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Abstract

Purpose of the Review This paper delves into the emerging realm of T1 mapping, exploring recent innovations and their

relevance across several cardiac diseases.

Recent Findings T1 mapping with cardiovascular magnetic resonance (CMR) imaging has emerged as a valuable tool for
cardiac disease evaluation, offering diagnostic, therapeutic, and prognostic insights. Tissue characterization using parametric
mapping methods holds the promise of identifying and quantifying both focal and diffuse changes in myocardial structure,
which cannot be adequately assessed through late gadolinium enhancement (LGE).

Summary CMR imaging, particularly LGE, has enhanced cardiac tissue characterization. However, the detection of diffuse
interstitial fibrosis remains challenging, necessitating the exploration of alternative techniques. T1 mapping could probably
represent a game changer in the evaluation of diffuse and focal fibrosis in multiple cardiovascular conditions.

Keywords CMR - T1 mapping - ECV - Cardiac disease

Introduction

Cardiovascular magnetic resonance (CMR), with its reso-
lution, enhanced tissue contrast, and superior safety pro-
file, has become a unvaluable and comprehensive imag-
ing modality for studying the cardiovascular (CV) system
[1]. Advances in CMR with late gadolinium enhancement
(LGE) provide an adequate characterization of focal myo-
cardial fibrosis and myocardial scar, allowing a proper
differentiation between ischemic and non-ischemic car-
diomyopathy [2]. Unfortunately, detecting diffuse inter-
stitial fibrosis on LGE imaging remains complicated
because of the lack of a normal myocardium reference
standard [3]. Furthermore, in this setting, LGE imaging
is not able to adequately evaluate collagen volume when
correlated to endomyocardial biopsies [4]. To overcome
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these limitations, parametric mapping methods have been
proposed. The aim of this paper is to review and illus-
trate recent advances in T1 mapping for different cardiac
diseases and their additional value in the context of estab-
lished CMR methods.

Principles of T1 Mapping

T1 calculates the longitudinal relaxation time, which
depends on the rate at which the spin magnetization
recovers to its equilibrium state after being excited by a
radiofrequency pulse. T1 mapping refers to a pixel-wise
illustration of absolute relaxation times on a map [5]. Sev-
eral technical and biological factors play a crucial role in
influencing native T1 values. Among these factors, field
strength stands out as the most significant determinant.
At 3 Tesla (3 T), native T1 values tend to be higher com-
pared to those at 1.5 T. Additionally, the choice of pulse
sequence, the specific phase of the cardiac cycle during
imaging, and the region of measurement within the body
also exert notable effects on this parameter [6, 7]. The
most important biological factors that increase native
T1 values are oedema and the expansion of interstitial
space, while low native T1 values are determined by lipid
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and iron overload [8—11]. On this basis, native T1 is thus
regarded as a promising method for detecting myocardial
abnormalities without the necessity of administering a
gadolinium contrast agent.

Contrast-enhanced T1 Mapping
and Extracellular Volume (ECV) Fraction

Myocardium is made of three different spaces: myocytes,
together with fibroblasts, endothelial cells and others, rep-
resent the intracellular space; blood constitutes the intravas-
cular compartment, and the interstitial space is the remain-
ing compartment once cells and intravascular spaces are
removed. Extracellular space expansion may be determined
by several pathologies such as oedema, inflammation and
fibrosis; contrast-enhanced T1 mapping may accurately
evaluate this alteration in combination with native T1 map-
ping (Fig. 1). Standard gadolinium-based contrast agents
are distributed throughout the extracellular space, and the
shortening of T1 myocardial relaxation times depends on the
local concentration of gadolinium [4]. Extracellular volume
(ECV) is a marker of myocardial tissue remodeling with a
value of 25.3 +3% reported in healthy subjects [9]. Its evalu-
ation requires: a) measurements of myocardial and blood
T1 before and after gadolinium administration, b) patient’s
haematocrit; ECV is then calculated according to the fol-
lowing formula:

ECV = {(ARI of myocardium/ARI of left ventricular [LV] blood pool)}
X (1 — hematocrit level), where R1 = 1/T1 and AR1

= post — contrast R1 — pre — contrast R

T1-Mapping Techniques

T1-mapping protocols are based on inversion recovery (IR)
or saturation recovery (SR) sequences. To obtain a pixel map
of T1, multiple images are acquired during different moment
on the recovery curve and a pixel-wise curve fitting is used
to evaluate the relaxation time. To reduce movement arte-
facts, patients are always scanned at the same cardiac and
breath phase. At the beginning, protocols comprised multi-
ple breath-holds, but present techniques mostly use single-
breath-hold scans with single-shot bi-dimensional imaging.

An example of T1 mapping and ECV from a healthy vol-
unteer is shown in Fig. 2.

Inversion Recovery-Based Techniques

MOLLI, which is the abbreviation for modified Look-
Locker, is the most used sequence for T1 mapping; after
the inversion pulse, during the subsequent 3 to 5 heartbeats,
single-shot images separated by the RR period are acquired
along the T1 recovery curve [12]. The first introduced
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Fig. 1 Native T1 mapping and ECV values across various cardiac disease. AFD Anderson Fabry disease; HCM Hypertrophic Cardiomyopathy;
NICDM non-ischemic dilated cardiomyopathy; 7T Takotsubo; MI myocardial infarction
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Fig.2 Midventricular short-axis
CMR images of a 40-year-old
healthy male volunteer, show-
ing normal global T1 mapping
values (A) within the range of
986 + 50 ms, along with normal
ECV values (B) measuring
23%. ECV extracellular volume

MOLLI protocol consists in a 3(3)3(3)5 scheme; these
numerical sequences summarize the number of inversion
pulses, the samples and the recovery period; numbers in
brackets represent the images obtained after the inversion
pulse, while the ones in brackets indicate the RR intervals
for T1 recovery [12, 13]. The MOLLI technