium. This
means that areas with heterogeneous iron deposition may have
their overload underestimated. In addition, the technique is
sensitive to susceptibility artifacts, particularly near blood or
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Figure 8 — Example of the traditional T2 quantification technique: region of interest in the mid-ventricular septum (A) and a mono-
exponential curve fitted to signals from multiple echo times (B). Adapted from He et al.*

the lungs, and relies on the patient’s cooperation and ability
to perform an adequate breath hold. Nevertheless, due to its
simplicity and longstanding clinical validation, the traditional
technique remains the benchmark and is considered the
historical gold standard against which new methods, such as
T2* mapping, are compared.*'#3

2.3.3. T2* Mapping

The development of parametric T2* maps was another
milestone in the quantification of myocardial iron overload.
Building on the same principles as the traditional method,
this technique overcame previous limitations by enabling
voxel-by-voxel assessment, generating a color image that
depicts the distribution of cardiac iron intuitively and in
minute detail .#"434

Image acquisition for generating T2* maps continues to be
based on multi-echo GRE sequences, typically ECG-gated and
performed during a short breath-hold. However, instead of
analyzing the average signal from a single ROI, the software
processes each pixel individually. For each voxel, the signal
obtained at different TEs is fitted to a mono-exponential curve
and assigned a specific T2* value. The result is a color-coded
parametric map: high T2* values appear in cool tones (blue,
green), while low values — which indicate iron overload — are
represented by warm tones (yellow, orange, red).*'#34

This approach eliminates the limitation of relying solely on
asingle ROI, expanding the analysis to the entire myocardium
and allowing for the detection of spatial heterogeneity in iron
deposition, which is impossible with the traditional method.
In clinical practice, T2* maps can be analyzed in two ways:

1. Septal ROI on the map — this remains the most widely
used method, as it maintains direct comparability with
historical reference values (= 20 ms: normal; < 10 ms:
severe);*®

2. Segmental analysis — evaluation of the myocardium
following the AHA 16- or 17-segment model, allowing for

regional characterization and identification of areas with
greater iron overload.*!#3#4

The second strategy is particularly useful for patients with
non-homogeneous deposition, in whom the septal average
could preclude identification of regions with significant
overload.

2.3.4. Advantages and Limitations of T2* Maps
T2* maps offer a number of practical and scientific benefits:

* Intuitive visualization: color-coded maps allow near-
immediate interpretation, facilitating communication
among radiologists and cardiologists;

* Detection of heterogeneity: regional analysis increases
sensitivity for identifying areas with higher iron deposition;

* Multicenter standardization: facilitates reproducibility
across clinical studies and research, reducing inter-
examiner variability;

* Integration with postprocessing software: voxel-by-
voxel analysis paves the way for automated segmentation
algorithms, artificial intelligence (Al), and machine learning;

* Broader clinical applicability: this method allows not only
absolute quantification but also qualitative assessment of
the iron distribution pattern.

Despite their advantages, T2* maps still carry some
limitations. The analysis is more susceptible to noise, especially
in longer echoes, when the signal is close to the background
level. Susceptibility artifacts at interfaces with blood or lung
tissue can generate spurious values in peripheral regions of the
myocardium.*'#*# To address these issues, modern algorithms
include automatic rejection of noisy echoes or employ noise-
offset adjustments.

Another challenge is magnetic field- related variability. At
1.5 T, cutoff values are well established, but at 3 T there are
still uncertainties, and standardization of protocols is essential
to ensure comparability.?>#243 Furthermore, analysis requires
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dedicated software which may not be available at all centers,
posing a barrier to widespread adoption of the technique in
less specialized settings.

In recent years, several developments have expanded the
applicability of T2* maps:

* Free-breathing T2* — techniques employing respiratory

motion correction allow acquisition during free breathing,

thus benefiting patients who cannot tolerate a prolonged
breath-hold** (Figure 9);

* Multiparametric mapping — integrating T1, T2, T2*, and
quantitative susceptibility mapping (QSM) into a single
protocol increases diagnostic accuracy and provides a
more comprehensive view of cardiac pathophysiology;*

* Advanced deep learning-based reconstructions —
approaches such as multi-contrast learned acquisition and
reconstruction optimization (mcLARO) reduce acquisition
time and increase robustness, allowing simultaneous
generation of multiple quantitative maps more efficiently.*”

These innovations suggest that T2* mapping is on track
to not only become established as a clinical standard but
also integrate into a broader ecosystem of multiparametric
mapping, where different contrasts are combined into more
comprehensive and informative protocols.

2.3.5. Limitations

Despite technical advancements and robust clinical impact,
T2* mapping has limitations that can be grouped into three
categories: technical, interpretive, and logistic.

The first challenge is sensitivity to noise, especially in longer
echoes, when the signal is already close to the background
level. Voxel-by-voxel analysis, a defining characteristic of
T2* mapping, is more vulnerable to noise variations than the
average obtained from a septal ROL*'

Another critical issue is the presence of magnetic

susceptibility artifacts, particularly in regions near blood,
the lungs, or air-tissue interfaces. These artifacts can

distort T2* values in certain regions of the myocardium,
limiting reliable interpretation across the entire ventricular
circumference,*!434648:49

In addition, there is the issue of magnetic field dependence.
The classic cutoff values were defined for 1.5-T systems and
cannot be directly applied to 3-T scans, where absolute T2* values
tend to be lower due to increased field inhomogeneity.?*4243
This demands added caution in interpretation and highlights
the need for field-specific protocols.

Even under ideal conditions, interpretation of T2* values
must take into account factors such as regional heterogeneity
of iron deposition, which can make it difficult to define a
single representative value. Although the maps allow segmental
analysis, there is still debate regarding which segments are most
relevant for clinical prognosis. The interventricular septum
remains the reference, but examination of other segments
may provide additional information in specific cases.*'#>4

Furthermore, the technique is not entirely iron-specific.
Local susceptibility changes, fibrosis, or edema can influence
T2* values, albeit to a lesser extent. This highlights the
importance of interpreting the findings within the patient’s
clinical context and, ideally, in conjunction with other CMR
parameters, such as T1 and T2 maps.***

Finally, there are barriers related to routine implementation.
Postprocessing requires dedicated software, which may not
be available in all facilities, especially those not affiliated
with large academic centers. The need for adequate training
for technicians and physicians is also an important factor, as
errors in acquisition or analysis can compromise the reliability
of the results.

Another logistic consideration is the duration of the
scan. Although relatively short, the multi-echo sequence
still requires patients to hold their breath. In individuals
with dyspnea, children, or critical illness, this may not be
feasible. New motion-corrected free-breathing acquisition
techniques represent a promising solution, but are not yet
widely available.** Chart 2 summarizes the main limitations.

Figure 9 - T2* parametric maps obtained during breath-hold (A) and during free breathing with motion correction (B) in a patient with
myocardial iron overload. Excellent agreement is observed between the two techniques, demonstrating the clinical feasibility of the

free-breathing approach. Adapted from Nazarova et al.*
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Chart 2 - Potential limitations of T1, T2, and T2* mapping sequences

Technique/parameter

Sensitivity to off-resonance effects, magnetization
transfer, high heart rate, variability among
manufacturers and magnetic field strengths (1.5 T
vs. 3T).

Methodological differences between sequences,
lower precision, lower signal-to-noise ratio (in some
techniques).

Native T1 (MOLLI)

Native T1 (ShMOLLI/SASHA/SAPPHIRE)

Potential technical limitations

Sensitive to respiratory motion, arrhythmias, partial

Clinical impact

May result in overestimation
or underestimation of
T1 values and hinder
comparisons between centers.

Values are not interchangeable
between sequences.

May result in falsely increased

T2 mapping volume effects, and heterogeneity across sequences.  or decreased myocardial T2.
T2* maooin Susceptible to magnetic field artifacts, especially in May compromise the
pping regions adjacent to the lungs or coronary vessels.  quantification of iron overload.
Depends on the accurate determination of Errors in hematocrit may be
ECV hematocrit and the quality of pre- and post-contrast amplified in the final ECV

T1 maps.

calculation.

ECV: extracellular volume; MOLLI: Modified Look-Locker Inversion Recovery; SAPPHIRE: saturation pulse prepared heart rate independent
inversion recovery; SASHA: saturation-recovery single-shot acquisition; ShMOLLI: shortened modified look-locker technique.

2.3.6. Conclusions

T2* mapping is the most important tool for the noninvasive
assessment of myocardial iron overload. Although the
traditional septal ROI technique still guides cutoff values,
maps offer the possibility of detailed regional analysis and
integration with automated software. Two decades of evidence
confirm that reduced T2* correlates with HF, arrhythmias,
and mortality, providing high prognostic value in the follow-
up of transfusion-associated cardiomyopathies (such as in
thalassemia major and hemochromatosis). In the future,
innovations such as free breathing, multiparametric protocols,
and use of deep learning methods are expected to establish
the T2* map as the universal standard for analysis.

2.3.7. Key Takeaways

* T2* quantification has revolutionized the management
of patients with myocardial iron overload, enabling early
diagnosis, risk stratification, and monitoring of treatment
response;

* The traditional septal ROl method was essential for
establishing the reference values used to this day, but is
limited to an overall measurement and does not capture
the heterogeneity of myocardial iron deposition;

* T2* maps represent the natural evolution of the
technique, allowing voxel-by-voxel analysis, detailed
segmental assessment, and intuitive visualization that
facilitates communication with the treating physician;

* The prognostic value of T2* is well established: values
below 10 ms at 1.5 T are strongly associated with risk of
HF and sudden death and are considered one of the most
robust markers for risk stratification in thalassemia major
and other transfusion-dependent conditions;

* Recent advances, such as free-breathing imaging,
multiparametric protocols (T1, T2, T2*, QSM), and Al-

based reconstructions (e.g. mcLARO) suggest greater
accuracy, speed, and standardization in future.

3. General Recommendations

3.1. Reporting of Results

To ensure that multiparametric (T1, T2, T2*, and ECV)
CMR mapping results are useful and comparable across
centers, report standardization is mandatory, including the
format in which results are presented, the definition of normal
ranges, and a description of the limitations of the technique.
These recommendations are in line with recent national and
international guidelines.’2%29:33:5051

3.1.1. Minimum Structure of Report
The report must contain:

* Magnetic field strength (1.5 T or 3 T), make, and model
of the scanner;

* Sequence employed (e.g. MOLLI, ShAMOLLI, or SASHA
for T1; GraSE or T2-prep bSSFP for T2; multi-echo GRE
for T2%);

* Software (including version) used for postprocessing;

* Anatomic region(s) of interest (mid-septum, global
average of the LV, or segmental analysis);

e Absolute values obtained (in ms for T1/T2/T2*; as %
for ECV);

* Reference ranges used (specifying whether they are
based on international consensus and/or local validation).

3.2. Normal Values

The interpretation of multiparametric maps depends on
well-defined reference values. At the time of writing, the
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SCMR Normal Values 2025 review®' is the most current
international reference, featuring a large sample and
stratification by age, sex, and ethnicity; the 2017 SCMR/
EACVI consensus® remains a key document for technical
standardization; and the most recent Brazilian guideline?
provides reference ranges adapted to the national context.

Examples of reference ranges in healthy adults are given
in Tables 3 and 4. The following values with reference
ranges are for guidance only. Due to the various influencing
factors described above, site-specific reference ranges
must be established in accordance with the current SCMR
consensus guidelines.

* Native T1: ~950-1050 ms at 1.5 T, ~1100-1250
msat3T;

* ECV: ~24-29% (regardless of field strength), calculated
from same-day hematocrit;

® T2: ~45-55 msat 1.5 T, ~40-50 msat 3 T,

e T2*: = 20 ms, normal; 10-20 ms, moderate iron
overload; < 10 ms, severe iron overload (preferably
always evaluated at 1.5 T).

To ensure robust and clinically useful reference ranges
for multiparametric maps, the SCMR recommends that each
facility derive its own values from carefully characterized
local samples. For scenarios involving large-scale myocardial

Table 3 - Summary of native T1 and extracellular volume values

changes — in which the effect on T1, T2, T2*, or ECV is
extensive, such as in amyloidosis or myocardial infarction
— relatively smaller samples are sufficient to define normal
limits with acceptable precision: at least 15 healthy
individuals or 20 individuals with a normal CMR.> However,
for conditions with subtle effects, such as diffuse fibrosis
or other diseases with low tissue contrast, the sample size
must be increased to narrow reference ranges and reduce
measurement variability; therefore, a minimum of 50
healthy individuals is recommended, stratified by sex when
possible, given the known influence of sex on T1/ECV and
other parameters.®

In all cases, data collection must follow standardized
protocols (same magnetic field strength, sequence,
manufacturer, software version, and ROl method), with
explicit quality control (e.g. artifact exclusion, motion
correction, same-day hematocrit for ECV) and publication
of the mean, SD, and 2.5-97.5% reference interval. In
addition, it is strongly recommended that each center
establish and maintain its own reference ranges, based on
local healthy cohorts, updating them whenever there are
relevant changes in hardware, software, or protocol, since
the direct transfer of “normal values” between platforms
can introduce systematic bias and compromise clinical
interpretation.?

MOLLII1.5T 950-1050 24-28
MOLLI/3 T 1100-1250 24-29
ShMOLLI1.5 T 930-1000 23-27
ShMOLLI/3 T 1050-1200 24-28
SASHA/1.5 T 1050-1150 25-29
SASHA/3 T 1200-1300 25-30
StarMap/1.5 T 960-1020 24-28
StarMap/3 T 1150-1250 24-28

Most commonly used method; high reproducibility; sequence-dependent (e.g.,

5(3)3, 4(1)3(1)2).

Values increase by ~150-200 ms compared to 1.5 T; greater susceptibility to

field artifacts.

Shorter acquisition time; values slightly lower than MOLLI; good clinical

agreement.
Range similar to 3 T MOLLI, but slightly lower.

Higher values compared to MOLLI; lower sensitivity to heart rate variability.
Consistent, but less commonly used in routine clinical practice.
Close agreement with MOLLI; fast acquisition; requires local validation.
Equivalent to MOLLI at 3 T; depends on the reconstruction algorithm.

ECV: extracellular volume; MOLLI: Modified Look-Locker Inversion Recovery; SASHA: saturation-recovery single-shot acquisition;

ShMOLLI: Shortened Modified Look-Locker technique; T: Tesla.

Table 4 - Summary of T2 and T2* map values

T2 (ms) 45-55
> 20, normal; 10-20, moderate

T2* (ms) overload; < 10, severe overload

Not standardized**

Varies with technique (GraSE or
T2-prep bSSFP).

Myocardial iron assessment
validated only at 1.5 T.

40-50

bSSFP: balanced steady-state free precession; GraSE: gradient and spin echo; T: Tesla; T2-prep: T2 preparation.
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3.3. Clinical Interpretation

* Results should not be interpreted in isolation, but rather
integrated with clinical, laboratory, and other imaging
data;

* When available, age- and sex-adjusted reference values
should be used;

* Discrepancies between parameters (e.g., elevated T1
with normal ECV) should be discussed in the report,
including possible pathophysiological explanations and
recommendations for clinical correlation;

* The European Society of Cardiology (ESC) guidelines
on cardiomyopathies' emphasize that multiparametric
mapping is an essential tool in the differential
diagnosis of infiltrative, inflammatory, and hereditary
cardiomyopathies.

3.4. Conclusion

Standardized reporting of CMR multiparametric maps,
including absolute values, normal ranges, and technical
limitations, is essential to ensure quality of care and scientific
comparability. These recommendations are in line with
national? and international®*' guidelines and should inform
clinical practice and research in Brazilian centers.

3.5. Key Takeaways

The report should follow a standardized format, including
information on the magnetic field, equipment manufacturer
and model, sequence employed (MOLLI, ShAMOLLI, SASHA,
etc.), and postprocessing software and version;

* Anatomic ROI (septum, global average, or segmental);
* Preference for septal measurement;
¢ Absolute values (in ms for T1/T2/T2*; as % for ECV);

* Reference ranges and their source (international or
local);

International reference: SCMR Normal Values 2025
(stratified by age, sex, and ethnicity);

e Examples in healthy adults: Native T1 = 950-1050
ms (1.5 T) | 1100-1250 ms (3 T), ECV = 24-29%, T2
~ 45-55ms (1.5 T) | 40-50 ms (3 T), T2* = 20 ms =
normal | 10-20 ms = moderate overload | < 10 ms =
severe overload;

* Each center should establish its own reference ranges, using
homogeneous protocols (same field, sequence, software,
ROI) and same-day hematocrit for ECV;

* Recommended sample size: = 15 individuals for
conditions with a large effect (abnormal tissue), = 50
healthy individuals for conditions involving subtle changes
(diffuse fibrosis).

4. Ischemic Cardiomyopathy

Multiparametric maps are useful in the myocardial tissue
assessment of patients with suspected or established ischemic
cardiomyopathy. In cases where the etiology of myocardial
damage is not yet known, they aid in the differential
diagnosis with non-ischemic causes (as will be discussed

in other sections); in cases where an ischemic origin of the
cardiomyopathy has already been established, they provide
additional diagnostic and prognostic information in both the
acute and chronic phases, as discussed below.

4.1. Acute

The identification of myocardial edema in a coronary artery
territory may indicate acute or recent ischemic damage®? and is
an important finding for the differential diagnosis with chronic
cardiomyopathies, including ischemic heart disease, when
myocardial fibrosis may be present but without attendant
tissue edema. Traditionally studied using T2-weighted
sequences,” myocardial edema can also be assessed using
T1M and T2M sequences, which offer improved accuracy and
reproducibility in patients with acute coronary syndrome.>*>

In distinguishing between acute and chronic myocardial
infarction, Tahir et al. demonstrated that myocardial T1 and
T2 times, quantified using parametric sequences, are increased
in the acutely infarcted area, and were the best parameters
to make this distinction (area under the receiver operating
characteristic [ROC] curve of 0.975 and 0.979, respectively),
outperforming evaluation with T2-weighted sequences,
whether analyzed visually or semiquantitatively.>* In the
same study, the authors found that T1 and T2 values in the
infarcted area decrease over a 6-month period following the
acute event, yet remain higher than those in non-infarcted
myocardium throughout this time (Figure 10).

In identifying the culprit artery in patients with non-ST-
segment elevation myocardial infarction, Layland et al. also
demonstrated greater accuracy of TIM and T2M sequences,
with lower interobserver variability, compared to the T2-
weighted sequence.** In addition to indicating the presence
of acute ischemic myocardial damage, the area of edema
extending beyond the area of necrosis — which represents
potentially reversible tissue injury — can be used as a marker
of the area of myocardium at risk.>® TTM and T2M sequences
have also demonstrated their utility for this purpose, with
similar performance between them.>”

Still regarding the reversibility of myocardial injury, the T1
values observed acutely in the infarct area are highly accurate
in predicting irreversible damage.*® Furthermore, because
they show an inverse linear relationship with the potential
for functional recovery, myocardial T1 measurements may be
more useful than LGE when assessed acutely for this purpose,
due to the nonlinear behavior of the latter.*

Microvascular obstruction and intramyocardial hemorrhage
— conditions that may be seen in the acute phase of myocardial
infarction following reperfusion — are indicative of worse
prognosis when present.*® Both can be accurately detected on
T1M and T2M sequences as regions of lower signal intensity
within the infarct area.®’ Intramyocardial hemorrhage is also
detectable and quantifiable on T2* mapping sequences.®?

4.2, Chronic

In the chronic phase of ischemic cardiomyopathy, the
presence and extent of ischemia and myocardial fibrosis are
highly relevant factors for prognostic assessment and clinical
decision-making.®* Techniques based on perfusion and late
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Figure 10 - T7 map (A), T2 map (B), and fat-saturated T2-weighted sequence (C) images (short-axis view), showing increased signal
intensity in the mid-anterior-septal and mid-anterior segments of the left ventricle, consistent with myocardial edema, 3 days after an
acute ST-segment elevation myocardial infarction involving the left anterior descending artery and treated with primary percutaneous
coronary intervention. Although the signal change is noticeable in all sequences, the contrast between the affected and remote

regions is greater in the parametric sequences.

myocardial enhancement in CMR have well-documented
performance® and are the gold standard for this type of
assessment, although T1M sequences may be helpful in some
specific scenarios and provide additional information in some
specific scenarios.

The presence of post-infarction myocardial fibrosis
increases T1 time in the affected region, a finding that can be
detected in non-contrast images, which makes it especially
useful in the assessment of patients with contraindications
to contrast administration.®> However, given that several
clinical studies have demonstrated reduced sensitivity of
native T1 for detecting and quantifying infarct area in the
chronic setting,% this technique cannot be considered a
substitute for the standard LGE-based assessment.®® In future,
technologies that use Al to generate virtual contrast images
based on native myocardial T1 maps and cine images may
improve the accuracy of this type of analysis, enhancing its
clinical utility.*

On the other hand, the quantification of native T1 and
ECV in remote (non-fibrotic) myocardium in patients with
chronic ischemic cardiomyopathy has established utility
in predicting mortality, major cerebrovascular events, and
hospitalization for HF, which may be independent of and
superior to other established methods for this purpose.”®”!
In a prospective, observational study conducted exclusively
in patients with chronic coronary artery disease, an increase
in native T1 exceeding two SDs from normal in the remote
myocardium showed the largest area under the ROC curve
for predicting all-cause mortality (0.729), outperforming
assessment of the extent of late enhancement (0.539) and
the presence of LV ejection fraction (LVEF) equal to or less
than 35% (0.527).7°

For the assessment of myocardial ischemia, considering
that myocardial blood volume increases during stress’? and
that this increase causes a change in the native myocardial T1
value,” studies have demonstrated that areas of ischemia’7>
and microvascular dysfunction”® can be identified on stress
CMR scans with T1M, obviating the need for contrast.
However, given the small number of patients included in
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clinical studies, the lack of a standard protocol, and several
technical considerations still under debate,”” stress studies
based on T1M remain an investigational technique.

4.3. Key Takeaways

* T1M and T2M sequences are superior to T2-weighted
sequences for detecting myocardial edema in the acute
phase of myocardial infarction;

* Measurements of native myocardial T1 can identify
regions of infarction in the chronic post-myocardial
infarction phase without the need for contrast, but are
inferior to assessment with LGE sequences, especially due
to low sensitivity;

* Assessment of myocardial areas free of fibrotic scarring
(remote myocardium) through quantification of native T1
and myocardial ECV has high prognostic value in patients
with chronic coronary artery disease.

5. Non-Ischemic Cardiomyopathies

5.1 Dilated Phenotype

5.1.1. Chagas Disease

CMR provides a noninvasive means of assessing myocardial
inflammation, fibrosis, and edema in Chagas cardiomyopathy.
Conventional techniques such as LGE are able to identify focal
fibrosis, but more recent parametric mapping techniques,
such as TTM and T2M, allow quantification of diffuse and
often microscopic myocardial changes. Native T1 values
reflect fibrosis and inflammation, while T2 values are markers
of edema.

These mapping techniques have gained prominence in
the evaluation of Chagas cardiomyopathy, particularly due
to their ability to characterize myocardial tissue changes in
a quantitative, noninvasive, and sensitive manner, even in
subclinical stages of the disease.”®%
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5.1.1.1. Clinical Applications in Chagas Disease

Recent studies have demonstrated the utility of T1 and
T2 maps in the evaluation of Chagas cardiomyopathy in the
following scenarios:

Early detection of fibrosis: patients with Chagas
cardiomyopathy exhibit elevated native T1 and ECV values,
even in the absence of LGE, indicating diffuse fibrosis
undetected by conventional techniques.”

Assessment of inflammation: increased signal intensity on
T2-weighted images can be detected in all stages of Chagas
disease, including the indeterminate stage, and correlates well
with the extent of myocardial fibrosis assessed by LGE. The
presence of myocardial edema, identified by T2, correlates
with the clinical severity of the disease and may indicate
persistent inflammatory activity, even in asymptomatic patients
or those with mild ventricular dysfunction.”

Disease staging: native T1 and ECV values correlate with
the clinical severity of Chagas cardiomyopathy and may aid
in disease staging and risk stratification. In a prospective study,
overall native TT and ECV values were significantly higher
in patients with more advanced Chagas cardiomyopathy
(slightly reduced LVEF and reduced LVEF) compared with
those with the indeterminate form of the disease, those with
preserved LVEF, and healthy controls. This finding suggests
that TTM and ECV can detect diffuse myocardial changes
that correlate with disease severity. Another striking finding
was the observation of an increased mean global ECV (above
30%) in approximately 12% of patients with the indeterminate
form of the disease. In contrast, only 3% of patients in this
group showed detectable LGE. These results may suggest that
global ECV is a more sensitive marker than LGE for identifying
early extracellular matrix abnormalities in this setting, and
may even help identify patients requiring earlier initiation of
cardioprotective therapy.”®

Therapeutic monitoring: changes in T1 and T2 values
following benznidazole therapy suggest that these techniques
may be useful in monitoring treatment response. Sousa et al.
described a case report of acute Chagas disease presenting
with nonspecific symptoms but without clinical evidence
of Chagas cardiomyopathy and demonstrated via CMR
that, despite the absence of LCE, the T2 map was diffusely
abnormal in a manner characteristic of myocardial edema.
Subsequent scans obtained during treatment identified a
progressive reduction in T2 values until they returned to
normal. Throughout the follow-up period, scans showed no
evidence of LGE.%

According to current guidelines,®' there is no evidence
to suggest any benefit from routine use of antiparasitic
agents in patients with chronic Chagas cardiomyopathy.
However, a recent prospective study evaluated the behavior
of CMR findings after 60 days of benznidazole treatment
in this setting. There were no significant changes in cavity
diameters (LV diastolic and systolic volumes) or LVEF; however,
reductions were observed in native T1, T2, and ECV values.®?
These findings suggest that there may be an opportunity to
reduce fibrosis/inflammation in patients with chronic Chagas
cardiomyopathy using this therapeutic approach and thereby
slow the rate of disease progression.

Integration with other imaging modalities: native T1 map
values obtained by CMR also correlate with another early
marker of myocardial damage routinely used to detect
subclinical signs of ventricular dysfunction: global longitudinal
strain (GLS), assessed by echocardiography. Lima et al.
demonstrated, in mild forms of Chagas cardiomyopathy with
preserved LVEF, a moderate correlation between native T1
map values and GLS (r = 0.634; p = 0.015).%

Prognostic marker for major cardiovascular events: studies
show that T1 map parameters, such as global ECV, are elevated
from the early stages of chronic Chagas cardiomyopathy and
correlate with an increased risk of ventricular arrhythmias, such
as non-sustained ventricular tachycardia (VT), regardless of
LVEF and the extent of fibrosis detected by LGE. This suggests
that ECV may serve as an early marker of arrhythmia risk and
disease progression, with potential prognostic value and utility
for risk stratification.®

To minimize the effect of late enhancement on the increase
in overall ECV, another study evaluated the prognostic value
of native T1 in non-enhancing areas, i.e., areas where no
LGE is detectable. When these values exceed 1100 ms, there
appeared to be an independent predictive association with
major cardiovascular events (a composite of defibrillator
implantation, heart transplantation, or death), highlighting the
prognostic utility of TTM in Chagas cardiomyopathy, even in
areas without detectable macroscopic fibrosis.

5.1.1.2. Key Takeaways

* T1M (including ECV) and T2M techniques represent
significant advances in CMR and are emerging as valuable
tools in the evaluation of chronic Chagas cardiomyopathy,
enabling early detection and quantification of myocardial
fibrosis and inflammation, with prognostic implications
and the potential to guide therapeutic strategies and risk
stratification;

* Clinical use of these methods can improve disease
staging, risk stratification, and treatment monitoring.
However, efforts are needed to standardize protocols and
expand access to these techniques, especially in regions
where Chagas disease is endemic._

5.1.2. Myocarditis

Myocarditis is an inflammatory disease of the myocardium
that may be of infectious, autoimmune, or toxic etiology. Its
main pathophysiological mechanism involves damage to and
necrosis of cardiomyocytes, which triggers an inflammatory
response and perpetuates the process.®

The course of myocarditis is traditionally divided into
three phases:

1. Acute phase (lasting a few days);
2. Subacute phase (lasting weeks to months);

3. Chronic phase (scarring or related to dilated
cardiomyopathy).

Given the risk of progression to HF or sudden death — which
occurs in up to 12% of cases — accurate diagnosis is essential.
However, endomyocardial biopsy is generally reserved for
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specific situations, such as giant cell myocarditis, eosinophilic
myocarditis, or severe cases with refractory HE.

Since 2009, CMR, due to its ability to characterize tissue at
different stages of the disease, has been incorporated into the
Lake Louise criteria, in accordance with an American College
of Cardiology (ACC) position statement.?® The recommended
diagnostic sequences originally included:

* T2-weighted images for detection of edema (which can
be performed qualitatively, by identifying localized areas of
hyperintensity, or quantitatively, by comparing myocardial
signal to that of skeletal muscle);

* Early enhancement (to assess hyperemia);

* Late enhancement (indicative of necrosis or fibrosis).

These recommendations were largely based on qualitative
criteria.

In 2018, a new ACC position statement?” updated the
criteria to incorporate parametric maps (T1, T2, and ECV).

The main concept behind T2 map assessment is the
detection of myocardial edema, which translates into elevated
T2 values. Compared to traditional T2-weighted sequences,
T2M offers such advantages as:

* Less subjectivity (lower inter- and intra-observer
variability);

* Faster acquisition and lower susceptibility to artifacts;

* Better SNR;

* Greater sensitivity in diffuse edema.

Overall, the sensitivity and specificity of this technique
are approximately 91% and 79%, respectively, with an
overall accuracy of 79%.% Although some authors have
suggested values above 65 ms, the 60-ms threshold appears
to represent a more sensitive cutoff point while maintaining
good specificity.5%°

Elevated native T1 and ECV values are also present in the
acute phases, indicating myocardial injury (inflammation
and cellular necrosis), but they are nonspecific, as they
may remain elevated in scar tissue from previous events.
@ Although these values tend to decrease as the acute
phase resolves, there are still no defined parameters to
confirm inflammatory activity based solely on these data.
As additional information, in a recent study of patients
with acute myocarditis, the T1 map demonstrated ability to
identify inflammation even in segments without LGE, albeit to
alesser degree, suggesting diffuse involvement —a capability
not demonstrated by T2M.#

Based on these data, the new Lake Louise criteria (Table 5)
now define the diagnosis of myocarditis as follows:

* At least one criterion for edema (regional or global
hyperintensity on T2-weighted sequences or elevation on
T2M) plus one criterion for myocardial injury (LGE, elevated
native T1, or elevated ECV).

The following are also considered supporting criteria,
although they are neither mandatory nor exclusionary:

* Global or regional wall motion abnormalities;

* Evidence of pericarditis (effusion, edema, or pericardial
enhancement).
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Table 5 - New Lake Louise criteria (3), now incorporating
parametric maps. Diagnosis requires the presence of one
criterion for edema and one criterion for non-ischemic
myocardial injury

2018 Lake Louise Criteria

Localized T2 hyperintensity (visual
analysis)

Global increase in signal intensity
on T2-weighted sequences

Major criteria Increased T2 map

Late gadolinium enhancement with
a non-ischemic pattern

Increased T1/extracellular volume

Global or regional wall motion

. _ abnormalities
Supporting criteria o )
Pericarditis (effusion, edema, or

pericardial enhancement)

Data from the literature suggest that incorporating
parametric maps into the new criteria has increased diagnostic
sensitivity from 72% (previous criteria) to 88%, while
maintaining specificity at around 96%.

Parametric maps appear to play an even more important
role in cases of myocarditis with atypical presentations, such
as those related to the use of immunotherapy agents of the
immune checkpoint inhibitor (ICI) class. Of these patients,
only 28% exhibit LGE and 48% exhibit T2 hyperintensity.”*
When parametric maps are used, T1 prolongation is observed
in 78% of cases and T2 prolongation in 43%. Furthermore,
when applying the Lake Louise criteria, 95% of patients meet
the criteria for myocardial injury (T1 enhancement or late
enhancement), significantly increasing diagnostic accuracy.”

Regarding prognosis, evidence in the literature demonstrates
an independent association between T1 and ECV values
and the prediction of adverse cardiovascular events (death,
hospitalization, HF, heart transplantation, and recurrence of
myocarditis).**%>

Based on the data described above and following the SCMR
recommendations,* we propose a protocol for the use of T1TM
and T2M in the investigation of acute myocarditis (Table 6)
and present a summary of the method’s main characteristics
and advantages (Table 7).

5.1.2.1. Conclusion

Multiparametric CMR (T1, T2, ECV + LGE) is currently the
noninvasive gold standard for the diagnosis, stratification, and
follow-up of acute myocarditis and its variants, combining high
diagnostic accuracy with proven prognostic value.

5.1.2.2. Key Takeaways

* Myocarditis is an inflammatory disease of the myocardium
of infectious, autoimmune, or toxic etiology;
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Table 6 - Recommended sequences for myocarditis

Sequences

1. Cine MRI

Recommendations

— Acquired in the standard planes (long-axis and short-axis with complete coverage

of both ventricular cavities).

— Acquired in the same radial slices as cine imaging and 3 short-axis slices (basal,

2. Anatomic (“black blood”) T2-weighted
sequences

mid, and apical)

— Mandatory if parametric maps are not available; optional when they are available
— Recommended if associated pericarditis is suspected (in which case, use fat-

saturated sequences).

- Acquired in 3 short-axis views (basal, mid, and apical).
3. Native T1 map — The upper limit varies depending on the magnetic field strength, manufacturer,
and local factors, and should be established by each facility.

4. T2 map

5. Late enhancement (10 to 15 minutes
after gadolinium injection)

6. Post-contrast T1 map (at least 10 min
after gadolinium injection)

— Acquired in 3 short-axis views (basal, mid, and apical).
— There may be limitations in patients with a high heart rate.

— Acquired in the same views as cine imaging (long-axis and short-axis).

— Performed on views identical to those used for T1 maps.
— Calculation of extracellular volume must use a hematocrit obtained within

24 hours of the scan.

Table 7 - Characteristics and advantages of parametric maps in myocarditis

- Related to myocardial edema.
— Specific for the acute phase.

1. T2 mapping — Less subjectivity, greater robustness, and higher accuracy than T2-weighted

sequences.
— Best cutoff point above 60 ms.

- Related to myocardial injury (inflammation and necrosis).
- Nonspecific for the acute phase, although values decrease as the disease

2. T1 mapping/extracellular volume

progresses.

- May be increased, albeit to a lesser degree, in areas without late gadolinium
enhancement, reflecting its ability to identify diffuse involvement.
- Established association with prognosis.

— Particularly useful in identifying myocarditis induced by immune checkpoint

inhibitors.

e Itis classically divided into three phases: acute, subacute,
and chronic (fibrosis/dilated cardiomyopathy);

* HF or sudden death may occur in up to 12% of cases;

Endomyocardial biopsy is reserved for severe or specific
forms (e.g. giant cell, eosinophilic);

* T2M detects myocardial edema (increased T2). Sensitivity
= 91%, specificity = 79%; cutoff: T2 = 60 ms;

* Native T1 and ECV are increased in the acute phases
(inflammation/necrosis) but are nonspecific (may remain
elevated in chronic fibrosis);

* Increased T1 can detect inflammation in segments
without late enhancement, indicating diffuse involvement;

or T2 hypersignal) and one criterion for myocardial injury
(increased T1/ECV or late enhancement) are required;

* Including these maps has increased diagnostic sensitivity
from 72% to 88%, while maintaining specificity at = 96%;
e Particularly useful in ICl-induced myocarditis, in which
late enhancement may be absent;

* Increased T1 and ECV are associated with a higher risk of
adverse cardiovascular events (death, HF, transplantation,
recurrence).

5.1.3. Iron Overload

Assessment of myocardial iron deposition can be performed

* In 2018, the new Lake Louise criteria incorporated
parametric maps (T1, T2, ECV), increasing diagnostic
sensitivity. At least one criterion for edema (increased T2

using CMR with the T2* technique.”® Because iron behaves
as a paramagnetic agent, its presence can be detected by the
shortening effect it causes in myocardial T2*.
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Myocardial iron overload can occur due to repeated
blood transfusions for the treatment of anemia or due to
increased intestinal absorption resulting from genetic causes.
Since HF is the most common cause of death in patients with
iron overload, this method is highly relevant in this setting,
especially given that treatment with chelating agents is effective
and reduces mortality.>?7

This technique has been validated through quantitative iron
studies in human hearts, confirming that the iron concentration
in the mid-septum is representative of the overall iron
concentration in the myocardium.*® It has been demonstrated

that 98% of patients with thalassemia major who went on to
develop HF had a myocardial T2* value of less than 10 ms
(Figures 11 and 12).% Furthermore, treatment progress can be
monitored with this technique.”

Although it is possible to assess myocardial iron deposition
using 3-T scanners, it is recommended that scans for this
indication be performed on 1.5-T equipment, which tends to
produce fewer artifacts and offer greater data reproducibility.'®

It is recommended that images be acquired in the
short-axis plane, in the mid- LV region, with a gradient-
echo sequence.*' Multi-echo acquisitions should be used,

Figure 11 - Example of T2* mapping in a healthy patient.

Figure 12 - Example of T2* mapping technique in a patient with myocardial iron overload and a T2* < 10 ms.

Arq. Bras. Cardiol. 2026;123(10):e20260859
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employing 8 echoes with equal intervals ranging from 2 to
18 ms, in a single breath-hold, using “dark-blood” imaging if
possible, although “white-blood” images are also validated.
Measurements should be obtained with the ROI positioned
in the septum, encompassing both the subendocardial and
subepicardial regions.

It is important to note that native myocardial T1 is
expected to be reduced in patients with myocardial iron
deposition; however, this technique is less well-validated
for this application, and while it may offer advantages in
terms of reproducibility in cases of low-level myocardial
iron deposition, it is unlikely to be relevant in situations
where myocardial iron deposition poses a risk of HF and is
clinically significant.'0"10?

5.1.3.1. Conclusion

Myocardial T2* is a fundamental tool for the diagnosis,
stratification, and treatment monitoring of iron overload and
should be performed in a standardized manner, ideally at 1.5
T and using a septal ROI.

5.1.3.2. Key Takeaways

* T2* mapping is the gold-standard noninvasive method for
detecting and quantifying iron overload in the myocardium;

* [ron acts as a paramagnetic agent, shortening the T2*
time — the shorter the T2*, the higher the iron load;

* Iron overload occurs primarily due to repeated blood
transfusions (thalassemia major, chronic anemias) or
increased intestinal absorption (genetic causes, such as
hemochromatosis);

* The mid-septum T2* value is a good indicator of total
myocardial iron content (In thalassemia major, a T2* value
< 10 ms is strongly associated with HF, in 98% of cases);

* T2* allows for monitoring of the response to chelation
therapy over time;

* Prefer 1.5 T for this application, due to lower susceptibility
to artifacts and greater reproducibility compared to 3 T;

¢ Patients with iron overload exhibit reduced T1 values;
however, this technique is less well-validated and has
limited clinical utility.

5.1.4. Sarcoidosis

Sarcoidosis is a systemic granulomatous disease of
undetermined etiology? and a challenging diagnosis. Diagnostic
criteria have been established by three different societies: the
Japanese Circulation Society (JCS), the Heart Rhythm Society
(HRS), and the World Association for Sarcoidosis and Other
Granulomatous Diseases (WASOQ).

Clinical cardiac manifestations occur in 5-10% of all
cases,'*'%* but autopsies reveal cardiac involvement in up to
58% of cases. 0510

The condition behaves as an inflammatory cardiomyopathy.
Diagnosis is challenging, especially given that 49 to 65%
of cases present with cardiac symptoms as the initial
manifestation, without evidence of extracardiac involvement.

Another challenging scenario is when involvement is
exclusively cardiac, which occurs in 3 to 5% of cases.'”” It
is the second leading cause of mortality in sarcoidosis, after
pulmonary involvement.'*

Endomyocardial biopsy was long considered the gold
standard for diagnosis; however, even when guided by
imaging, its sensitivity is limited to 20-50%.'" Thus, most
cases are currently diagnosed based on a combination of
clinical data, evidence of extracardiac involvement (lungs,
lymph nodes, skin, eyes), and imaging studies, with cardiac
MRI currently considered the first-line choice, combined with
['8FIFDG PET in some settings.""® CMR is the gold standard
among imaging modalities.""

LGE is positive for fibrosis in approximately one-third of
cases and is the best predictor of mortality and ventricular
arrhythmias, even in patients diagnosed with sarcoidosis but
who are asymptomatic from a cardiovascular standpoint.'%''2
It is considered a diagnostic criterion in all classifications of the
medical societies mentioned above. Its pattern may vary, with
meso-/epicardial or even transmural involvement, typically of the
basal interventricular septum (especially the basal anterolateral
segment, near the right ventricle [RV]) and the lateral wall (more
commonly in the basal inferolateral segment)."

LGE is highly effective for detecting focal fibrosis but is
limited in assessing diffuse or early involvement — situations
in which multiparametric mapping sequences have recently
made a greater contribution. The assessment of edema using
T2-weighted sequences (T2-STIR and T2M) is included as a
diagnostic criterion only in the WASOG classification,’™ with
concurrent use of both techniques recommended.

Native T1, T2, and ECV maps have emerged as extremely
useful tools for quantitative tissue characterization in cardiac
sarcoidosis, supplementing conventional LGE evaluation.
Their use is recommended by the SCMR in cases of suspected
sarcoidosis, as outlined in its 2020 publication on standard
protocols.? Parametric maps are particularly useful in cases
where echocardiography is negative or inconclusive, and the
use of combined techniques is recommended over the isolated
use of any single technique.

According to a preliminary study of patients with cardiac
sarcoidosis, measurement at the mid-septum showed similar
performance to measurement of all mid-third segments in
distinguishing healthy from affected myocardium, which
facilitates standardization and speeds up analysis."™*

The use of T2M increases the sensitivity of edema detection
from 88% to 99%."" Increased T2 values are consistently
found in cases of myocardial inflammation,"® and studies
have shown that T2M is superior to LGE for identifying active
lesions in patients who initially show no LGE.">""7118

Native TTM has debatable added value over LGE,"" but
it can also be used for treatment monitoring."™ T1 and ECV
values have demonstrated the ability to aid in the differential
diagnosis of similar inflammatory conditions, with lower
T1 map values and higher ECV values in areas of LGE in
sarcoidosis and the acute and chronic phases of myocarditis.
The mean (SD) values obtained for native T1 maps were 1157
(54) ms in sarcoidosis, 1196 (63) ms in acute myocarditis,
and 1215 (74) ms in chronic myocarditis. The values for ECV
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were 0.65 versus 0.45 and 0.47, respectively, with an ECV
cutoff value of 0.57 corresponding to an accuracy of 0.87 for
diagnosis of sarcoidosis.'

Recently, multiparametric imaging — particularly T2M —
has been used to monitor disease activity and response to
immunotherapy.'*'-'»

Native T1 map:

* Consistently elevated in cardiac sarcoidosis when
compared to those of healthy patients;

* Provides information complementary to LGE, particularly
in detecting diffuse forms of the disease;

* Useful for early disease detection in patients with suspected
cardiac sarcoidosis.

Post-contrast T1 map and ECV:

* Quantification of ECV is less dependent on technical
factors related to the MRI scanner compared to absolute
T1 values;

* Regional analysis of ECV in areas with positive LGE
findings may help differentiate sarcoidosis from other forms
of myocarditis;

* Provides prognostic information regarding clinical
outcomes.

T2 map:

* Elevated T2 values correlate with active myocardial
inflammation;

* Useful for monitoring the response to anti-inflammatory
therapy and may even guide timing of its initiation;

* Correlates with myocardial activity on ["*FIFDG PET;
Values return to normal with successful treatment.

Limitations: multiparametric maps are nonspecific, and
findings may overlap with those of other conditions. Validation
in large, prospective cohorts is pending. Its prognostic role is still
unclear pending further evaluation, unlike that of LGE. The use
of maps has stronger evidence in the context of investigation
of arrhythmia risk.

Advances and prospects: becoming quantitative biomarkers,
adjuncts to LGE and GLS. Reductions in T2 map values and LGE
following immunotherapy have already been demonstrated.
Use of Al and automation for better detection and quantification
of subtle changes and reduced variability.">'2*

5.1.4.1. Key Takeaways

* Quantification of T1 maps (native and ECV) is a sensitive
marker for detecting diffuse infiltration and fibrosis in cardiac
sarcoidosis, particularly in cases with no LGE;

e The T2 map is a biomarker of active myocardial
inflammation and can be used to monitor the response to
immunosuppressive treatment;

* The combined use of PET/CMR with multiparametric maps
increases diagnostic confidence and provides supplemental
information for risk stratification;

* Regional analysis of the native T1 map and ECV in areas
with positive LGE improves the ability to discriminate cardiac
sarcoidosis from other inflammatory myocardial conditions.
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5.2. Arrhythmogenic Phenotype

Arrhythmogenic cardiomyopathy (AC) is a cardiac disease
characterized by the progressive replacement of myocardial
tissue with fibro-adipose tissue, predisposing patients to life-
threatening arrhythmias and sudden death.'*> Diagnostic
criteria for AC were first proposed in 1994'% and revised in
2010 by an international task force.’®” Subsequent studies
have demonstrated frequent LV involvement in this disease,
primarily based on CMR findings in these patients showing
the presence of fibrosis in both the RV and LV on LGE
imaging. Autopsy studies have also shown that 87% of cases
of sudden death diagnosed with AC at autopsy had histological
involvement of the LV, and that biventricular involvement
in the disease is much more common than univentricular
involvement.'?

Consequently, in 2020, new diagnostic criteria were
published (the Padua criteria), which now include left-sided
involvement and emphasize morphofunctional and structural
findings as markers of the disease.'® Recently, changes to
the diagnostic criteria were reaffirmed and refined through
an international consensus, corroborating the understanding
of the importance of morphofunctional findings and imaging
methods in defining AC."?* An innovative aspect of this latest
definition is the primary characterization of AC as a disease
of myocardial “scarring”, resulting from myocyte death
and fibro-adipose repair processes. This leads to scarring-
related ventricular arrhythmias and progressive impairment
of ventricular systolic function, with systolic dysfunction
correlating with the extent of scarring. This characteristic is
consistent across all phenotypic variations of the disease (LV,
RV, or biventricular involvement).'?%139

AC manifests in three main phenotypes: RV-dominant (the
classic form), biventricular, and LV-dominant. CMR plays a key
role in its diagnosis and is considered the gold standard for:

* Biventricular morphofunctional assessment: cine-CMR
sequences allow detailed analysis of the function and
volumes of both ventricles.

* Assessment of myocardial fibrosis: uses the LGE technique

to identify and quantify the presence of myocardial fibrosis,

a disease-defining finding in AC.

According to the latest guidelines,'”® the diagnosis of AC is
based on the evaluation of the morphofunctional and structural
criteria described below.

a) Morphofunctional criteria:
* RV:
o Presence of regional wall motion abnormalities;

> Volume enlargement — indexed end-diastolic volume
(EDV) greater than:

e > 112 mL/m2 in women;
* > 121 mL/m2 in men;
* > 130 mL/m2 in athletes;
o Systolic dysfunction — ejection fraction less than:
* < 51% in women;
* < 52% in men;
* < 52% in athletes;
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e LV:

o Systolic dysfunction — ejection fraction less than:
* < 57% in women;
* < 57% in men;
e < 58% in athletes;

o Volume enlargement — indexed end-diastolic volume
greater than:

* > 96 mL/m2in women;

* > 105 mL/m2 in men;

* > 122 mL/m2 in athletes.
b) Structural criteria (LGE)

* Myocardial fibrosis: primary evidence, based on LGE
findings, of fibrosis in the myocardium;

o RV: unequivocal late enhancement, confirmed in two
orthogonal views and in more than one region;

o LV: “ring-like” pattern confirmed in two orthogonal views,
or involvement of one or two segments with a meso- or
subepicardial pattern.

Given the importance of myocardial fibrosis in the
pathophysiology of AC and in the mechanism of reentrant
ventricular arrhythmias, obtaining late-enhancement images
is essential in the evaluation of these patients. However, this
technique identifies only focal, reparative fibrosis. In this regard,
parametric maps could expand the scope of CMR in AC, as
they are capable of assessing diffuse, interstitial fibrosis and
allow detection of increased ECV. Due to these characteristics,
parametric maps are capable of identifying early structural
changes or changes in affected family members, enabling earlier
diagnosis.”' T2M, in turn, would be capable of identifying acute
changes in inflammatory states already recognized as possible
manifestations of AC. One limitation to the applicability of such
maps in these patients is their primary utility in evaluating the
LV, given the susceptibility of this technique to partial-volume
artifacts when applied to the thin-walled RV myocardium.
Despite these possibilities, data are still preliminary, and few
studies have been conducted to demonstrate the applications
of parametric maps in the assessment of patients with AC.

Bourfiss et al. evaluated T1-mapping CMR in 43 individuals,
including patients with AC, genotype-positive relatives, and
controls. Patients with AC had significantly higher global T1
values than controls, while relatives did not differ significantly
from controls. In contrast, T1 dispersion (the SD of T1 values
among LV segments) was higher in both patients and relatives,
particularly in the inferolateral and inferior regions. A T1
dispersion cutoff of > 77 ms demonstrated good diagnostic
ability (AUC 0.80), identifying abnormalities in 65% of family
members, many of whom lacked late enhancement or other
structural or electrical manifestations of the disease. These
findings suggest that increased T1 primarily reflects myocardial
fibrosis and that T1 dispersion may be an early marker of
myocardial involvement in individuals with AC-associated
mutations before the development of an overt clinical
phenotype. '

Georgiopoulos et al. evaluated TTM in 30 patients with

AC and 59 first-degree relatives who did not meet diagnostic
criteria for the disease. Elevated native T1 values were

identified in 37% of the patients, including nearly one-third of
those with an apparently normal LV according to conventional
criteria. There was no association between elevated T1 and
the presence of late enhancement. Among the relatives,
only 5% showed late enhancement, while 37% exhibited
increased native T1, substantially increasing the detection
of abnormalities by CMR. These results suggest that TTM is
capable of identifying early interstitial fibrosis in patients with
AC and in mutation-carrying relatives, even in the absence of
evident structural changes, and may contribute to diagnosis
and monitoring in the early stages of the disease.**

Although data in the literature are still scarce, T1 map findings
may help assess the prognosis of patients with AC, in addition
to serving as a tool for early diagnosis. Lu G et al. conducted
a prospective study of 91 patients with AC (mean age 36
years; 95%Cl 27-50 years) who underwent CMR between
November 2010 and March 2022."** The diagnosis of AC was
established based on the revised 2010 task force criteria. LV
involvement was considered if LVEF was < 50%, or if there
were abnormalities in LV wall motion or LV LGE affecting more
than one segment. CMR examinations were performed using
T2-weighted, LCE, and T1M sequences, with estimation of
ECV. The primary outcome was the first occurrence of sustained
VT after CMR. During a mean follow-up of 55 months, 36 of
91 (40%) patients experienced sustained VT. Although there
was no difference in native T1 values between patients who
experienced the outcome and the control group (p = 0.09), the
ECV was significantly increased in patients with sustained VT.
In addition, LGE was more frequently present in these patients
(50% vs. 29%; p = 0.045). However, after multivariate analysis,
only the ECV value continued to show a statistically significant
difference in predicting arrhythmic events. Each 1% increase
in ECV was associated with a 13% higher risk of sustained VT
(HR 1.13; 95%Cl 1.08-1.18).

A rare but documented presentation of AC is an acute
episode of chest pain with elevated cardiac enzymes and
no evidence of stenosis on cine coronary angiography. The
diagnosis is based on meeting the criteria for AC and on
genetic testing. Also known as a “hot phase”, this presentation
may lead to the primary diagnosis and should therefore
be included in the differential diagnosis of young patients
presenting with chest pain of no obvious coronary cause.
Bariani R et al. reported the hot-phase presentation in 5% of
patients with AC followed at their institution.'* Histological
and cellular analysis of myocardial biopsy specimens revealed
a mononuclear inflammatory infiltrate with edema and
necrosis of cardiomyocytes and a predominance of T cells. In
this study, CMR findings were consistent with those of acute
myocarditis; however, the presence of subepicardial LGE in
the vast majority of cases and findings of fibro-fatty infiltration
were notable. In this clinical presentation, the T2 map can be
a useful tool to supplement conventional CMR, characterize
the acuity of the condition, and aid in distinguishing it from
other, more common causes of acute chest pain with elevated
myocardial necrosis markers.

Considering the potential applications of tissue
characterization by CMR — which includes the use of
parametric maps — for the diagnostic and prognostic
assessment of AC, it is evident that TTM and ECV estimation
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can provide significant additional information to supplement
morphofunctional assessment and detection of fibrosis by
LGE. Consequently, this will further enhance the capabilities
of CMR in tissue characterization and expand the already
recognized role of this modality in the assessment of patients
with suspected or known AC."30136:137

International guidelines on the indications and clinical
applicability of CMR list assessment of patients with AC as
a Class | recommendation.’® However, due to the scarcity
of studies using parametric maps in this population, these
sequences were not included in the recommended CMR
protocol for evaluation of these patients, not even as optional
sequences.?” CMR has proven essential for the reclassification
and better understanding of cardiomyopathies, including
AC." Its ability to detail structural changes in the myocardium
is crucial for defining the specific disease type (phenotype),
identifying its cause (etiology), and informing the most
appropriate treatment. In AC, specifically, structural assessment
by CMR has revolutionized our understanding of this disease,
providing essential information on its pathophysiology, aiding
in diagnosis, and improving prognostic stratification.

Given the value of CMR in the evaluation of
cardiomyopathies, and especially in AC, the use of all tools
available in CMR protocols — including parametric maps —
appears to be the most effective strategy for studying these
patients. Although further research is needed to consolidate
the applicability of parametric maps in AC, their incorporation
into current clinical protocols is recommended. This would
allow use of CMR to its fullest possible extent as a method
of structural assessment, optimizing the diagnosis and
management of AC.

5.2.1. Conclusion

Arrhythmogenic cardiomyopathy is a structural heart disease
characterized by myocardial scarring, and CMR has become
a key element in its diagnosis, phenotyping, and prognostic
stratification. The integration of morphofunctional assessment,
fibrosis detection (by LGE), and tissue characterization
(especially by T1/ECV) enhances diagnostic capabilities and
enables earlier identification of ventricular involvement,
including in asymptomatic family members. Although
evidence in support of parametric maps in this setting is still
lacking, their gradual incorporation is likely to further expand
the role of CMR in AC.

5.2.2. Key Takeaways
* Myocardial scarring: fibro-fatty replacement — ventricular
arrhythmias and risk of sudden death;

* Evolving criteria: 1994 — 2010'*° — Padua 2020'*
and recent consensus: incorporates LV phenotype and
emphasizes morphofunctional/structural findings;

* LV involvement is frequent; biventricular involvement is
more common than isolated involvement;

* Phenotypes: RV-dominant (classic), biventricular, and
LV-dominant;

* CMR is key (Class I): the gold standard for biventricular
function/volumetric assessment (cine) and fibrosis (LGE);
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* CMR criteria — morphofunctional:

o RV: increased volumes and reduced EF, plus regional wall
motion abnormalities;

o LV: enlargement/decreased EF with specific cut-off points
(sex/athlete);

e Structural criteria (LGE):
° LV: unequivocal LGE in = two planes and > one region;

o VE: meso-/subepicardial (“ring-like”) pattern in = 2
planes;

* Parametric maps (T1/ECV/T2):

> May detect diffuse interstitial fibrosis (earlier diagnosis,
especially in family members);

o Limitations in the RV (thin wall/artifacts); evidence is still
preliminary;

* Key findings:

o Increased native T1 and greater T1 dispersion in AC;

dispersion may identify genotype-positive relatives without
LCE;

o Increased ECV predicts sustained VT; LGE is an additional
factor, but on multivariate analysis, ECV stands out;

* “Hot phase”: myocarditis-like presentation (pain,
troponin, normal coronary arteries); T2M helps identify
acute inflammatory activity;

* Practice: integrate cine + RT + (T1/ECV/T2) for
phenotyping, risk stratification, and follow-up.

5.3. Hypertrophic Phenotype

5.3.1. Hypertrophic Cardiomyopathy

Hypertrophic cardiomyopathy (HCM) is the most common
genetic heart disease, with an estimated prevalence of 1
in 500 individuals; it is characterized by LV hypertrophy
(LVH) not explained by hemodynamic overload."" Although
the prognosis is generally favorable, a small proportion of
individuals experience an unfavorable course, with events
including sudden death, HF, and stroke.

Risk stratification for events in patients with HCM has
made significant progress with the use of CMR. LGE imaging
has made it possible to identify disease-related patterns of
myocardial fibrosis, as well as to quantify the absolute values
and percentage of the myocardium affected, which closely
correlates with arrhythmic events during follow-up of patients
with this disease.'?

The advent of multiparametric mapping in CMR (T1 and
T2) has refined the assessment of patients with HCM, allowing
absolute quantification of relaxation times and, consequently,
a more robust evaluation of the possible presence of interstitial
fibrosis and edema potentially related to this condition.

5.3.1.1. Myocardial Fibrosis Associated with Hypertrophic
Cardiomyopathy and its Evaluation by Multiparametric Maps

Myocardial fibrosis in HCM manifests primarily as

hyperplasia and disorganization of collagen fibers and bundles,
as well as derangement and necrosis of myocardial cells.
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Although some degree of myocardial fibrosis may occur in LVH
due to other causes, the distinct histopathological mechanisms
of hypertrophy observed lead to a greater development of
myocardial fibrosis in HCM.'* Although late myocardial
enhancement can distinguish between most clinical scenarios,
more refined measures of interstitial fibrosis (such as those
provided by TTM and ECV estimation) can differentiate
between adaptive forms of hypertrophy (e.g. athlete’s heart,
hypertension) and those related to storage diseases (e.g. Fabry
disease, cardiac amyloidosis) when compared to HCM.™#

T2M quantifies transverse relaxation, which is sensitive to
water content. Although it is a technique traditionally used
to measure myocardial inflammatory activity, it can serve as a
marker of microvascular ischemia or hemodynamic overload
in the context of HCM.

5.3.1.2. Use of Multiparametric Maps in the Assessment
of HCM

Myocardial fibrosis is one of the markers most closely
associated with clinical outcomes in the follow-up of patients
with HCM. Although late enhancement plays a significant
role in its identification, more recent studies have focused
on identifying diffuse (interstitial) myocardial fibrosis, which
often cannot be detected by the traditional LGE technique.

Puntmann et al.™** evaluated T1M and ECV as markers of
diffuse interstitial fibrosis using 3-T equipment. In this study,
the parameters of 25 patients diagnosed with HCM were
compared to those of patients with hypertension.

Myocardial TTM mean (SD) values were lower in
hypertensive patients compared to patients with HCM: 1070
(55) ms vs. 1254 (43) ms, respectively (p < 0.001); as were
ECV values: 0.26 (0.07) ms vs. 0.38 (0.11) ms, respectively
(p < 0.001). This demonstrates the ability to identify diffuse
myocardial fibrosis based on parameters provided by
multiparametric maps.

Subsequent studies investigated the value of TTM in patients
without identifiable late enhancement. Xu et al. evaluated
258 patients with HCM but without late enhancement or
LV outflow tract obstruction and found a significant increase
in native T1 and ECV compared to controls without the
disease (mean [DP] T1: 950 [48] ms vs. 913 [46]; mean
[DP] ECV: 24.5% [2.8%)] vs. 23.0% [2.7%]; both p < 0.001,
respectively), suggesting diffuse fibrosis even in the absence
of focal scarring."'

5.3.1.3. Differentiation of Hypertrophic Phenotypes

Distinguishing hypertensive hypertrophy from HCM can
be challenging. In this context, Hinojar et al.™® conducted a
comparative analysis of native T1 map values among patients
with HCM, patients carrying the HCM gene mutation but
without phenotypic manifestations (G+/P-), and a third
group consisting of patients with hypertension. All groups
were compared to disease-free controls. Patients with HCM
had significantly higher mean (SD) native T1 map values than
those observed in patients with hypertension: 1102 (58) vs.
1033 (68) ms (p < 0.0001). Interestingly, the group of patients
carrying a HCM gene mutation (G+/P-) showed significant

elevations in T1 map values when compared to the control
group: 1055 (55) vs. 1023 (44) ms (p < 0.0001).

This finding demonstrated that myocardial structural
disruption in patients with HCM may precede the development
of hypertrophy and suggests it has potential as an early marker
of disease progression.'

5.3.1.4. Native T1 Mapping as a Prognostic Tool in
Patients with Hypertrophic Cardiomyopathy

Although less studied than late enhancement as a prognostic
tool, TTM has shown promising results in risk stratification for
patients with HCM. Since these methods assess the same
biological phenomenon — expansion of the extracellular space
resulting from myocardial replacement by fibrosis — there is
a certain degree of collinearity between the two. However,
recent studies have reported findings that may be useful in the
application of T1M as a prognostic tool, particularly because
it detects early changes in myocardial architecture (secondary
to the onset of interstitial myocardial fibrosis).

Wang et al. evaluated 663 patients referred for CMR and
followed them prospectively for 44 months. In this group
of individuals, global native T1 and ECV were independent
predictors of HF-related death and hospitalization for HF,
even after adjusting for extent of LGE and ESC risk score."
Furthermore, an increase in the C-index (from 0.52 to 0.72)
was observed when the results of the T1 map or ECV were
added to clinical models based on risk factors, reinforcing the
incremental value of these biomarkers.

Ventricular arrhythmias are one of the leading causes
of adverse clinical outcomes in the follow-up of patients
with HCM. In this regard, O’Hara et al. combined late
enhancement and TTM in a hybrid model (LGE-T1) to predict
ventricular arrhythmias. The LGE-T1-based model was able to
accurately predict the risk of ventricular arrhythmias for this
cohort and improved risk stratification for sudden cardiac
death, thereby better identifying patients with HCM. This
approach has significant potential to better select patients
for primary preventive implantation of an implantable
cardioverter-defibrillator (ICD)."#6149

5.3.1.5. Role of T2 Mapping in Hypertrophic Cardiomyopathy
Diagnosis and Prognosis

Although not as widely studied as TTM in the context of
HCM, T2M is gaining ground in evaluation of patients with
this condition. The presence of myocardial damage due to
microcirculatory changes and imbalances between myocardial
oxygen supply and demand are potential mechanisms involved
in the pathophysiology of HCM, and both can be identified
through myocardial T2M. Huang et al."° proved this concept
in 47 patients with HCM. When compared to the control
group, patients with HCM had increased native T1 values,
as expected, but also had significantly higher T2 map values
compared to the control group, even when considering non-
hypertrophied segments.

More recently, Xu et al."*' prospectively evaluated 674
patients diagnosed with HCM. During a 36-month follow-up,
they observed that patients with HCM, late enhancement,
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and a maximum T2 value = 44.9 ms had a higher risk of
cardiovascular events (p < 0.001). Furthermore, multivariate
regression analysis showed that T2 values provided significant
prognostic value for predicting cardiovascular events (defined
in this study as a combination of cardiovascular death and
appropriate shock from an ICD) (p < 0.001). Similar to TTM,
T2M also plays a role in predicting arrhythmic events during
follow-up of patients with HCM.

In another study, 57 patients referred for 3-T CMR
were prospectively followed. The third tertile of T2 values
(48 [8] ms) was an independent predictor of a composite
outcome of VT on Holter monitoring and/or exercise testing,
hospitalization for arrhythmias, ICD activation, and all-cause
mortality (OR = 22.8, 95%Cl 1.4-361.6, p = 0.026)."%

5.3.1.6. Impact of Multiparametric Maps on Clinical
Evaluation of Patients with Hypertrophic Cardiomyopathy

The incorporation of multiparametric maps into the
routine assessment of patients with cardiomyopathies
provides accuracy gains for assessing different conditions,
particularly in cases where traditional techniques reveal subtle
findings or where there is phenotypic overlap with other
cardiomyopathies. This scenario is commonly observed in the
hypertrophic phenotype, where various conditions with similar
morphological characteristics can provide valuable information
for determination of etiology through multiparametric
imaging. Warnica et al.” conducted an interesting study that
investigated the impact of T1 and T2 maps on the differential
diagnosis of cardiomyopathies. In patients with HCM, there
was a marginal increase in sensitivity and specificity, from 95%
to 98% and from 99% to 100%, respectively (not statistically
significant; p = 0.08 for both parameters), when these maps
were added to HCM assessment.

However, the same study noted that adding mapping
to routine protocols improved diagnostic sensitivity for
infiltrative diseases that are phenocopies of HCM (Fabry
disease, amyloidosis), resulting in a relative 24% reduction in
subsequent cardiac scans over a 12-month period. Therefore,
the implementation of these techniques is not only welcome
in terms of improving diagnostic and prognostic accuracy but
also potentially in terms of cost-effectiveness.

Itis likely that the combination of tissue characterization
techniques and multiparametric imaging (T1/T2 maps,
EF, and late enhancement) acts synergistically in the risk
stratification of patients with HCM. Further studies are
needed before the latest techniques can be definitively
incorporated into assessment protocols for these patients.

5.3.1.7. Limitations

From a practical standpoint, there is a lack of studies
that would allow for the assessment of disease progression
using these techniques (e.g., serial TIM/T2M to monitor
disease progression). Furthermore, the possibility of using
the results of multiparametric mapping to guide decisions
regarding interventions (e.g. whether to implant an ICD to
prevent future arrhythmic events), although desirable, is not
yet a reality.
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5.3.1.8. Conclusion

Multiparametric myocardial maps have established
themselves as important tools in the evaluation of patients with
HCM. The native T1 map and ECV quantify diffuse fibrosis,
distinguish etiologies of hypertrophy, and predict clinical
outcomes. T2M adds to the analysis by identifying residual
edema and has prognostic value by correlating with ventricular
arrhythmias during follow-up. The routine incorporation
of these parameters into CMR improves diagnosis and risk
stratification. However, further advances are still needed to
enhance their integration into clinical decision making.

5.3.1.9. Key Takeaways

* Multiparametric maps are useful tools in the evaluation
of patients with HCM, especially when applied to the
differential diagnosis of phenocopies;

* Because they are quantitative measures of interstitial
myocardial fibrosis, T1TM and ECV estimation are important
tools in the evaluation of these patients, especially in those
without identifiable LGE;

* T1 and T2 maps have independent prognostic value in
predicting events (especially arrhythmias) during follow-up
of patients with HCM.

5.3.2. Amyloidosis

T1M by CMR has established itself as one of the most
relevant tools in the evaluation of cardiac amyloidosis (CA).
More than just characterizing the myocardium, it allows
detection of early involvement, estimation of amyloid
burden, and monitoring of disease progression over time.
In this context, native T1 and ECV should be understood as
complementary parameters with implications for diagnosis,
prognosis, and follow-up. Native T1 is elevated in both light-
chain (LC) and transthyretin (ATTR) cardiac amyloidosis. One
of the most important aspects is the ability to perform the scan
without contrast, with high diagnostic accuracy demonstrated
in consistent clinical studies.'>*'>> Extreme native T1 values
allow the clinician to rule out or confirm CA with high
confidence,'* reducing the need for gadolinium. This point
is particularly important in patients with renal dysfunction and
in screening and serial follow-up strategies.

Meta-analyses reiterate this diagnostic role, demonstrating
the robust performance of native T1 and ECV in detecting
CA."75%157 Furthermore, these studies show that both
parameters have prognostic value, with consistent associations
with mortality and cardiovascular events.’**'>® However, ECV
consistently demonstrates greater prognostic robustness,
with a direct relationship between its increase and the risk
of events, characterizing a dose-response relationship.'”:58
ECV represents a direct measure of extracellular space
expansion and, therefore, of the amyloid deposition burden.
In patients with ATTR, there is a strong correlation between
ECV, functional markers, and biomarkers, as well as an
independent association with clinical outcomes.’ Studies
have also demonstrated that ECV more specifically reflects
amyloid buildup compared to native T1, which incorporates
additional components related to the myocyte response.'0
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The role of TIM in patient follow-up represents one of the
most important recent advances. In LC amyloidosis, reductions
in ECV following treatment are consistently associated with
hematologic response and improved prognosis.'" Native
T1 has also demonstrated the ability to serve as a marker
of treatment response, even performed without contrast,
with reduced values associated with improved survival.'®21%3
These data expand the utility of native T1 as a tool for serial
monitoring. In LC amyloidosis, interpretation must take
into account the pathophysiology of the disease. Even after
a sustained hematologic response, the ECV may remain
elevated, reflecting residual amyloid deposition, while native
T1 may exhibit more dynamic behavior, related to changes
in myocardial composition and reduced toxicity of the light
chains.’ Thus, integrated longitudinal analysis of these
parameters is essential for the correct interpretation of disease
progression. In ATTR amyloidosis, the role of T1M in follow-up
is even more consistent.

Longitudinal studies demonstrate that the ECV tracks
disease progression in untreated patients and stabilizes
or progresses more slowly in patients receiving disease-
modifying therapies.’® This point is particularly relevant
in the current landscape, where multiple therapies for
ATTR are now available, including transthyretin stabilizers
and silencers. Furthermore, evidence shows that changes
in ECV over time are associated with clinical outcomes,
suggesting that CMR can be used as an objective tool to
identify treatment response.'** In some settings, there is even
evidence of a reduction in ECV with treatment, suggesting
potential regression of amyloid deposits, which reinforces
the method’s role in longitudinal follow-up. CMR with
T1M also plays a growing role in clinical settings such as HF,
particularly in HF with preserved ejection fraction (HFpEF),
where it aids in the differential diagnosis of infiltrative causes
and in the follow-up of these conditions.’® ' The ability
to detect early changes and track subtle changes over time
makes these techniques especially valuable.

Taken together, three key concepts emerge. First, native
T1 enhances diagnostic sensitivity and allows contrast-free
assessment, making it particularly useful for screening and
serial follow-up. Second, ECV provides the most specific
measure of amyloid burden and offers greater prognostic
robustness, as supported by meta-analyses. Third, and most
importantly, the longitudinal analysis of these parameters
allows for monitoring of progression, stability, or response to
treatment in both LC and ATTR amyloidosis.

In short, TTM has established itself as a core quantitative
tool in the contemporary management of cardiac amyloidosis,
with a growing role in support of clinical decision-making and
assessment of treatment response

5.3.2.1. Key Takeaways

* Native T1: enables early diagnosis of cardiac amyloidosis
with high accuracy, even without contrast, and is useful for
screening and follow-up;

* ECV: is the most specific marker of amyloid burden

and the parameter with the greatest prognostic value,
correlating with mortality and cardiovascular events;

* Follow-up: serial analysis of native T1 and ECV enables
monitoring of disease progression and response to
treatment, making CMR a core tool in the management
of cardiac amyloidosis.

5.3.3. Fabry Disease

Fabry disease is a rare X-linked lysosomal storage
disorder resulting from mutations in the GLA gene, leading
to a deficiency of the enzyme a-galactosidase A.'®”'% This
enzyme deficiency results in the progressive accumulation of
glycosphingolipids, particularly globotriaosylceramide (Gb3)
and its deacetylated form, lyso-Gb3, in multiple tissues,
including the myocardium, vascular endothelium, central
nervous system, kidneys, and skin.’®'° The phenotypic
variability of Fabry disease is wide, with clinical manifestations
ranging from classic forms with early onset, predominantly
in men, to variant forms with late onset and predominantly
cardiac involvement, which are often indistinguishable from
other hypertrophic cardiomyopathies.

Cardiac involvement, characterized by LVH, myocardial
fibrosis, diastolic dysfunction, arrhythmias, and progressive
HF, is one of the leading causes of morbidity and mortality
in Fabry disease. Early diagnosis is critical for the initiation of
specific therapies, such as enzyme replacement therapy (ERT)
and enzyme stabilizers (pharmacological chaperones), which
have been shown benefit in modifying the natural history of
the disease, especially when started early.

CMR has established itself as the primary noninvasive
imaging tool for myocardial characterization in Fabry disease.
The ability of CMR to integrate anatomic, functional, and
tissue-level information through techniques such as T1M
and T2M, calculation of ECV, and LGE allows not only early
detection of cardiac involvement but also disease staging and
monitoring of treatment response.'”"72

5.3.3.1. Morphofunctional Characterization by Cardiac
Magnetic Resonance Imaging

LVH is the most common CMR finding in patients
with Fabry disease. Approximately 50%—60% of patients
present with LVH, typically with a symmetric concentric
pattern; however, in up to 10% of cases, there may be an
asymmetric septal or apical distribution, which complicates
the differential diagnosis with sarcomeric cardiomyopathies.'”
Disproportionate papillary muscle hypertrophy is observed in
many patients and may precede the onset of overt LVH."®

Papillary muscle volume and mass can be quantified
by CMR and represent early, specific markers of cardiac
involvement. In addition, left atrial enlargement and mitral or
aortic valve thickening with mild regurgitation are common
findings. LV systolic function generally remains preserved until
the advanced stages of the disease, with a normal ejection
fraction. However, CMR analysis of myocardial strain by
GLS via feature tracking has demonstrated early reductions,
especially in the basal myocardial segments, as shown in
recent SCMR studies and a systematic review.'”? Loss of the
base-apex strain gradient is an early and sensitive marker of
subclinical dysfunction.
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5.3.3.2. T1 and T2 Mapping

Native T1M is one of the most valuable biomarkers for
the early diagnosis of Fabry disease; it is characteristically
reduced due to the intracellular accumulation of Gb3, which
is considered a classic finding of the disease in its early stages,
especially in the absence of significant fibrosis.

However, at more advanced stages, when interstitial
myocardial fibrosis develops, T1 values may normalize or even
increase, a phenomenon known as pseudonormalization.
Therefore, the interpretation of TT must always be contextualized
with the other multiparametric variables. T2M, in turn, provides
supplemental information. Elevated T2 values suggest the
presence of edema and inflammation, a phenomenon well
known to occur in the intermediate stages of the disease. Some
studies correlating CMR findings with myocardial biopsy suggest
that subclinical inflammation may play a role in the onset of
fibrosis (which may precede LGE, especially inferolateral),
reinforcing the role of T2 as a marker of disease activity.'*%1%%1!
Figure 13 illustrates a case of Fabry disease.

5.3.3.3. Extracellular Volume

ECV is an indirect measure of the fraction of interstitial
space relative to the total volume of myocardium. In Fabry
disease, ECV tends to be normal in the early stages, reflecting
a predominance of intracellular accumulation. However,
in more advanced stages, as interstitial fibrosis sets in, ECV
increases. Values < 25% are considered normal, while values
> 28% suggest significant fibrosis. It may also be useful in
distinguishing Fabry disease from cardiac amyloidosis (ECV
> 40%).°

Longitudinal studies indicate that a progressive increase in
ECV correlates with clinical deterioration, poorer functional
capacity, and a higher risk of arrhythmic events, making it a
robust prognostic marker.08109171.172

5.3.3.4. Late Enhancement

LGE is a marker of fibrotic replacement and is present in
up to 50% of patients with Fabry disease. The typical pattern
is mesocardial or subepicardial in the basal inferolateral wall,
generally sparing the subendocardium. This pattern is highly
suggestive of the disease and often precedes functional or
clinical changes, particularly in women. The extent of LGE is
directly associated with electrical abnormalities and the risk
of ventricular tachyarrhythmias.'¢8169171.172

The presence of LGE also has prognostic value, being
associated with lower survival and a poorer response to ERT.
Therefore, patients with LGA should be carefully stratified
regarding the need for intensive electrophysiologic monitoring.

5.3.3.5. Diagnostic Strategy Based on Multiparametric
Maps

A systematic approach based on multiparametric CMR
allows for robust stratification of myocardial involvement in
Fabry disease, as outlined below. 68169171172

* Phase 1 — Deposition (low T1, normal ECV, no LGE): early
marker, optimal to prompt treatment initiation;

* Phase 2 — Inflammation (low or normal T1, high T2,
borderline ECV, absent or early LGE): disease activity with
potential for reversibility;

Native T1 Fitting Curve

T1 Calculation Results

Slice 1 Regional Results

3 0.999
80, R = 0.999
120, R* = 0.998

ms)

Figure 13 - Hypertrophic phenotypes: Fabry disease. Top panel (A): SSFP cine imaging sequences showing short-axis and two-chamber
ventricular hypertrophy. B: T1 map showing low native T1 values in the mid-short-axis segments. C: late enhancement consistent
with myocardial fibrosis in the basal inferolateral segment. SSFP: steady-state free precession.
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* Phase 3 — Fibrosis (pseudonormal or elevated T1,
increased ECV, LGE present): late phase, with established
structural impairment.

Integrating these phases into a clinical model allows
for more precise and individualized therapeutic decision-
making.®

5.3.3.6. Diagnostic Flowchart

Unexplained LVH — Multiparametric CMR
l
T1 <930 ms with ECV < 25%? — Yes — High suspicion of
Fabry disease — Confirm with genetic testing/a-GalA
l
Normal T1 with LGE or ECV > 28%? — Evaluate other
etiologies or late fibrotic stage of Fabry disease

CMR: cardiac magnetic resonance imaging; ECV:
extracellular volume; LGE: late gadolinium enhancement;
LVH: left ventricular hypertrophy; oa-GalA: alpha-
galactosidase A.

5.3.3.7. Clinical Applications and Treatment Monitoring

In addition to diagnosis, multiparametric CMR is essential
for monitoring the clinical course of patients with Fabry disease
and may be recommended annually for this purpose.®'72
Several prospective studies have shown that changes in
T1, ECV, and the extent of LGE are directly associated with
the response to ERT. Stabilization or regression of imaging
findings is associated with improved clinical outcomes,
reduced wall thickness, and improved ventricular function.
Furthermore, in the context of chaperone therapy, which
depends on specific genetic variants, CMR helps identify
the compatible phenotype and assess the early response to
enzyme stabilization.>'7?

* LGE + increased ECV: poorer response to enzyme
therapy;

* RT > 5% of LV mass: increased arrhythmic events.

5.3.3.8. Limitations and Challenges

Despite its diagnostic robustness, the use of CMR faces
some limitations:

* Lack of interinstitutional standardization in T1 and ECV

reference values;

e Technical interference (magnetic field, sequence,

gadolinium type);

* Overlap with other causes of LVH (eg, amyloidosis,

HCM);

* High cost and limited availability at some centers;

* LGE may be absent in early-stage forms, even with

reduced T1.

International standardization of acquisition protocols and
the creation of normal reference curves for each scanner and
population are essential to increasing clinical applicability.

5.3.3.9. Conclusion

* CMR with multiparametric mapping is an essential tool
for early diagnosis, risk stratification, and assessment of
treatment response in Fabry disease;

* The integrated use of T1, T2, ECV, and LGE assessment
allows for precise characterization of the myocardial substrate
and should be routinely incorporated into the evaluation of
patients with hypertrophic phenotypes of uncertain etiology;

* Routine incorporation into clinical practice should be
encouraged, especially in centers specializing in rare
diseases, and represents one of the greatest contributions
of modern cardiovascular imaging to precision medicine.

5.3.3.9. Key Takeaways

e Abnormal native T1 with normal ECV is the most sensitive
early marker;

* ECV and LGE are essential for identifying fibrosis and
stratifying prognosis;
* Mesocardial inferolateral LGE is the most specific pattern;

* The integration of clinical, laboratory, and imaging data
is essential for diagnosis and follow-up;

* Multiparametric CMR should be considered in all cases
of LVH of unknown etiology.

5.3.4. Others (Danon, Pompe, Glycogen Storage Diseases)

Glycogen storage cardiomyopathies constitute a
heterogeneous group of rare genetic disorders characterized
by the intracellular accumulation of glycogen in cardiac
myocytes.'”* This buildup leads to progressive structural and
functional abnormalities, including myocardial hypertrophy,
ventricular dysfunction, and arrhythmias.’”* CMR, especially
using TTM and T2M techniques and perfusion assessment,
has proven to be a valuable tool for the early detection, tissue
characterization, and monitoring of these conditions.'”

5.3.4.1. Danon Disease

Danon disease is an X-linked myopathy caused by
mutations in the LAMP2 gene, which encodes lysosome-
associated membrane protein 2."7¢ Despite its severe nature,
it remains infrequently diagnosed, even at specialized centers,
and its exact prevalence remains unknown.'”® Clinically, it is
characterized by a classic triad consisting of cardiomyopathy,
skeletal myopathy, and neuropsychiatric abnormalities.'””
Electrocardiographic findings such as Wolff-Parkinson-White
syndrome and atrioventricular blocks are also common, as are
elevated liver enzymes and ocular involvement.'® Affected
individuals are at significantly increased risk of arrhythmias,
early HF, and sudden death.'”®

The clinical phenotype is typically more aggressive in males,
who generally present with the full typical picture. In contrast, in
women, the clinical presentation tends to be milder, with a later
onset — usually in adulthood — and a predominance of isolated
cardiac involvement.'”® The disease may initially — or exclusively
— manifest as cardiac involvement, making CMR an important
tool in detecting findings suggestive of the diagnosis.'”
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The predominant phenotype of cardiomyopathy in Danon
disease is hypertrophic, present in approximately 88% of cases.
Among these, about two-thirds present a symmetric pattern of
ventricular thickening, followed by an asymmetric pattern.'”?
The dilated form of cardiomyopathy is rare, occurring in only
5% of patients. In addition, a small proportion of patients
have cardiac morphology within normal limits, highlighting
the phenotypic variability of the disease.”*'7>

Regarding LGE patterns, patients frequently present with
extensive areas of late enhancement, which account, on
average, for approximately 35% of LV mass. The enhancement
pattern observed in patients with the disease has characteristics
distinct from those found in sarcomeric HCM and idiopathic
dilated cardiomyopathy.'” The basal and mid regions of the
interventricular septum are spared in 88% of cases, while
100% of patients exhibit LGE at the ventricular apex and 94%
in the lateral segment. The subendocardial enhancement
pattern is common and may occur in isolation or extend to
the middle layers and even become transmural.'”3175179

This pattern contrasts with that of sarcomeric HCM, in
which the hypertrophic interventricular septum is generally the
region most affected by LGE, with a predominantly punctate
pattern in the mid-wall region and rare involvement of the
subendocardial layer. In dilated cardiomyopathy, however,
LGE tends to present a linear mid-mural pattern, frequently
involving the interventricular septum.'”?

Regarding parametric maps, in the largest retrospective
series published to date, which included 16 patients diagnosed
with Danon disease, four patients who underwent TTM had
elevated native T1 and global ECV values.'”?

When regions with and without late enhancement in the
mid-LV segments were evaluated separately, areas showing
enhancement had increased native T1 and ECV values.
In distal regions without enhancement, native T1 values
remained elevated, while ECV was within normal limits."”?

Another case series, which included histological analysis
and reported the same findings, demonstrated elevated native
T1 values affecting the interventricular septum in areas free
of late enhancement. Electron microscopy of these regions
revealed the presence of intracellular autophagic vacuoles,
confirming underlying structural changes correlated with
the increased signal on TIM."™ Based on these data, TTM
may offer advantages in the early detection of myocardial
dysfunction and abnormalities in patients with Danon disease,
even in the absence of late enhancement.

Regarding T2-weighted images (not including T2M),
approximately half of the patients included in the largest
available case series exhibited T2 signal abnormalities, with
four showingisolated hyperintensity and three presenting with
a combination of hyper- and hypointensity.'”

Specifically regarding T2M, a case report including three
generations of a family demonstrated that T2 values were
increased in the free wall of the LV, reflecting myocardial
inflammation or edema, while they remained within
normal limits in the interventricular septum. In all three
patients evaluated, values in the lateral wall exceeded 55
ms, while values in the interventricular septum were less
than 50 ms."

Arq. Bras. Cardiol. 2026;123(10):e20260859

The description of abnormalities on T2-weighted cardiac
images, including myocardial hyperintensity and increased
T2 map values, is relevant and emerges as a possible
characteristic imaging signature of Danon disease.'”

TIM:

* Elevated native T1 values and increased ECV in regions
with LGE;

* Regions free of enhancement also show increased native
T1, but normal ECV;

* Histological analysis confirms intracytoplasmic
autophagic vacuoles in interventricular areas with
increased T1, even in the absence of late enhancement,
indicating microstructural changes;

* T1M can detect early myocardial dysfunction and
changes before late enhancement becomes visible.

T2M:

¢ Increased T2 values (> 55 ms) observed in the free wall
of the LV, suggesting myocardial edema or inflammation;

* Normal T2 values (< 50 ms) in the interventricular
septum;

* T2 abnormalities, in both conventional signal and
parametric mapping, constitute a possible imaging
signature of Danon disease.

5.3.4.2. Pompe Disease

Pompe disease is a rare metabolic myopathy caused by a
deficiency of the lysosomal enzyme acid alpha-glucosidase,
which is responsible for the breakdown of glycogen in
lysosomes.'®? This enzyme deficiency leads to a progressive
buildup of glycogen in skeletal muscle, cardiac muscle, and
other organs, resulting in systemic muscle dysfunction.’®
The disease manifests across a wide age range, with classic
childhood forms and late-onset forms, varying in clinical
severity and organ involvement.'® Early diagnosis is essential
to allow timely initiation of ERT, which improves survival and
muscle function.'®*

In the classic infantile-onset form, the cardiac phenotype
is characterized by myocardial hypertrophy, with symmetric
biventricular thickening and systolic dysfunction of varying
degrees, often associated with early congestive HF and
generalized muscle weakness. Case series have reported
diffuse and prominent myocardial hypertrophy of both
ventricles and the papillary muscles, especially in the LV and
interventricular septum.%>1%¢

LGE is generally absent in this specific pediatric
presentation. This relative absence may be attributed to the
younger age of the patients and the short follow-up period,
since myocardial fibrosis tends to be a cumulative process,
potentially mitigated by ERT when initiated early.'” However,
when not initiated in a timely manner, as reported in a
recent case report involving a 3-month-old infant with the
infantile-onset form of the disease, LGE revealed a pattern
of focal mesocardial and scattered enhancement in the
septum. Meanwhile, the values for native TTM (1265 ms),
T2 (40 ms), and the ECV fraction (34%) were all increased
in the corresponding regions. "%
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In another report, T1M images obtained before and after
gene therapy in a 1-year-old child with the infantile-onset
form showed elevated T1 values at baseline. After 4 months
of treatment, a slight reduction in native T1 values was
observed in the abnormal regions of the middle anteroseptal
wall and in the junctional regions, when comparing pre-
and post-treatment values (1351.69 ms to 1294.22 ms and
1273.31 ms to 1218.17 ms, respectively).'

In late-onset Pompe disease, a series of 17 cases
evaluated by CMR showed normal ventricular volumes
and preserved ejection fractions in all patients. When
compared to healthy controls, neither conventional cine
images nor myocardial strain analysis by feature tracking
identified systolic dysfunction, not even subclinical.’®
Three patients (18%) had non-ischemic LGE localized to
the basal inferolateral wall, and 21% had increased global
ECV values, suggesting interstitial myocardial fibrosis.
Two of these three patients with positive LGE also had
hypertension and a global ECV > 30%. In contrast to
the early-onset form, only a small proportion of patients
with the late-onset form of Pompe disease have cardiac
abnormalities detectable by CMR, and these are generally
mild and nonspecific.'®

There is no consistent evidence regarding the use of
myocardial T2M in Pompe disease. The initiation of ERT has
been associated with a decrease and even normalization
of T2M values."®

TIM:
* Infantile-onset form:
o Increased native T1 in regions with late enhancement;

o Partial reduction in values after gene therapy, suggesting
a response to treatment;

* Late-onset form:
o Normal native T1 signal in most cases.
T2M:

e Limited data; studies of skeletal muscle reveal increased
T2 values in this population, with a reduction in values
following ERT.

5.3.4.3. Type Il and 1V Glycogen Storage Diseases

Cardiac involvement in glycogen storage diseases type
[l (Cori or Forbes disease) and type IV (Andersen disease)
is a significant, often underestimated clinical manifestation
that can progress to significant cardiomyopathy. In glycogen
storage disease type lll, especially subtype Illa, which
affects both the liver and the muscles (including the
heart), studies show that LVH is a common finding.'#" %
In type IV glycogen storage disease, deficiency of the
glycogen branching enzyme leads to the accumulation
of polyglucosans, affecting multiple systems, including
the heart. Case reports demonstrate varied clinical
presentations, ranging from dilated cardiomyopathy to
asymptomatic cardiac hypertrophy.’*?

CMR findings in these forms of glycogen storage disease
are heterogeneous, with reports ranging from ventricular
hypertrophy and systolic dysfunction to extensive patterns

of transmural enhancement, although absence of LGE has
also been reported in some cases. Regarding T1M, there
is evidence of diffuse increase in native T1 in areas of
myocardium free of LGE, without, however, an increase in
ECV. This finding suggests that the increase in T1 reflects
intracellular glycogen accumulation, without expansion of
the extracellular space during this process.'1%°

Despite these findings, the available data on the use
of parametric maps in these populations remain limited,
highlighting the need for additional studies to better
characterize and understand myocardial involvement in
glycogen storage diseases.

5.3.4.4. PRKAG2

PRKAG2 syndrome is a rare autosomal dominant
glycogen storage disease caused by mutations in the y2
regulatory subunit of AMP-activated protein kinase.?
Clinically, it typically manifests in late adolescence, with
characteristic structural and electrophysiological cardiac
findings. Among morphological abnormalities, non-
sarcomeric ventricular hypertrophy stands out, with varying
degrees of phenotypic expression, which may progress
to systolic dysfunction and dilated cardiomyopathy. The
main complications include HF, complex arrhythmias, and
a significantly increased risk of sudden cardiac death.”

From a morphological standpoint, CMR often shows LVH,
which may be symmetric or asymmetric, varying according
to the stage of disease progression. In the early stages,
hypertrophy is usually more localized, predominantly
affecting the mid-lateral wall, whereas in more advanced
stages it becomes diffuse, with more pronounced thickening
of the interventricular septum.'®

Native TTM has proven useful for detecting changes
related to glycogen buildup. In individuals with a mutation
in the PRKAG2 gene, reduced native T1 values were
observed compared to controls. Mean (SD) T1 values were
around 918 (11) ms, while non-carriers had mean values
of approximately 963 ms. This reduction may be attributed
to the presence of intracellular glycogen, which alters the
longitudinal relaxation properties of the myocardium. As
the disease progresses, particularly when interstitial fibrosis
develops, native T1 values may increase. LGE analysis
corroborates this process, as it is generally absent in the
early stages but present in more advanced stages.'*% '

T2 relaxation times remained within normal limits
in all patients evaluated, with no evidence of elevation
suggestive of myocardial edema. Furthermore, no
significant associations were observed between segments
with hypertrophy and T2 values, suggesting an absence of
inflammation in the PRKAG2 syndrome cases analyzed.%

TIM:

* Reduced values in patients with the PRKAG2 mutation,
consistent with intracellular glycogen accumulation;

* T1 may increase in more advanced stages due to the
presence of fibrosis;

* A pattern distinct from sarcomeric HCM, which features
early T1 increase.
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T2M:
* T2 relaxation times are within normal limits in all patients;

* No significant association between hypertrophied
segments and T2 values;

* This indicates absence of myocardial edema or active
inflammation.

5.3.4.5. Limitations

e Data on parametric maps in glycogen storage
cardiomyopathies remain limited, with few series and
small studies, making it difficult to generalize findings;

* Considerable phenotypic heterogeneity and variation exist
among disease subtypes, which affects the interpretation
of T1, T2, and ECV values;

* The clinical role of parametric maps in treatment
monitoring and prognosis still needs to be better defined.

5.3.4.6. Conclusion

Glycogen storage cardiomyopathies pose a diagnostic
and clinical challenge, particularly due to their phenotypic
heterogeneity and rarity. The use of parametric maps in
CMR, particularly TIM and T2M, has shown potential for
detecting early myocardial changes even in areas without late
enhancement, reflecting microstructural changes that are not
visible with conventional techniques. However, the clinical
application of these parameters is still limited by the scarcity of
robust data and variability among patients. Thus, future studies
are essential to consolidate the role of parametric maps in the
diagnosis, monitoring, and prognosis of these rare conditions.

5.3.4.7. Key Takeaways

* Parametric CMR mapping, particularly native T1 and
ECV assessment, is critical for detecting early myocardial
changes in glycogen storage cardiomyopathies, even before
the onset of LGE;

* In Danon disease, elevated native T1 and ECV values
indicate structural changes and fibrosis, while regions
without LGE may also show increased T1, suggesting
subclinical involvement;

* In Pompe disease, especially in the infantile-onset form,
T1M may show elevations related to glycogen buildup and
respond to gene therapy with a reduction in these values;

* In glycogen storage diseases types Ill and IV, TTM
demonstrates diffuse increases in native T1 without
expansion of ECV, reflecting intracellular glycogen
accumulation without associated fibrosis; however, data
are still limited;

* T2M shows promise for identifying myocardial
inflammation or edema, but there are still few studies
confirming its utility and standardization in these diseases;

* In summary, parametric maps expand our understanding
of the disease beyond conventional imaging, aiding in
early detection and monitoring; nevertheless, larger,
standardized studies are needed to consolidate their
clinical role.
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5.4. Restrictive Phenotype

5.4.1. Endomyocardial Fibrosis

Endomyocardial fibrosis (EMF) is a rare restrictive
cardiomyopathy characterized by subendocardial myocardial
fibrosis, with a predilection for the apical portions of the
ventricles. The disease is often associated with diastolic
dysfunction, atrial enlargement and, in some cases, valvular
regurgitation. It is most prevalent in tropical regions of Africa,
South America, and Asia, likely due to environmental,
infectious, and immune-mediated factors. Clinically, it may
present as HF, conduction disturbances, and thromboembolic
events, and diagnosis is often challenging.?*

CMR plays a key role in the assessment of EMF and
is considered the primary noninvasive method for tissue
characterization.?® LGE in EMF exhibits a typical pattern,
with linear “V”-shaped enhancement, predominantly at
the ventricular apexes. This finding allows the examiner to
distinguish three distinct layers: the preserved myocardium, the
thickened endocardium with intense fibrosis, and an adjacent
layer, often corresponding to organized thrombus or endocardial
calcification. Fibrosis may also extend to the ventricular inflow
tract, while the outflow tracts are generally spared.?”’

In addition to LGE, quantitative techniques such as native
T1M and ECV estimation provide a complementary and more
comprehensive assessment of myocardial fibrosis, allowing its
detection even in areas without visible enhancement. These
methods are summarized in Table 8, which outlines the main
findings and their relevance to tissue characterization in EMF.2

Native T1M quantifies the T1 relaxation time at each pixel
in the myocardium, providing information about the intrinsic
properties of the tissue. In the presence of fibrosis, the buildup
of collagen in the extracellular space leads to a prolongation
of the T1 relaxation time. For this reason, increased T1 values
generally correspond to areas of LGE.%?

Furthermore, T1 can reveal early or diffuse fibrosis not
identified by gadolinium, contributing to a more detailed
quantitative assessment of the extent of myocardial
involvement.”® Conzalez-Bartol et al. corroborated this
applicability, demonstrating the utility of TTM in the early
detection of fibrosis in patients with EMF.2%

CMR-based ECV, estimated from pre- and post-gadolinium
T1 values, is a quantitative biomarker of myocardial
interstitial fibrosis, validated across multiple clinical settings.
In populations with diffuse fibrosis, increased ECV correlates
with diastolic dysfunction. In EMF, CMR reveals extensive areas
of subendocardial fibrosis, and reports describe the use of T1/
ECV in fibrotic regions to reinforce histopathological findings,
although dedicated studies demonstrating a direct correlation
between ECV and diastole in EMF are still lacking.?**

The ability to objectively quantify the burden of myocardial
fibrosis using TIM and ECV contributes to monitoring the
progression of EMF and supports clinical management, including
the assessment of response to pharmacological interventions and
procedures aimed at reversing fibrosis or controlling diastolic
function. Although fibrosis in EMF is largely irreversible, there are
reports of partial improvement in T1 and ECV values following
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Table 8 - Tissue characterization of endomyocardial fibrosis by cardiac magnetic resonance imaging

CMR assessment Description

Relevance

Subendocardial enhancement in an inverted “V” shape,

Late enhancement

predominantly at the ventricular apices, which may extend

Qualitative marker of fibrosis.

to the ventricular inflow tract.

Native T1

Elevated native T1 values, particularly at the apices and in

Quantitative marker of fibrosis.

areas of ventricular tapering.

ECV

ECV is directly correlated with the extent of myocardial
fibrosis and is elevated in affected regions.

Quantifies the extent of fibrosis.
Correlates with the severity of diastolic
dysfunction.

CMR: cardiac magnetic resonance imaging; ECV: extracellular volume.

specific interventions. Endomyocardial resection surgery with
valve repair, for instance, can promote ventricular remodeling
and reduce diastolic overload, resulting in stabilization or slight
improvement of these markers in viable segments. Furthermore,
in selected cases with an active inflammatory component,
the use of immunosuppressants may slow the progression of
fibrosis and modestly improve native T1 values. Despite this, the
prognostic value of improvement in these parameters following
intervention is not yet well established in EMF. Studies show
that elevated T1 and ECV reflect a higher fibrosis burden and
greater functional severity, but there is no consistent evidence
that their reduction, in isolation, is associated with better clinical
outcomes,20320°

The incorporation of these quantitative techniques into
CMR represents an advance in the evaluation of EMFE T1IM and
ECV quantification supplement echocardiography, allowing for
a more precise and detailed tissue characterization.

5.4.1.1. Conclusion

The incorporation of quantitative techniques (T1 and ECV)
into CMR represents an advance in the assessment of EMF,
allowing for more precise tissue characterization, with the
potential to monitor fibrosis and guide therapeutic decision-
making.

5.4.1.2. Key Takeaways

* EMF is a rare restrictive cardiomyopathy characterized by
subendocardial fibrosis, predominantly in the ventricular
apices;

* It is associated with diastolic dysfunction, atrial
enlargement, and valvular regurgitation, and is predominant
in tropical regions (Africa, South America, Asia);

e Clinically, it manifests as HF, conduction disturbances,
and thromboembolic events;

* CMRis the gold-standard noninvasive method for tissue
characterization in EMF;

* Late enhancement shows a typical apical “V”-shaped
pattern;
* Native T1 and ECV further enhance tissue characterization,

detecting diffuse fibrosis even in areas without late
enhancement;

* Elevated T1 indicates collagen accumulation and can
identify early fibrosis;

* ECV is a quantitative biomarker of interstitial fibrosis,
correlating with diastolic dysfunction in fibrotic diseases;

* Quantification of T1/ECV aids in monitoring the
progression of EMF and in assessing treatment response;

* Endomyocardial surgery and immunosuppressive therapy
may partially reduce T1/ECV in viable segments.

5.5. Non-Dilated Phenotype

5.5.1. Genetic Cardiomyopathy

Recent ESC guidelines have based the classification of
cardiomyopathies primarily on their phenotypic characteristics.
Accordingly, they define non-dilated LV cardiomyopathy
(NDLVC) as a myocardial disorder not explained by overload
conditions (hypertension or valvular heart disease) or coronary
artery disease, and which is characterized by the presence
of non-ischemic scarring/fibrosis or fatty infiltration in the
absence of LV enlargement, regardless of the presence of
global or regional ventricular wall motion abnormalities. This
classification also includes cases of isolated LV dysfunction
without enlargement.’

This new definition includes heart diseases previously
defined as early-stage dilated cardiomyopathy (without
enlargement), arrhythmogenic LV cardiomyopathy, left-
dominant arrhythmogenic RV cardiomyopathy, and
arrhythmogenic dilated cardiomyopathy.’*® As a result,
specific information regarding its actual prevalence and
other epidemiological characteristics is not very precise.
Furthermore, the genetic mechanisms that are likely the
primary cause of this condition have not yet been fully
established."?" Much of this information and the associated
genes derive from and, therefore, overlap with those of dilated
cardiomyopathy and arrhythmogenic RV cardiomyopathy.
Eda et al. observed a 22% prevalence of NDLVC among 363
patients diagnosed with non-ischemic cardiomyopathy and
reduced ejection fraction.?*” This study demonstrated that
the risk of cardiac events was similar between this group
and the group with dilated cardiomyopathy, even though
the former group had a higher prevalence of atrial fibrillation
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and less late enhancement identified by CMR (34% vs.
53%). However, patients with NDLVC who developed
ventricular enlargement during the follow-up period had
a worse prognosis.

Mutations can affect the severity, progression, and risk
of sudden death in NDLVC. Mutations in desmoplakin
(DSP), filamin C (FLNC), desmin, lamin A/C (LMNA), and
phospholamban (PLN) are most closely associated with this
cardiomyopathy. Therefore, genetic screening is important
for diagnosis, family counseling, prognostic assessment,
and treatment planning — such as the indication for ICD
implantation.'#8

Cardiomyopathies associated with LMNA and FLNC have
a sudden cardiac death rate of approximately 5% to 10%
per year, while those associated with PLN and DSP have a
mortality rate of about 3% to 5% per year.2°¢:208

Since the classification of cardiomyopathies is based on
phenotypic definition, CMR is essential for the diagnosis,
classification, and prognostic assessment of these diseases.
Furthermore, not only the precise assessment of ventricular
function, chamber diameters, and volumes but also tissue
characterization is of the utmost importance for optimal
evaluation of these conditions. To this end, the method
relies on the relaxation properties of hydrogen protons
following excitation with radiofrequency waves. In addition
to the late enhancement technique, which plays a key
role in identifying the presence and distribution pattern
of myocardial fibrosis/scarring, cine CMR (SSFP) images
and T1- and T2-weighted “black-blood” images are very
useful for assessing the presence of edema, hyperemia,
and fatty infiltration of the myocardium. More recently,
native T1 parametric maps, post-contrast T1 maps with
ECV calculation, and T2 maps have been gaining particular
interest and relevance in tissue characterization."

T1 parametric maps have been studied for their potential
to aid in the early diagnosis of cardiomyopathies, particularly
in individuals with a family history of such conditions and/
or sudden death. Some studies have demonstrated a worse
prognosis in patients with increased native myocardial
T1 values and ECV even in the absence of LGE, enabling
the early detection of myocardial abnormalities in the
subclinical stage.?® Other studies have demonstrated
abnormalities in the T2 map, ECV,?"* and in the dispersion
of native myocardial T1 map values in asymptomatic
mutation carriers.”? However, these findings still require
clinical validation and further studies to assess their actual
clinical utility.

The use of T2 maps has attracted particular interest
due to the increasingly clear correlation between
cardiomyopathies of genetic etiology and acute episodes
of myocardial inflammation.?'" This relationship is of
particular importance in cases of recurrent myocarditis and
in cases recurring within the same family. The pathogenesis
of this phenomenon is not yet fully understood; however,
increasingly robust scientific evidence suggests that
myocardial inflammation — whether resulting from purely
endogenous factors or triggered by exogenous factors —
is a key determinant in cardiomyopathies, particularly

Arq. Bras. Cardiol. 2026;123(10):e20260859

in desmosomal forms.?'22"> Bariani et al. reported that
the main genes identified in these acute episodes (“hot
phases”) are DSP in approximately 69% of cases, followed
by placophilin-2 (9%) and desmoglein-2 (6%).2"

CMR has become increasingly important for the diagnosis
and prognosis of myocarditis, allowing for the identification
of both inflammatory myocardial lesions in the acute
and subacute phases and the fibrotic scarring frequently
present in the chronic phase of the disease.?’ Recently,
T1 and T2 parametric maps have been incorporated into
the updated Lake Louise criteria to enhance the sensitivity
and specificity of the diagnosis.?'®> Consequently, use of
these maps has also gained importance in the evaluation of
cardiomyopathies during “hot phases” (Figure 14).

5.5.1.1. Conclusion

The use of multiparametric maps is essential for the
comprehensive evaluation of genetic cardiomyopathies,
allowing early identification of fibrosis, inflammation, and fatty
infiltration; risk stratification; guiding selection of strategies
for preventing sudden death; and informing therapeutic
decision-making.

5.5.1.2. Key Takeaways

* NDLVC is defined as non-ischemic fibrosis/scarring or
fatty infiltration without LV enlargement, in the absence
of overload or CAD;

* Its genetic basis has not yet been fully established;
mutations in DSP FLNC, DES, LMNA, and PLN are most
commonly associated;

* Genetic testing is essential for diagnosis, family
counseling, and risk stratification;

* LMNA and FLNC mutations — risk of sudden death
5%-10% per year; PLN and DSP — 3%-5% per year;

* Progressive ventricular enlargement during follow-up
predicts a worse prognosis;

* CMR is the primary method for diagnosis and prognosis
in genetic cardiomyopathies;

¢ It allows comprehensive assessment of function, volumes,
edema, fibrosis, and fatty infiltration;

* Late enhancement identifies patterns of myocardial
fibrosis, while T1/T2 black-blood and SSFP cine images
assess inflammation and fat;

* Elevated T1 and ECV indicate diffuse fibrosis and have
prognostic value even in the absence of LCE;

* Increased T2 signal reflects myocardial inflammation
— common during the “hot phases” of genetic
cardiomyopathies;

* These changes can be detected early in asymptomatic
carriers of mutations;

* Recurrent inflammation episodes (“hot phases”) are
common in desmosomal mutations, particularly in DSP,
PKP2, and DSC2;

* Hot phases can mimic viral myocarditis, justifying use of
the updated Lake Louise criteria with T1/T2 maps.
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Figure 14 - Late enhancement (A and B) and extracellular volume (C) images of a patient with non-dilated left ventricular cardiomyopathy.

5.6. Other

5.6.1. Athlete’s Heart

Few studies have evaluated multiparametric mapping in
athletes, and most have focused on T1M. This technique has
received increasing attention due to the clinical challenge
of differentiating physiological adaptations of the so-called
“athlete’s heart” from pathological conditions in the context of
hypertrophic phenotypes.?'*?'® Studies demonstrate that intense,
chronic exercise can modulate T1M parameters. In elite athletes,
significantly lower native T1 values were observed compared to
the general population, suggesting that physiological myocardial
remodeling influences this parameter.2'®2'” These findings
highlight the need for caution when interpreting T1 values in
isolation in athletes, since reductions in these values do not
necessarily reflect myocardial disease.

On the other hand, there is evidence that TTM, when
combined with ECV quantification, may be useful for
distinguishing the athlete’s heart from HCM. In HCM, there
may be a consistent increase in ECV, reflecting interstitial
fibrosis, which contrasts with findings in athletes, in whom
there is generally no significant increase in ECV."#%2'> Thus,
the integration of native T1 with ECV and other imaging
parameters is recommended to increase diagnostic accuracy.

The impact of sex, sport, and training intensity should
also be considered, as different athletic modalities may
exhibit variations in T1 and T2 values, as well as in cardiac
structural and functional adaptations.?'® Furthermore,
longitudinal studies suggest that the combined assessment of
T1M and cardiac function may provide greater precision in
characterizing cardiac remodeling in athletes.?"

In summary, TIM is a promising tool with great potential
in the context of evaluating the athlete’s heart. However, it

is recommended that its interpretation be performed in an
integrated manner, taking into account clinical context, sport
or exercise modality, sex, ventricular function, additional CMR
parameters (T2, ECV, and LCE), and, when necessary, serial scans.
The use of native T1 alone should not be considered sufficient
to distinguish physiological adaptations from cardiomyopathies.

5.6.2. Hypertensive Cardiomyopathy

Hypertensive cardiomyopathy is a common condition in
clinical practice and presents a variable spectrum of cardiac
remodeling. In the early stages, CMR typically demonstrates
concentric LVH related to chronic afterload increase. In more
advanced stages, there may be a transition to ventricular
enlargement and systolic dysfunction, characterizing a
continuum that progresses from compensatory hypertrophy
to adverse remodeling.'#3146

T1M and T2M have emerged as essential tools for better
characterizing these phenotypes. Studies have shown that
native T1 and ECV are capable of distinguishing hypertensive
cardiomyopathy from HCM, since the increase in T1 and
ECV in hypertensive patients reflects the presence of diffuse
interstitial fibrosis, albeit to a lesser extent compared to
HCM."314¢ These parameters are particularly useful in patients
with preserved or mildly reduced ejection fraction, in whom
isolated hypertrophy could hinder diagnostic differentiation.?2

In addition, multiparametric CMR analysis, including T2M,
can provide additional information regarding inflammation or
transient edema, especially in the early stages of remodeling.
Although T2 values are not classically altered significantly in
chronic hypertension, their association with T1 and ECV can
aid in the early detection of subtle myocardial changes.?'

Thus, in the evaluation of hypertensive cardiomyopathy,
T1M should be considered a complementary tool for the
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structural and functional characterization of the LV, contributing
to the differential diagnosis from other causes of myocardial
hypertrophy, particularly HCM. The integrated use of T1,
ECV, and T2, correlated with clinical and echocardiographic
context, can provide greater precision in the management of
these patients.

6. Valvular Heart Disease

Valvular heart disease encompasses a spectrum of
conditions that affect the heart valves, leading to hemodynamic
disturbances and consequent myocardial remodeling.
Although traditional imaging modalities are effective in
assessing valve morphology and function, they often fail to
adequately characterize myocardial tissue. In this context,
multiparametric CMR mapping techniques have emerged
as valuable tools, providing quantitative information on
myocardial composition and enabling the early detection of
pathological changes.

6.1. Aortic Stenosis

Aortic stenosis (AoS) causes pressure overload, resulting
in concentric LVH and interstitial fibrosis. Native T1 and ECV
values are elevated in patients with AoS, correlating with
histologically confirmed fibrosis and adverse outcomes.??*223
Studies have shown that higher native T1 values predict
increased mortality and hospitalizations for HE.22%22* Following
aortic valve replacement, reductions in native T1 and ECV
values are associated with improved LV function, highlighting
the potential of these parameters for monitoring treatment
response.????

Lee et al. demonstrated that native TTM correlates with
diffuse myocardial fibrosis in asymptomatic patients with
moderate to severe aortic stenosis and preserved ejection
fraction. Elevated native T1 values were associated with
structural and functional changes, including increased LV mass,
diastolic dysfunction, and reduced strain.?*

In a histological study, Milano et al. analyzed myocardial
biopsies from patients with severe AoS who underwent surgical
valve replacement and found that the degree of interstitial
fibrosis independently predicted postoperative survival.
Patients with a higher degree of fibrosis had worse long-term
outcomes.*?¢

A multicenter study by Everett et al. evaluated the
role of quantifying ECV by CMR in patients with AoS.
Increased myocardial ECV, indicative of diffuse fibrosis, was
independently associated with a worse prognosis, including
higher rates of mortality and adverse cardiovascular events.
These findings reinforce the clinical utility of ECV as a
noninvasive biomarker for risk stratification and to aid in
determining the optimal timing for valve intervention.?”

Subsequently, Kwak et al. investigated the prognostic value
of myocardial injury markers derived from CMR — specifically
LGE and ECV — in patients with aortic stenosis. Both types
of fibrosis, focal and diffuse, predicted all-cause mortality,
regardless of symptomatic status or the severity of stenosis.?*®

Another study, by Hwang et al., demonstrated that
a reduction in native T1 values following aortic valve
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replacement was associated with improved LV function and
reverse remodeling. Patients with a greater reduction in T1
showed better clinical and functional recovery, supporting
the use of native T1 as a marker of myocardial recovery and
postoperative prognosis in severe aortic stenosis.?**

6.2. Aortic Regurgitation

Chronic aortic regurgitation (AR) leads to volume overload,
resulting in eccentric hypertrophy and the development of
myocardial fibrosis. Compared to AoS, data on fibrosis in AR
are more limited and often include mixed populations with
both AoS and AR, with LGE being the most commonly used
technique. Regarding TTM, a study by Senapati et al. evaluated
the prognostic value of replacement fibrosis (assessed via LGE)
and interstitial fibrosis (via ECV) in patients with chronic AR.
Both types of fibrosis were independently associated with all-
cause mortality and adverse cardiovascular outcomes, even
in patients with preserved ejection fraction. These findings
highlight the value of combining LGE and ECV techniques for
comprehensive risk stratification in chronic AR.??°

6.3. Mitral Regurgitation

In mitral regurgitation (MR), chronic volume overload
leads to LV enlargement and myocardial remodeling. Previous
studies have shown that elevated levels of myocardial fibrosis,
both focal and diffuse, are associated with increased mortality
and hospitalization for HF.230.23"

Edwards et al. evaluated asymptomatic patients with
chronic primary degenerative MR using T1TM and ECV
quantification. Even in the absence of symptoms or systolic
dysfunction, the patients had elevated ECV values, suggesting
early diffuse myocardial remodeling. These findings indicate
that T1-based tissue characterization can detect subclinical
changes and help determine the optimal timing for surgery.*?

Kitkungvan et al. demonstrated that, in primary MR, elevated
ECV was associated with greater severity of regurgitation, a
higher symptom burden, and worse clinical outcomes. Both
diffuse interstitial fibrosis (by ECV) and focal replacement fibrosis
(by LCE) independently predicted adverse events.?**

In a related study, the same group evaluated ECV in 144
asymptomatic patients with preserved ventricular function.
Elevated ECV was associated with a higher probability of
progression to symptom-driven surgery or cardiovascular
death, suggesting that fibrosis acts as an independent
prognostic marker in addition to the severity of regurgitation.?*

Guglielmo et al. investigated the role of TIM and feature
tracking using CMR in patients with mitral valve prolapse
(MVP). Patients with MVP had elevated native T1 values and
impaired myocardial strain, even with preserved ventricular
function. These findings suggest that multiparametric CMR
can identify early myocardial involvement and improve risk
stratification in MVP beyond conventional imaging.?3®

Similarly, Pavon et al. showed that, in patients with MVP
and mitral annular disjunction, elevated synthetic end-
diastolic volume (ECVsyn) measured by T1M was significantly
associated with complex ventricular arrhythmias, even in the
absence of LCGE. Both ECVsyn and LGE identified individuals
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at high risk for out-of-hospital cardiac arrest, supporting diffuse
fibrosis as a marker of arrhythmic risk in this population.?3

6.3.1. Conclusion

In summary, CMR multiparametric mapping techniques —
especially native T1 and ECV quantification — have provided
valuable insights into myocardial remodeling in various forms
of valvular heart disease. These techniques have shown
potential for risk stratification, early detection of subclinical
myocardial involvement, and guidance on the optimal timing
for intervention. However, despite growing evidence, the
routine use of TIM and T2M techniques in clinical practice
has not yet been established. Additional prospective studies
and standardized protocols are needed to define how these
tissue characterization tools can be effectively integrated into
diagnostic algorithms and management strategies for patients
with valvular heart disease.

6.3.2. Key Takeaways

* Valvular heart disease causes hemodynamic overload
and myocardial remodeling;

* Multiparametric mapping (T1, T2, ECV) using CMR
allows for the quantification of fibrosis and inflammation,
detecting subclinical changes before ventricular dysfunction
occurs;

e Native T1 and ECV are elevated and correlate with
histological fibrosis and worse clinical outcomes;

* Elevated T1/ECV values predict mortality and HF, even
in asymptomatic patients;

* After valve replacement, a reduction in T1/ECV indicates
myocardial recovery and a better prognosis;

¢ ECV is a useful noninvasive biomarker for risk stratification
and determining the timing of surgery;

* Both LGE (replacement fibrosis) and ECV (interstitial
fibrosis) predict mortality and cardiovascular events;

* The combination of LGE and ECV improves risk
stratification, even with a preserved ejection fraction;

* Elevated ECV indicates early diffuse remodeling, even
in asymptomatic patients with normal ejection fraction;

* Focal fibrosis (LGE) and diffuse fibrosis (ECV) predict
adverse events and future need for surgery;

¢ In MVP, elevated T1/ECV ratios and reduced strain
indicate early myocardial involvement;

* Elevated synthetic ECV is associated with ventricular
arrhythmias and a risk of sudden death, even in the
absence of LGE.

7. Takotsubo Syndrome

Takotsubo syndrome, originally described in 1990 by
Sato et al.,**” is an acute, generally transient cardiomyopathy
characterized by ventricular systolic dysfunction with
ballooning of the apical portion of the ventricle in the absence
of obstructive coronary artery disease and accounts for
approximately 1%—-2% of cases of acute coronary syndrome.?*

The etiology of takotsubo syndrome remains unknown,
but in most cases it is triggered by emotional or physical
stress, including surgical stress, which results in excess release
of catecholamines. Most patients experience remission of
symptoms within a few weeks, but some may develop HF,
mitral regurgitation, arrhythmias, and cardiogenic shock.?*

Initially, the diagnosis of takotsubo syndrome by CMR was
based on regional LV wall motion abnormalities (Figures 15A,
15B; Figures 16A-D), the identification of myocardial edema
on T2-weighted anatomical sequences (Figures 16E, 16F), and
the absence (in most patients) of LGE indicative of myocardial
fibrosis (Figures 15E, 16G, 16H). However, the development
of parametric maps has provided additional information for
the evaluation of these patients using CMR.

In 2012, Ferreira et al.?® showed that native T1 was
significantly increased in myocardial segments of patients with
takotsubo syndrome compared to healthy volunteers (Figures
15C, 15D). Furthermore, the native T1 map demonstrated
greater accuracy (area under the curve = 0.94) than the
assessment of myocardial edema on T2-weighted images (area
under the curve = 0.58; p < 0.03).

Dabir et al.?? identified elevated native T2 values (Figures
17A-C) and ECV in patients with takotsubo syndrome
compared to healthy volunteers, in addition to elevated native
T1 values. Interestingly, native T1 and T2 values, as well as ECV,
were increased even in remote myocardial segments without
abnormal contractility in patients with takotsubo syndrome,
indicating a greater extent of disease than imaging methods
had previously identified.

Vermes et al.,>° in a study of 30 patients with takotsubo
syndrome and 34 control subjects using a 1.5-T scanner,
established high accuracies for increased native T2 (0.89;
threshold > 56 ms), increased native T1 (0.89; threshold >
1011 ms), and increased ECV (0.91; threshold > 27%). The
combination of native T1 and T2 provided a sensitivity of
91.7% and a specificity of 88.2% in the diagnosis of takotsubo
syndrome, leading the authors to propose the use of non-
contrast CMR in this population.

In this context, Gil et al.**" evaluated the utility of CMR in
assessing patients who survived a near-fatal cardiac event in
2023. The imaging method was able to establish the cause of
the event in 66% of cases, and the use of parametric maps was
essential for diagnosing myocarditis or takotsubo syndrome
in 48% of these cases.

Beyond purely diagnostic aspects, Aikawa et al.*? evaluated
23 patients with takotsubo syndrome and reported that the
area under the curve for native T1 values (0.96) and ECV (0.92)
was significantly greater (p = 0.005) than the area under the
curve for native T2 values (0.86) in detecting segments with
altered contractility. Notably, the LVEF was lower in patients
with increased native T1 and T2 values in the basal region, an
area typically spared from systolic dysfunction. Furthermore,
the greater the number of segments with increased native T1
(> 1339 ms, 3 T), the worse the baseline LVEF and the longer
the time required for recovery from dysfunction.

Finally, in 2023, Arcari et al.*** investigated the association
between changes in parametric maps and ECC in patients
with takotsubo syndrome and identified an inverse relationship
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Figure 15A — SSFP cine imaging, four-chamber view in diastole.
SSFP: steady-state free precession.

Figure 15C - Native T1 map, four-chamber view (3 T).

Figure 15B - SSFP cine imaging, four-chamber view in systole, Figure 15D — Native T1 map, four-chamber view, showing increased
showing ballooning of the apical portion of the left ventricle. values in the apical septum (1548 ms, with contractile abnormality) and
SSFP: steady-state free precession. basal septum (1289 ms, without regional wall motion abnormalities) (3 T).
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Figure 15E — Late enhancement, four-chamber view, showing a

thrombus near the apex of the left ventricle and absence of late

myocardial enhancement. Figure 16B — SSFP cine imaging, four-chamber view in systole,
showing ballooning of the apical portion of both ventricles. SSFP:
steady-state free precession.

Figure 16A — SSFP cine imaging, four-chamber view in diastole. Figure 16C — SSFP cine imaging, two-chamber view in diastole.
SSFP: steady-state free precession. SSFP: steady-state free precession.
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Figure 16D - SSFP cine imaging, two-chamber view in systole,
showing ballooning of the apical portion of the left ventricle. SSFP:
steady-state free precession.

Figure 16E — T2-weighted triple inversion-recovery pulse black-
blood sequence, for-chamber view, showing hyperintensity in the
apical portion of both ventricles suggestive of myocardial edema.
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Figure 16F — T2-weighted triple inversion-recovery pulse black-
blood sequence, 2-chamber view, showing hyperintensity in the
anteromedial-apical segment, apex, and inferior-apical segment of
the left ventricle suggestive of myocardial edema.

Figure 16G — Late enhancement, four-chamber view, showing
absence of late myocardial enhancement.
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Figure 16H — Late enhancement, two-chamber view, showing
absence of late myocardial enhancement.

between interventricular septal ECV and QRS complex voltage in
lead aVR, as well as a positive relationship between the apicobasal
gradient of native T2 and the sum of the voltages of the negative
T waves. These findings may explain some of the ECG changes
observed in patients with acute takotsubo syndrome.

7.1. Limitations

As in other conditions, parametric maps lack standardization
regarding normal values. The number of CMR studies in the
specific clinical context of this condition remains small, partly
due to its low incidence. Furthermore, the studies published
to date have small sample sizes.

7.2. Key Takeaways

* Patients with a clinical presentation and initial findings
suggestive of takotsubo syndrome should be referred
for CMR with parametric mapping, which improves the
accuracy of the method in diagnosing the condition beyond
that of standard sequences;

* Some parametric map variables may have prognostic value.

8. Congenital Heart Disease

Ejection fraction and ventricular volumes, taken in
isolation, may not fully reflect the complexity of structural and
functional changes in the heart in congenital heart disease.
The LGE technique has provided valuable insights into the

Figures 17A, B and C - Native T2 map of the short-axis basal (A),
mid (B), and apical (C) sections showing an increased value in the
apical portion (98 ms) compared to the basal portion (59 ms) (1.5 T).

understanding of heart disease in general. However, the search
for new tools that could not only identify focal fibrosis but also
broaden our understanding of interstitial changes has driven
interest in more precise tissue characterization.?**2%

In this context, multiparametric maps have come to be used
as complementary tools in the assessment of myocardial tissue
characteristics, which — when altered by clinical or pathological
conditions — can be analyzed by measuring myocardial relaxation
time and calculating the ECV. Changes in parametric maps and
ECV may indicate the presence of interstitial fibrosis, edema,
inflammation, or the accumulation of intracellular or extracellular
material. These tools serve as sensitive, early markers with
diagnostic, prognostic, and treatment-monitoring value.

The application of parametric maps in the study of
congenital heart diseases has expanded to include both the LV
and the RV.2* LV assessment using TTM and ECV is more well-
established, given favorable anatomical characteristics such
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as greater myocardial thickness and less trabeculation, while
the RV poses additional technical challenges. Its thinner, more
trabeculated wall increases the risk of partial-volume artifacts,
which can compromise the accuracy of measurements. These
challenges are even more pronounced in pediatric patients,
who have smaller hearts, higher heart rates, and frequently
contain metallic artifacts resulting from previous sternotomies,
such as wires located near the RV, which are situated anteriorly
in the chest. Strategies to minimize these limitations include
acquiring images during systole — when the ventricular wall is
thickest — and using sequences with higher spatial resolution
and better motion tolerance.**”

It is also worth noting that, even in congenital heart
diseases affecting the right side of the heart, the LV may be
compromised, a fact that is often overlooked. Recent studies
have expanded our understanding of the impact of the LV in
congenital heart diseases affecting the right heart.

8.1. Tetralogy of Fallot

Myocardial fibrosis in patients with tetralogy of Fallot
can be attributed to a combination of factors, including
chronic preoperative hypoxemia, genetic predisposition,
a pro-inflammatory response to cardiopulmonary bypass,
ventriculostomy, and conditions of volume or pressure
overload following surgical correction. Chronic hemodynamic
sequelae following initial repair may trigger the development
of fibrosis, which in turn may contribute to the onset of
electrical and/or mechanical complications.

In the postoperative course of tetralogy of Fallot, residual
lesions may occur, with pulmonary insufficiency being the
most commonly found defect. This residual defect can
directly impact myocardial structure and function, triggering
a complex pathophysiological cascade that may culminate
in ventricular dysfunction, arrhythmias, exercise intolerance,
and, potentially, sudden death. The presence of volume
overload promoting adverse myocardial remodeling may be
associated with an increase in ECV, which in turn is associated
with a higher incidence of arrhythmias.> The combination of
a reduced RV mass-to-volume ratio and increased ECV may
be related to a process of maladaptation characterized by
cardiomyocyte atrophy and diffuse fibrosis.

In patients with residual stenosis and significant hypertrophy,
an association with diffuse fibrosis appears to be present, as
evidenced by an increase in ECV, particularly in cases where
systolic function is impaired.

Although the focus of the evaluation is the RV — since
this is a congenital heart disease affecting the right chambers
and requiring surgical interventions on them — involvement
of the LV is also recognized and is associated with adverse
outcomes. The LV ECV may also be increased in these patients,
possibly as a consequence of myocardial injury induced by
cardiopulmonary bypass, despite the use of cardioprotective
strategies during the procedures.?*® Furthermore, the
phenomenon of ventricular interdependence in the
postoperative period following tetralogy of Fallot has also been
well documented, as evidenced by abnormal septal motion,
ventricular dyssynchrony, and reduced diastolic filling of the LV
cavity, which may contribute to inadequate LV remodeling.?*
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Chen et al. demonstrated that an increase in LV ECV
was an independent factor associated with the occurrence
of arrhythmias in patients who underwent correction of
tetralogy of Fallot.** Elevated ECV — and especially RV ECV
— was more strongly associated with volume overload than
with pressure overload or mixed overload in young adult
patients. In the pediatric population, Yim et al. observed an
increase in native T1 of the RV, but not of the LV, compared
to controls. This increase was present, above all, in cases with
predominant volume overload, consistent with the findings
of Chen et al.02*"

An increase in native T1 and ECV in the interventricular
septum, compared to the free wall of the LV, could suggest
greater involvement of the myocardium directly adjacent to
the RV — with which it shares muscle fibers — and which may
be more susceptible to ventriculo-ventricular interactions.
Further studies are needed to better understand regional
variations in fibrotic remodeling.

More accurate myocardial assessment in this group of
patients is of great importance for a better understanding
of the causes of complications, since adverse events such as
VT, HF, and sudden death may occur during follow-up. The
use of noninvasive imaging markers can help elucidate the
mechanisms involved and aid in deciding the optimal timing
for intervention to address residual defects, thereby removing
the hemodynamic stimulus responsible for the progression of
myocardial fibrosis.

8.2. Systemic Right Ventricle

The systemic RV scenario includes patients with congenitally
corrected transposition of the great arteries (CCTCA) and those
who have undergone atrial-level correction (Senning/Mustard)
of transposition of the great arteries. Several studies have
already demonstrated that patients with a systemic RV are
at significant risk of developing ventricular dysfunction over
time. In both conditions, the RV remains connected to the
aorta, leading to significant pressure overload and consequent
marked enlargement and hypertrophy — factors that may
contribute to adverse myocardial remodeling.?*?

Although assessment of the RV is often challenging due to
its thin wall, in this specific scenario the RV is hypertrophied,
which allows for more reliable measurements of the native
T1 map and calculation of ECV. The underlying myocardial
structural changes reflect compensatory processes, and
characterizing the myocardium proves useful in attempting to
stratify the risk associated with RV systemic physiology and to
guide therapeutic decisions more precisely before ventricular
dysfunction progresses. In addition to changes in the RV, the LV
also undergoes remodeling, with atrophy and fibrosis, as it is
not subjected to systemic afterload. Shehu et al. demonstrated
elevated native T1 in the subpulmonary LV, correlating with
the presence of diffuse fibrosis in this chamber.?>3

Some studies have shown evidence of diffuse fibrosis in
the systemic RV in patients with transposition of the great
arteries following atrial redirection surgery, with a higher RV
ECV compared to controls. In patients with a systemic RV,
the increased RV ECV correlates directly with end-diastolic
volume and inversely with ejection fraction.?>*
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8.3. Univentricular Heart

A wide anatomical spectrum of congenital malformations
is observed in this subgroup of patients. In univentricular
configurations, either the LV or the RV may serve as the
main chamber. These patients generally undergo total
cavopulmonary shunt surgery, in which the superior
and inferior systemic venous returns are diverted to the
pulmonary parenchyma, while the main ventricle takes
on the exclusive role of managing the systemic circulation.
This physiology can result in systemic venous congestion,
reduced cardiac output, and chronic hypoxia, with both
cardiac and hepatic repercussions.

Changes in preload resulting from different palliative
approaches, repeated exposure to cardiopulmonary bypass,
volume overload, and afterload are among the main factors
involved in the pathogenesis of diffuse myocardial fibrosis.

Patients with a right-sided main ventricle may be
at higher risk of developing ventricular dysfunction.
Additionally, the right main ventricle may exhibit higher
native T1 and ECV.?*> An increased ECV appears to correlate
with a higher end-diastolic pressure of the single ventricle
in this population.

Hepatic abnormalities are often found in this group of
patients, ranging from hepatomegaly to chronic liver disease
with advanced fibrosis. In these cases, increased native T1
and hepatic ECV have been described.?¢257

8.4. Other Congenital Heart Diseases

Despite advances in the use of TIM in congenital heart
diseases, evidence for many conditions remains scarce
or inconclusive, highlighting the need for further studies
focused on these specific populations.

Apical displacement of the tricuspid valve to varying
degrees, along with consequent tricuspid regurgitation and
RV atrialization, are responsible for the right-sided HF that
occurs at some stage in the course of Ebstein’s anomaly,
depending on the severity of the structural abnormalities.
Although involvement of the right chambers is predominant,
the left heart also appears to be involved in the pathogenesis
of HF.

Yang et al. demonstrated that elevated ECV, indicative
of interstitial fibrosis, was present in more than 45% of
patients with unrepaired Ebstein’s anomaly, exceeding the
prevalence of focal fibrosis. There was also a correlation
between increased ECV and the presence of biventricular
dysfunction. This expands the understanding that LV
dysfunction is secondary not only to compression by the
dilated RV and abnormal movement of the interventricular
septum but also to diffuse interstitial fibrosis of the LV.?*8

The pathogenesis of interstitial fibrosis remains unclear;
however, Aly et al. hypothesized that fibrotic remodeling
of the LV correlates with the severity of tissue hypoxia,
supported by the strong association between increased
ECV and native T1 and reductions in oxygen saturation.?*?

In the context of aortic coarctation, adverse ventricular
remodeling has been the subject of investigation using
parameters such as ECV, native TTM, intracellular water

lifetime, and global LV measures. This study, which
evaluated 46 patients using a 3-T scanner, reinforced the
clinical relevance of the T1 map and ECV calculation in
risk stratification and follow-up of these patients. Patients
with severe aortic coarctation and/or bicuspid aortic valve
had significantly increased ECV, native T1, and intracellular
water lifetime compared to healthy controls. Interestingly,
the presence of a bicuspid aortic valve in patients with
aortic coarctation — even when mild — proved to be an
aggravating factor in cardiac remodeling, being associated
with higher values of ECV and native T1. Furthermore,
the use of antihypertensive medications appears to exert
a protective effect against remodeling, resulting in lower
ECV and native T1 values.?*

8.5. Conclusion

Multiparametric CMR mapping (T1, T2, and ECV) allows
for the early identification of fibrosis and myocardial
remodeling in congenital heart disease, serving as a
noninvasive biomarker for diagnosis, prognosis, and
therapeutic monitoring, with the potential to guide the
optimal timing of intervention and improve the clinical
management of these patients.

8.6. Key Takeaways

* Multiparametric tissue mapping serves as an adjunct to
conventional morphofunctional assessment, enabling the
early detection of fibrosis, inflammation, and myocardial
edema;

* ECV and native T1 serve as early quantitative
and prognostic biomarkers, useful for diagnosis and
therapeutic monitoring;

» Tetralogy of Fallot: diffuse myocardial fibrosis
associated with postoperative hemodynamic overload;
increased ECV and native T1 correlate with arrhythmias
and RV and LV dysfunction;

* Systemic RV (CCTGA, Senning/Mustard procedure):
fibrotic remodeling and progressive RV dysfunction;
elevated ECV is associated with dilation and a lower
ejection fraction. The subpulmonary LV also exhibits
diffuse fibrosis;

* Univentricular heart (Fontan circulation): diffuse
myocardial fibrosis and ventricular dysfunction — more
pronounced in the RV — correlate with higher T1 and
ECV; hepatic fibrosis is also common;

* Other congenital heart diseases (Ebstein’s anomaly,
aortic coarctation): increased ECV and native T1 indicate
diffuse fibrosis and adverse remodeling; correlation with
biventricular dysfunction and chronic hypoxia;

* Technical aspects: RV mapping is more challenging
(thin, trabeculated wall), requiring acquisition during
systole and high spatial resolution;

* Clinical value: the combined use of multiparametric
CMR and quantitative biomarkers aids in risk stratification,
prediction of adverse events, and determining the
optimal timing for interventions.
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9. Cardio-Oncology

Cardiotoxicity related to cancer treatment represents
a growing challenge in clinical practice.?®' Among classic
chemotherapeutic agents, anthracyclines remain the primary
cause of dose-dependent LV systolic dysfunction, associated
with cumulative and potentially irreversible myocardial
damage.?* Trastuzumab, an anti-HER2 monoclonal antibody,
is also associated with ventricular dysfunction, but with a
reversible profile and no clear relationship to cumulative dose;
it is frequently used in combination with anthracyclines in
patients with breast cancer.?®*

With advances in immunotherapy, ICls, such as anti-PD-1,
PD-L1, and CTLA-4 agents, have emerged as effective drugs,
but they can trigger inflammatory adverse events; immune-
mediated myocarditis is a serious, albeit rare, manifestation
that often has an early onset and is associated with high
mortality. In addition, thoracic radiation therapy, used in
the treatment of lymphomas and breast or lung cancers, can
induce late-onset cardiovascular damage, including coronary
artery disease, myocardial fibrosis, valvular heart disease, and
constrictive pericarditis, even decades after initial exposure.*’
In this context, early identification of subclinical myocardial
injury and continuous cardiovascular monitoring are essential
to mitigating risks and optimizing comprehensive care of
patients with cancer. Thus, CMR emerges as an important
tool in the early diagnosis of cardiotoxicity, aiding in the
management of these patients.?**

9.1. Anthracycline- and Trastuzumab-Induced Cardiotoxicity

Traditionally, patients who develop cardiotoxicity due to
anthracyclines or trastuzumab present with a decreased LVEF
in the absence of late myocardial enhancement.?** A study
using multiparametric CMR mapping in these patients aimed
at the early diagnosis of myocardial involvement.?*> The use of
T1M by CMR for the early detection of anthracycline-induced
cardiotoxicity was initially demonstrated in animal models. In
an experimental study, mice treated with doxorubicin showed
a significant increase in native T1 values before the onset of
detectable functional changes in ejection fraction, indicating
that TTM could reflect subclinical interstitial changes, such as
edema and early fibrosis, related to myocardial toxicity.?°¢-¢7

Subsequent studies evaluated the accuracy of
multiparametric CMR parameters, in combination with
biochemical markers, in the early detection and prediction of
cardiotoxicity in cancer patients undergoing chemotherapy.®
Evaluation of these methods during chemotherapy (before
chemotherapy, at 6 months, and at 24 months of follow-up)
revealed a significant increase in native T1 and T2 values as
early as 6 months in patients who developed cardiotoxicity
during follow-up.?%

It is important to note that variations in T1 map findings
during chemotherapy should be interpreted with caution.
Although multiparametric techniques show promise in
identifying subclinical changes, intra- and inter-observer
variability may exist. In addition, minor physiological
fluctuations or variations related to the imaging protocol could
impact clinical interpretation of the findings. This highlights
the importance of technical standardization, specific training,
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and longitudinal analysis with rigorous quality control methods
so that CMR can be fully incorporated as a reliable tool for
monitoring chemotherapy-induced cardiotoxicity.?*

Compared with healthy controls, childhood cancer
survivors have significantly higher native T1 values, even in
the absence of systolic ventricular dysfunction. Furthermore,
increased T1 values correlated with a higher cumulative dose
of anthracyclines and with changes in longitudinal strain,
suggesting a persistent, subclinical process of myocardial
remodeling. Thus, the use of TTM as a sensitive biomarker is
valuable not only for the early detection of myocardial injury
during chemotherapy but also for the long-term monitoring
of structural sequelae in long-term survivors.2*?

A recent meta-analysis evaluated the role of native TIM
by CMR in the early detection of anthracycline-induced
cardiotoxicity. The results showed that patients exposed
to anthracyclines had significantly higher native T1 values
compared to healthy controls. Furthermore, among
patients treated with anthracyclines, those who developed
cardiotoxicity exhibited even higher native T1 values. These
findings indicate that the increase in myocardial T1 occurs
before overt systolic dysfunction, reinforcing the value of
T1M as a sensitive and noninvasive biomarker for the early
identification of subclinical myocardial injury in cancer
patients.?”°

Another recent meta-analysis evaluated the utility of
parametric CMR techniques — including native TTM, T2M,
and ECV fraction — in the early detection of anthracycline-
induced myocardial changes in adult patients with preserved
LVEF. The analysis demonstrated that, even in individuals with
normal systolic function, there is a significant elevation in
native T1, T2, and ECV values compared to healthy controls.
These findings suggest the presence of subclinical myocardial
injury associated with edema and interstitial fibrosis, even in
the absence of apparent ventricular dysfunction.?”

Trastuzumab-induced cardiotoxicity, especially when
this agent is used in combination with anthracyclines in
the treatment of HER2-positive breast cancer, has been
the subject of growing attention in cardio-oncology, given
its potential reversibility and functional impact on the LV.
Recent studies have demonstrated the value of CMR tissue
mapping techniques, particularly TIM and T2M, in the early
detection of subclinical myocardial changes associated with
trastuzumab exposure. Patients with breast cancer treated with
anthracyclines, with or without trastuzumab, were followed
longitudinally; those who developed ventricular dysfunction
exhibited a significant increase in native T1 and T2 values
as early as the initial phases of treatment, suggesting the
occurrence of edema and the onset of interstitial fibrosis prior
to a decline in ejection fraction.?”?

9.2. Cardiotoxicity from Immune Checkpoint Inhibitors

ICI immunotherapy has been associated with the
development of acute myocarditis. The diagnosis is classically
made using the Lake Louise criteria, which are well established
in the literature.’” The utility of multiparametric CMR maps
in the detection and stratification of immunotherapy-
associated cardiotoxicity was demonstrated by an international
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multicenter study. Among 136 patients with suspected
ICl-induced myocarditis who underwent CMR, T1 maps
were available for 86 (63%) and T2 maps for 79 (58%). The
mean native values were significantly elevated compared to
reference ranges, with abnormal T1 and T2 values observed
in 78% and 43% of patients, respectively.

Applying the modified Lake Louise criteria, 95% met the
criterion for non-ischemic myocardial injury and 53% met
the criterion for edema. Native T1 demonstrated remarkable
prognostic value: each one-unit increase in the z-score
was associated with a 44% increase in the risk of major
cardiovascular events and showed excellent discriminatory
ability for these events. These findings indicate that the
simultaneous incorporation of T1, T2, and late enhancement
into CMR protocols allows not only for the early diagnosis
of ICl-related myocarditis but also for the identification of
patients at higher risk of adverse outcomes.

Although CMR is the gold standard for myocardial tissue
characterization, contrast-enhanced CT has been studied
for estimating ECV (CT-ECV). In patients treated with ICls,
increases in CT-ECV have been associated with elevated
troponin levels, reduced myocardial strain, and a higher
incidence of cardiovascular events, suggesting the detection
of subclinical myocardial inflammation or early fibrosis. These
results indicate that CT-ECV may serve as a complementary
tool when CMR is unavailable or contraindicated.?”

9.3. Radiotherapy-Induced Cardiotoxicity

Radiation therapy can lead to late-onset cardiotoxicity.
Few studies have evaluated the role of multiparametric
imaging in this setting. One such study assessed patients
previously treated with thoracic radiation therapy, primarily
for breast cancer or Hodgkin lymphoma, with an average
exposure time of 11.5 years prior to cardiac MRI. Native T1
values were significantly elevated in patients with negative
LGE, suggesting the presence of diffuse fibrosis even in
the absence of visible enhancement.?”* Further studies are
needed to evaluate the role of these maps in radiation-
induced cardiotoxicity.

9.4. Key Takeaways

* Multiparametric mapping should be performed in
patients with suspected anthracycline- and trastuzumab-
induced cardiotoxicity, both during chemotherapy and
after treatment has ended;

* In patients with cardiotoxicity, elevated T1 and ECV
values are expected;

* In patients with suspected immunotherapy-induced
myocarditis, the use of T1 and T2 maps aids in early
diagnosis and can provide important prognostic
information.

10. Systemic Conditions

CMR, with its advanced parametric mapping techniques,
has established itself as an important diagnostic and
prognostic tool in the detection and management of cardiac
involvement in patients with autoimmune rheumatic diseases

(ARDs).#77:275277 Parametric maps provide a detailed view
of myocardial tissue composition, revealing inflammation
and fibrosis at stages that are often subclinical, before they
manifest as overt symptoms or ventricular dysfunction
detectable by conventional methods.

10.1. The Need for Advanced Diagnostic Tools in the
Context of Autoimmune Rheumatic Diseases

Cardiac involvement isa common and serious complication
of autoimmune diseases that can lead to a spectrum of
adverse outcomes, including HF, complex arrhythmias, and,
ultimately, premature mortality. The silent or subclinical
nature of these cardiac manifestations, particularly in the
early stages, makes early detection a significant challenge with
conventional tests, such as echocardiography, which may fail
to identify the arrhythmic substrate or diffuse tissue changes.
This difficulty in early identification underscores the urgent
need for more sensitive screening tools. Endomyocardial
biopsy, although the gold standard for histopathological
diagnosis, is an invasive procedure with inherent risks and
the potential for sampling error.#7727>277 |n this context,
CMR emerges as a robust noninvasive alternative, capable
of providing a comprehensive and quantitative tissue
characterization of the myocardium (Table 9).

10.2. The Value of Parametric Maps in Myocardial Tissue
Characterization

Multiparametric maps are indicated for tissue
characterization in systemic diseases, due to their previously
discussed ability to detect fibrosis and edema.*77:275-277

10.3. Systemic Lupus Erythematosus

Systemic lupus erythematosus (SLE) is a multisystem
autoimmune disease which features significant cardiac
involvement. CMR with multiparametric mapping has
demonstrated the ability to detect silent cardiac involvement
even in treatment-naive patients with newly diagnosed SLE,
or in those with inactive disease.?”®

Both native T1 map and ECV are significantly increased
in patients with SLE compared with healthy controls. For
example, the mean (SD) native T1 was 1369 (79) ms in
patients with SLE vs. 1092 (57) ms in controls, and the ECV
was 32% (5%) vs. 24% (3%) (p < 0.001 for both), respectively,
on a 3.0-T scanner. These increases, indicative of diffuse
changes in the extracellular matrix, were observed even in
subgroups with inactive SLE and were independent of clinical
disease activity. This suggests that diffuse myocardial changes
may occur early and plateau, showing no significant further
increase in patients with long-standing SLE compared with
those with recent-onset SLE.?”

Increased T2 map values show a strong correlation with
SLE disease activity and changes in ultra-high-sensitivity
troponin. Mean T2 values of 58 (5.6) ms in SLE correlated
with disease activity on 1.5-T scanners.?° Patients with newly
diagnosed SLE exhibited significantly higher T2 values (55.3
msvs. 52.8 ms, p < 0.05) compared with the long-standing
SLE group, suggesting more pronounced myocardial edema
in newly diagnosed patients (3.0-T scans).
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Tabela 9 - Papel da ressonancia magnética cardiaca nas doengas reumaticas sistémicas

Aspect
Importance of CMR

Diagnostic value
Therapeutic

application

Limitations of
echocardiography

Presence of LGE

Parametric maps

Description

Should be considered essential in the evaluation of ARDs with unexplained arrhythmias and normal LVEF.
T1/T2 mapping and ECV provide incremental diagnostic value, even in the absence of obvious functional

abnormalities.

CMR can guide interventions such as device implantation in patients with arrhythmias.

Conventional echocardiography may not identify the arrhythmogenic substrate in ARDs.

LGE was present in only half of the patients with abnormal maps in ARDs.
T1, T2, and ECV were abnormal in most cases, even with normal systolic function (4)

ARDs: autoimmune rheumatic diseases; CMR: cardiac magnetic resonance imaging; ECV: extracellular volume; LGE: late gadolinium

enhancement; LVEF: left ventricular ejection fraction.

In contrast to the high sensitivity of parametric maps, LGE
was positive in only 12% of patients with newly diagnosed
SLE, with no significant difference compared to controls.
This finding reinforces that T1 and ECV are more sensitive
for detecting diffuse changes that late enhancement may
fail to capture.

Disease progression and functional impact: myocardial
structural and functional changes progress with the stage
of the disease. In patients with long-standing SLE, cardiac
involvement is more pronounced, manifesting as elevated
atrial natriuretic peptide, pulmonary hypertension, RV
remodeling (increased volume and reduced RV ejection
fraction), and a higher prevalence (40%) and extent of LGE.
The study also observed a more significant impact on the RV
in both SLE groups, which may be related to the involvement
of small and medium-sized arteries in SLE rather than merely
to pulmonary hypertension. Notably, changes in GLS were
observed only in more advanced stages (long-standing SLE),
correlating with the presence of LGE, while myocardial
function and strain in the recent-onset group were still within
normal limits.?””

Thus, native T1 and ECV values can serve as markers
for the early detection of myocardial injury, preceding
the presence of fibrosis visible by LGE and functional
decompensation detected by other clinical and cardiac
indices. This early detection provides a solid basis for the
timely initiation of cardioprotective medications.?”®

10.4. Systemic Sclerosis

The heartis an organ frequently involved in systemic sclerosis
(SSc), but cardiovascular disease often remains subclinical.
Patients with overt clinical features of cardiovascular disease
in SSc are at increased risk of deterioration and premature
cardiovascular death.?°

T2M: consists of a sensitive technique for detecting
myocardial inflammation in patients with SSc, even in the
absence of striking clinical or laboratory findings. The inclusion
of T2M via CMR significantly improves the detection of
subclinical myocarditis in SSc.2%
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Native T1 and ECV: patients with SSc have significantly
higher native myocardial T1 values (1007 [29] ms vs. 958
[20] ms in controls, p < 0.001) and larger areas of myocardial
involvement detected by native T1 (> 990 ms) (median of 52%
vs. 3% in controls, p < 0.001). The ECV was also significantly
increased in patients with SSc (35.4% [4.8%] vs. 27.6 [2.5%]
in controls, p < 0.001).”° Even in patients with SSc without
LCE, native T1 and ECV were significantly elevated compared
with controls, indicating that these techniques detect diffuse
involvement that LGE is unable to capture. This is particularly
relevant because late enhancement (focal fibrosis) is found in
53% of patients with SSc, but native T1 and late enhancement
may have limited value for measuring disease activity due to
pre-existing diffuse fibrosis, as shown in Figure 18.

10.4.1. Correlations and Prognosis

Elevated T1 has prognostic value and is associated with
more severe forms of SSc. Patients with higher T1 levels
had an increased risk of cardiac events, regardless of LVEFE.
Higher T1 values were also associated with the diffuse form
of SSc; specific immune patterns such as anti-Scl70, anti-RNA
polymerase Ill, and anti-fibrillarin antibodies; higher skin
scores (MRSS); and the presence of interstitial lung disease.
The positive correlation between T1 and mRSS indicates
that greater cutaneous fibrosis is accompanied by greater
microscopic myocardial involvement. Myocardial involvement
detected by T1 and ECV correlated significantly with disease
activity and the severity of cutaneous fibrosis. Native T1 also
correlated with serum C-reactive protein, an inflammatory
marker. Although biventricular size and global function (LVEF)
may be preserved, mapping can detect incipient changes.*'

10.5. Rheumatoid Arthritis

Rheumatoid arthritis (RA) is a chronic inflammatory disease
that can also affect the heart, even in asymptomatic patients.?*
T1M, T2M, and ECV: these techniques detect diffuse fibrosis
and inflammation in patients with RA. Patients with RA had
significantly higher mean (SD) native T1 values (973 [27] ms vs.
961 [18] ms; p = 0.03) and an increase in ECV (30.3% [3.4%]
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Figure 18 - Representative examples of native T1 and post-contrast maps with corresponding LGE images in patients with SSc and
controls. Upper panel (A): normal control, without LGE; native T1 of 947 ms, post-contrast T1 of 514 ms, ECV of 26.7%. Second
panel (B): patient with SSc, showing linear septal LGE and focal areas of LGE in the inferolateral basal wall; native T1 of 1001 ms,
post-contrast T1 of 453 ms, ECV of 33.7%. Third panel (C): patient with SSc showing small areas of mesocardial LGE in the inferior
and lateral regions; native T1 of 988 ms, post-contrast T1 of 439 ms, ECV of 36.1%. Fourth panel (D): patient with SSc without
detectable LGE; native T1 of 1017 ms, post-contrast T1 of 421 ms, ECV of 39.4%.?”° ECV: extracellular volume; LGE: late gadolinium

enhancement; SSc: systemic sclerosis.

vs. 27.9% [2.0%]; p < 0.001) compared with controls. Larger
areas of myocardial involvement were detected by native T1
> 990 ms (median of 35% vs. 2% in controls). These findings
of diffuse fibrosis and inflammation were present regardless
of the presence of LGE on 1.5-T scanners.?”®

Correlation with disease activity and prognosis: elevated
T1 and ECV values are associated with a worse prognosis
and greater disease activity. Myocardial T1 and ECV values
were correlated with RA disease activity and myocardial
deformation. Interestingly, diffuse myocardial fibrosis was not
related to the duration of RA or to positivity for rheumatoid
factor or anti-cyclic citrullinated peptide antibodies.?”

In one study, LGE showed focal fibrosis/myocardial scarring
in 46% of patients with RA, compared with none of the
controls; most cases were of a non-ischemic nature, with mid-

parietal enhancement patterns. Overall, late enhancement
was observed in 55% of RA cases, with high values for native
T1M, T2M, and ECV, showing a strong correlation with disease
activity and severity.>?7>

10.6. Idiopathic Inflammatory Myopathies

Cardiac involvement secondary to inflammatory
myopathies, such as dermatomyositis (DM) and polymyositis
(PM), is more severe and is associated with adverse events
and even death, requiring immunotherapy for treatment,
unlike viral myocarditis, which generally responds to more
conservative treatment.?®

T1 and T2 maps are more accurate than late enhancement
for evaluating these conditions. Studies have shown that up
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to 90% of patients with idiopathic inflammatory myopathies
(IIM) without LGE had elevated T1 and T2 values. Patients
with [IM had a higher mean native T1 value of skeletal muscle
(963 [127] ms) and a higher ECV (19% [7%)]) compared to
patients with acute viral myocarditis and controls. Patients
with PM/DM had significantly higher native myocardial T1
values (1263.7 [84.0] ms) and significantly higher ECV (32.6%
[3.7%)]) compared with controls (native T1: 1200.6 [43.0] ms;
ECV: 26.7% [2.3%]). This suggests the presence of diffuse
myocardial fibrosis (elevated T1) and edema/expansion of
the extracellular space (expanded ECV) even in the absence
of symptoms,?* as shown in Figure 19.

As a first step, the visible skeletal muscles were delineated
in the first image with Tl after appropriate adjustment of
grayscale levels. Next, each muscle ROl was propagated to all
subsequent images with different Tls. Third, each propagated
ROl was zoomed in on, and the grayscale levels were adjusted
to allow for redrawing and repositioning of the ROIs in
order to avoid fat and vessels, as well as to accommodate
muscle deformation when necessary. Finally, for each RO,
the grayscale levels were calculated as the average across
successive images with different Tls, and the resulting signal
was fitted to an exponential model to calculate the native T1
in the example above. It is worth noting that this process is first
performed on the native T1 dataset, and the resulting ROls
are copied to the post-contrast T1 and T2 datasets, with the
correction process repeated.

In subclinical disease, routine LV functional parameters
(such as end-diastolic volume, end-systolic volume, and LVEF)
showed no significant differences between patients with PM/
DM and controls. Early detection may be crucial for timely
treatment and to prevent adverse remodeling and cardiac
mortality. No significant correlations were found between the
mapping parameters and levels of creatine kinase, troponin
T, or disease duration.?*

In this specific study (conducted using a 3-T scanner), the
diagnostic thresholds for cardiac involvement in IIM were
T1 > 1275 ms or T2 > 42.3 ms. The area under the ROC
curve for the diagnosis of cardiac involvement was 0.78. Late
enhancement occurred in only 35% of patients with [IM-
associated myocarditis.’

10.7. Antineutrophil Cytoplasmic Antibody-Associated
Vasculitis

These forms of vasculitis, such as granulomatous
polyangiitis, microscopic polyangiitis (MPA), and
eosinophilic granulomatosis with polyangiitis, can lead to
myocarditis, fibrosis, or myocardial infarction coexisting
with vasculopathy.?®’

The use of parametric maps in antineutrophil cytoplasmic
antibodies (ANCA)-positive vasculitis has proven to be an
important prognostic predictor, independent of the presence
of late enhancement (8). Patients with ANCA-associated
vasculitis had significantly higher mean native T1 values (988
ms vs. 952 ms; p < 0.001), significantly lower post-contrast
T1 values (488 ms vs. 524 ms; p = 0.03), increased ECV
(27.5% vs. 24.5%; p < 0.001), and significantly higher mean
myocardial T2 values (53 ms vs. 49 ms; p < 0.001) compared
with controls. These findings of elevated native T1, ECV, and
T2 did not correlate with the presence of LGE, suggesting
that mapping techniques provide additional information
regarding diffuse myocardial involvement.?%?

10.8. Detection of Arrhythmogenic Substrates

CMR with parametric mapping is particularly valuable in
identifying arrhythmogenic substrates, such as subclinical
inflammation and fibrosis, even in patients with ARDs who
have preserved LV systolic function (LVEF), and which are not
detected by conventional echocardiography.?”®

Intensity (au)

T1=816 ms
‘wﬂ 1500 3000 4500
Tl (ms)

Figure 19 - Estimation of mapping parameters in skeletal muscle.?®®
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In patients with ARDs (SLE, SSc, DM, etc.) who had
documented VT and LVEF > 50%, changes in CMR were
observed at the following rates:

* LGE was positive in 55.8% of cases;
* Native T1 was increased in 93%;

* T2 map was increased in 86%;

* ECV was increased in 81.4%.

Therefore, T1, T2, and ECV values were independent
predictors of the presence of VT in ARDs, even after adjusting
for age, sex, and LVEFE This means that diffuse inflammation
and fibrosis (detected by T1, T2, and ECV) were abnormal
in most patients, even in the absence of LGE.? Conventional
echocardiography may fail to identify this arrhythmic substrate
in ARDs.

CMR with parametric mapping offers significant incremental
diagnostic value and can guide crucial therapeutic decisions, such
as the need for an ICD."® Specifically in the left endocardium,
both native T1 and ECV were significantly higher in patients
with VT (p < 0.05). Although in SSc there was a trend toward
increased T1 and ECV in patients with TV, this was not statistically
significant, and the T2 map was numerically higher in the groups
with TV, but without a statistically significant difference in either
the SLE or SSc subgroups.’

10.9. Implications for Monitoring and Therapy

The ability of CMR with parametric mapping to detect
subclinical myocardial lesions early, especially through native T1
measurement and ECV calculation, provides a solid basis for the
timely introduction of cardioprotective medications at an early
stage of the disease. This detection may precede the presence of
LGE-visible fibrosis and functional decompensation. The authors
of a study on SLE suggest that T1 and ECV values can be used
as noninvasive indices for screening subclinical disease and as
monitoring tools to guide targeted treatments before LGE and
functional decompensation actually manifest.?””

Another crucial aspect is that T1 and T2 maps can be used to
monitor response to treatment, and a reduction in their values
correlates well with response to immunosuppressants. This allows
physicians to adjust therapies based on objective, quantitative
data regarding the reduction of inflammation and fibrosis.?®

10.10. Conclusions

In summary, CMR is an essential tool with high incremental
diagnostic value in the evaluation of cardiac involvement in
patients with ARDs (Chart 3).

Given the prevalence and severity of cardiac involvement in
RA, as well as the often-asymptomatic nature of these conditions,
multiparametric CMR should be considered a complementary
tool for screening, diagnosis, and follow-up of these patients,
optimizing clinical management and, ultimately, improving
long-term outcomes.

10.11. Key Takeaways
CMR with parametric mapping is essential for:

* Providing valuable prognostic information related to
disease activity and severity;

¢ Identifying arrhythmogenic substrates even in patients
with preserved ventricular function;

* Guiding earlier and more targeted therapeutic decisions,
including the initiation of cardioprotective therapy or
consideration of placement of devices such as an ICD;

* Monitoring the response to immunosuppressive
treatment.

11. Masses

Cardiac masses remain a diagnostic challenge in clinical
practice. MRI has established itself as an important tool in
this regard.

Among primary cardiac tumors, 90% are benign, originatingin
the pericardium or myocardium, with an estimated incidence of
1380 per 100 million individuals (Tables 10 and 11). Secondary
tumors, on the other hand, have an incidence 22 to 132 times
higher and are, by definition, malignant. Unlike in most organs,
in the heart even a benign tumor can produce adverse effects
such as arrhythmias and hemodynamic compromise, depending
on its location and size 282

Through its excellent spatial resolution and tissue contrast,
CMR allows analysis of the function, mass, morphology, and
dimensions of the cardiac chambers and pericardium. LGE
plays an important role in differentiating tissue composition,
revealing areas of fibrosis, and serves as a powerful diagnostic
tool for cardiomyopathies and cardiac masses.?7:2%

T1IM was most recently introduced to fill a gap in the
assessment of interstitial fibrosis (still early stages of disease)
and in the estimation of ECV. In the diagnosis of cardiac
masses, CMR plays a fundamental and well-established
role, with good correlation to myocardial biopsy. The
combination of morphological and functional assessment,
the presence or absence of late enhancement and perfusion,
and, more recently, the T1 map provide important diagnostic
and prognostic information, and are also helpful in post-
chemotherapy and radiotherapy follow-up.?°

11.1. Cardiac Tumors

Cardiac tumors can be classified as primary, secondary
(metastases), benign, or malignant. The most common primary
tumors are benign, with myxoma being most frequent (50%).
Among malignant tumors, angiosarcoma ranks first, accounting
for 30-40% of diagnoses. Rhabdomyoma is prevalent in
children and is strongly associated with tuberous sclerosis.
Among secondary/metastatic types, the relative incidence
is approximately 20 to 40 times higher than that of primary
tumors. The most common sites of origin are the lung, breast,
melanoma, kidney, and lymphoma, with the most frequent
site of involvement being the pericardium, followed by the
myocardium and endocardium.>27°

Fora more detailed assessment, a CMR malignancy score was
created that includes morphological characteristics of the mass
(non-left-sided location, sessile, multilobular, heterogeneity,
infiltration, pericardial effusion) and characterization of
the mass tissue (first-pass perfusion and heterogeneous
enhancement); a score = 5 was independently predictive of
malignancy with excellent accuracy.?®
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Chart 3 - Summary of parametric changes in autoimmune diseases

Elevated T1 and ECV even in inactive

Cardiac involvement is often disease. T2 correlates with disease activity.
Systemic lupus erythematosus subclinical, with a risk of arrhythmias  LGE is not very sensitive. Important for early
and HF. detection and monitoring of response to
immunosuppression.

Elevated T1 and ECV even in the absence of

LGE. T2 is sensitive to inflammation. T1 has

prognostic value and is associated with the
diffuse form

Elevated T1 and ECV indicate diffuse
fibrosis. Associated with disease activity.
LGE in 46%, mostly non-ischemic.

Higher morbidity and mortality when
Systemic sclerosis cardiac involvement is due to fibrosis
or inflammation. Often subclinical.

Subclinical involvement is common,

Rheumatoid arthritis with increased cardiovascular risk.

Elevated T1 and ECV even in the absence of

Subclinical cardiac involvement. Severe symptoms. Absent LGE in 90% of cases with

HF requiring immunosuppression. mapping abnormalities. Adjust T1 to account
for skeletal muscle.

Elevated T1, ECV, and T2, even in the
Myocarditis, fibrosis, and myocardial absence of LGE. Correlates with ECG
infarction coexisting with vasculopathy. abnormalities. Mapping has independent
prognostic value.

Idiopathic inflammatory myopathies

ANCA-associated vasculitis

Sjogren syndrome Myocarditis is extremely rare. No relevant data for CMR.
Overall T1 and T2 values show no significant
Autoimmune thyroid diseases Cardiac involvement is rare. differences. Radiomics detects subtle
changes.

ANCA: antineutrophil cytoplasmic antibodies; CMR: cardiac magnetic resonance imaging; ECG: electrocardiogram, ECV: extracellular
volume; HF: heart failure; LGE: late gadolinium enhancement.

Table 10 - Primary cardiac tumors - benign

Myxoma 50% (of primary tumors) Adults (ages 30-60) Left atrium

Lipoma 10-15% Any age Myocardium and epicardium
Fibroelastic papilloma 5-10% Adults Valves (aortic > mitral)
Fibroma 5-10% Children Left ventricle

Children, associated with

. Ventricles
tuberous sclerosis

Rhabdomyoma 5-10%

Other benign lesions < 5% Variable Variable

Table 11 - Primary cardiac tumors — malignant

30-40% of primary

Angiosarcoma malignancies Adults Right atrium
Leiomyosarcoma 20-25% Adults Left atrium
Rhabdomyosarcoma 15-20% Children Ventricles
Other sarcomas 15-30% Rare Variable
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The three most common clinical presentations of cardiac
tumors are:

a) Systemic: constitutional symptoms (fever, arthralgia,
fatigue, weight loss) and paraneoplastic syndromes;

b) Cardiac: symptoms of dyspnea, chest pain, presyncope,
and syncope, which may be associated with mass effects
altering cardiac hemodynamics or causing arrhythmias;

) Embolic: episodes of systemic or pulmonary embolism.

Assessment of cardiac masses can be performed in multiple
ways, taking into account the characteristics of each CMR
sequence. Protocols generally include:>*°

a) Cine: provides an initial assessment of the mass —
presence and location, relationship to surrounding
structures, potential hemodynamic consequences, and
associated abnormalities;

b) Tagging: reveals the absence of contractility and
delineates the borders of the mass to assess invasive growth;

) T1- and T2-weighted images: identify whether the mass
has a high fat or fluid content;

d) First-pass perfusion: provides an assessment of whether
the mass is vascularized;

e) LGE: detects focal areas of fibrotic tissue or myocyte
necrosis and is also related to mass vascularization;

f) Parametric maps: direct assessment of the magnetic
resonance properties of the tissue of interest, such as T1,
T2, and T2*. These methods are still undergoing validation
and are rarely used in daily practice.

The major advantage over conventional tissue
characterization (which is based on relative variations in signal
intensity) is that parametric maps provide a direct assessment
of the T1, T2, and T2* relaxation times.

11.2. Cardiac Magnetic Resonance Imaging and
Parametric Maps

Tissue characterization using MRI allows for a detailed
assessment of the intrinsic composition of lesions. Lesions
that exhibit reduced native T1 relaxation times, accompanied
by intense signal hyperintensity on T1-weighted sequences,
include lipid-rich neoplasms, such as lipomas and liposarcomas;
recent hemorrhages, in which methemoglobin predominates;
and melanomas, due to their high concentration of melanin. In
contrast, prolonged native T1 relaxation times are indicative of
a higher content of free water, fibrosis, or amyloid infiltration.
Thus, elevated T1 values are characteristic of cysts (particularly
those containing low-protein fluid), vascular malformations,
and most malignant masses.>**

Prolonged T2 relaxation times reflect the presence of
edema. Cystic structures and highly vascularized neoplasms,
such as hemangiomas, exhibit prolonged T2 times and,
consequently, hyperintensity on T2-weighted images. Finally,
a shortened T2* time is associated with iron buildup, a
condition observed in thrombi and in hemorrhages of
cardiac origin.

Evaluation using parametric maps has not yet proven
effective on its own in distinguishing benign from malignant
tumors, largely due to the heterogeneity of these masses.

One interesting finding was the increase in T1 map values in
areas adjacent to primary tumors when compared to values
in remote healthy areas of the same heart — a finding not
observed in patients with benign tumors.2?"22

In a published case series of myxomas, increased T1 and
T2 map values as well as ECV were reported. These findings
are consistent with an increase in interstitial space and fluid.>?

For rarer tumors, the number of patients is insufficient
for a case series to establish reference values. In these cases,
mapping studies provide a more detailed tissue analysis,
incorporating data for a more accurate diagnosis. In a case
of atrial melanoma published by Caspar et al.,** the mass
exhibited reduced T1-weighted map values compared to the
myocardium and a slight elevation in T2-weighted map values
— characteristics consistent with the presence of melanin®*
(Tables 12 and 13).

In tumors affecting the pediatric population, good
interobserver reproducibility was observed, with distinct
values among subtypes when considering ECV and native
T1 map values. ECV values proved to be more accurate in
differentiating the subtypes of these tumors: lipoma (close to
zero), rhabdomyoma (similar to myocardium), hemangioma
(similar to blood), and fibroma (approximately 100%).2*

11.3. Challenges and Future Prospects

The use of TTM in cardiac tumors represents a significant
advance in noninvasive tissue characterization. This technique
is gaining ground in distinguishing benign from malignant
masses. Potential advances include greater diagnostic accuracy,
integration with Al tools, and better monitoring of treatment
response. Nevertheless, limitations remain, such as variability
among scanners, the need for standardized protocols, and
interference from arrhythmias or motion artifacts. Furthermore,
the overlap of T1 values among different types of lesions can
still make definitive interpretation difficult.

11.4. Conclusion

T1M is a valuable tool for evaluating cardiac masses,
providing quantitative data that enhance tissue characterization.
However, its use should be understood as adjunctive rather
than in isolation, since definitive diagnosis requires integration
with clinical findings, other MRI sequences, and additional
imaging modalities, such as echocardiography and CT scans.
This multimodal approach ensures greater accuracy in
differentiating between tumors and pseudotumors, in addition
to guiding safer therapeutic approaches.

11.5. Key Takeaways

* Cardiac masses pose a diagnostic challenge, and CMR is
the most comprehensive method for their characterization;

* Most primary cardiac tumors are benign (=90), with
myxoma being the most common;

* Secondary/metastatic tumors are much more common
than primary tumors (22—132 times more frequent);

* Even benign tumors can cause significant clinical impact
(arrhythmias, obstruction, hemodynamic symptoms);
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Table 12 - Tumor types and T1 map, T2 map, and extracellular volume findings

Author (year)

Yue et al.
(2023)%?

Nasser et al.
(2020)>

Haider et al.
(2023)%°

Saba et al.
(2015)%¢

Mass type N

Various (benign

and malignant) 42
Myxoma 17
Bgnlgn (myxoma, N/A
fibroma, lipoma, .
. (narrative
hemangioma, review)
rhabdomyoma)
Various tumors
(melanoma, 46
myxoma,
thrombus)

ECV: extracellular volume, N/A: not applicable.

Native T1

Variable;
malignant >
benign

Elevated (vs.
myocardium)

Myxoma

T; fibroma
unchanged/T;

lipoma |

Melanoma

T (melanin);

myxoma T;
thrombus
variable

Native T2

High
heterogeneity
(malignant T)

Elevated

Myxoma T;
fibroma low;
lipoma T (fatty)

Low for
melanoma; high
for myxoma;
variable for
thrombus

ECV

Malignant
tumors generally
T; fibroma very
high; lipoma ~0

Elevated
(~40-45%)

Fibroma T7;
lipoma ~0

Not reported

Notes

Malignant
tumors generally
1; fibroma very
high; lipoma ~0

Myxomas show
a consistent
increase in T1/
T2/ECV

Review of

parametric

behavior in
benign tumors

Initial study
demonstrating
the applicability
of the T1 map

Table 13 - Typical T1/T2/extracellular volume values for cardiac masses - general

Mass type
Myxoma
Fibroma

Lipoma

Rhabdomyoma
Hemangioma
Paraganglioma

Malignant tumors

Thrombus

Native T1 (ms)
~1500-1600 (1)
~850-900 ({/-)

~200-250 (L1)

~1000 (~myocardium)
~1450 (1)
~1700 (1)

~1,600 (1)

reduced in chronic
cases / elevated in
acute cases

Native T2 (ms) ECV (%) Characteristic pattern
~200 (1) ~45 (1) Elevated across all
maps — heterogeneous
reduced ~90 (11) ECV nearly 100%
. Predominance of fat;
High (fat) zero ECV zero
~myocardium 23 No significant
enhancement
slightly (T) ~55 ECV close to blood
~80 (1) Variable el U et 12—
vascularity
~60-65 (T) ~35 (1) Heterogeneous
variable ~Zero No enhancement

ECV: extracellular volume.

* CMR allows integrated morphological, functional, and
tissue-based assessment (T1/T2 maps, perfusion, and

LGE);

* Parametric maps are becoming increasingly valuable,
but they do not yet replace the multimodal approach —
complementarity is essential.

* LGE helps assess composition (fibrosis/necrosis) and
contributes to tumor differentiation;

* Native T1 map and ECV add value, especially in initial
assessment and as a prognostic/follow-up tool (e.g., post-

chemotherapy/radiotherapy);

* A CMR malignancy score = 5 performs well in predicting

malignancy;

Arq. Bras. Cardiol. 2026;123(10):e20260859

12. Final Considerations

As discussed in this document, multiparametric CMR
maps have established themselves as fundamental tools for
myocardial tissue characterization, with sustained growth in
practice and consistent support in the international scientific
literature. Recent ESC guidelines and SCMR consensus
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statements recognize the central role of T1, T2, and T2*
mapping, as well as ECV, in the evaluation of various heart
diseases, highlighting their ability to detect diffuse myocardial
changes, act as adjuncts to LGE, and add diagnostic and
prognostic value. Table 14 summarizes the main findings of
this position statement.

Currently available mapping sequences have been
technically and clinically validated, with good reproducibility
and applicability across different platforms, which supports
their progressive incorporation into clinical CMR protocols.
In this context, the use of multiparametric maps should
be encouraged in a rational and standardized manner, in
accordance with international and national recommendations,
and integrated with morphological, functional, and myocardial
perfusion analysis, always guided by the clinical question.

“In the Brazilian context, the adoption of these methods
must take into account the specific characteristics of the
Unified Health System (SUS) and private health insurance.
Multiparametric maps offer significant potential to refine
diagnosis, reduce clinical uncertainties, and optimize risk
stratification, contributing to a more efficient use of resources
and more assertive therapeutic decision-making. This
document aims to promote the use of these technologies in
our country.

The limitations historically associated with multiparametric
maps — including variability among manufacturers, differences
in reference values, and greater technical complexity — have
been progressively overcome through harmonization across
platforms, the development of specific recommendations by
scientific societies, and the expansion of expertise at national
centers. This process has reduced barriers to implementation
and increased the reliability of results.

The future outlook is made particularly promising by
the incorporation of Al and machine learning techniques.
These tools are expected to facilitate the automation of
image acquisition and postprocessing, reduce inter-observer
variability, enable integrated analysis of multiple parameters,
and support the development of more accurate predictive
models. Additionally, a positive impact is expected in reducing
scan time and expanding access — aspects that are especially
relevant to the Brazilian context.

Thus, multiparametric maps represent a cornerstone of
contemporary CMR, with a growing and sustainable role in
clinical practice. This position statement reinforces the importance
of their structured use, aligned with international guidelines and
adapted to the specific characteristics of the Brazilian health
care system, with a focus on quality of care, patient safety, and
enhanced clinical impact in different cardiovascular care settings.

Table 14 - Summary of the main findings of multiparametric maps in different pathological conditions

T2* T2

Average normal values from

. . >20 ms
international references

45-55ms (1.5 T);

(MOLLI sequence) (15T) 40-50ms (3T)
Acute ischemic heart Increased in
. N/A .

disease infarcted segments

Chromc ischemic heart NA Normal

disease

Acute myocarditis N/A Increased

Sarcoidosis N/A Increased

Chagas disease N/A frequently
increased

950-1050 ms (1.5 T);
1100-1250 ms (3 T)

Increased in infarcted

Increased in infarcted

reduced in old infarcts
(lipomatous metaplasia)

Significantly increased

Native T1 ECV Notes

>30% (1.5 T);
>30% (3T)

In ACS, it may help
identify the culprit
artery

May be increased in

segments advanced cases

Native T1 may be
useful in patients
who cannot receive
gadolinium

T2, T1, and ECV
are associated

segments. May be May be increased in

advanced cases

with a higher risk
. . Often normal. May .
Generally increased in . . of cardiovascular
be increased in
the acute phase events (death,
advanced cases :
heart failure,
transplantation,
recurrence)

Native T1 and
T2 can be used
for therapeutic

monitoring

T1 and ECV are
associated with
an increased risk
of cardiovascular
events

(> 11502t 15T) Often increased

May be increased in

Increased
advanced stages
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Iron overload Reduced N/A
. Often normal. May
/:;;zi);trt:]mgg:&c N/A be increased during
yopathy "hot phases"
Hyp(_ertrophlc N/A May be increased
cardiomyopathy
. R May be increased
Cardiac amyloidosis N/A (mainly in AL)
Fabry disease N/A May be increased
in phase 2
Often normal. May
Endomyocardial fibrosis na  Deinereasedin the
intermediate stage
(Loffler)
Hypertensive heart disease N/A Normal
Athlete’s heart N/A Normal

Reduced

Increased

Regional enlargement

Generally increased

Decreased in phases
1 and 2, mainly in the
septum

Regional apical elevation

Often normal. May be
increased in advanced
stages

Often normal. May be
reduced in elite athletes

T2* can be used
N/A for therapeutic
monitoring

Often normal. May Increased ECV
be increased in predicts sustained
advanced cases VT

Very useful in the
differential diagnosis
of phenocopies
(amyloidosis, Fabry
disease)

May be increased in
advanced cases

ECV may be used
for therapeutic
monitoring

Increased

A combination
of the maps may
indicate disease

stages

Normal. May be
increased in stage 3

ECV may be a
biomarker of
diastolic dysfunction

Often normal

In advanced stages,
there may be minor
elevations in T1
and ECV compared
to amyloidosis and
HCM

Very useful in the
differential diagnosis
of phenocopies
(amyloidosis, HCM)

Often normal. May
be increased in
advanced stages

Normal

ACS: acute coronary syndrome; LC: light chain; ECV: extracellular volume; HCM: hypertrophic cardiomyopathy; N/A: not applicable;
T: Tesla; VT: ventricular tachycardia.
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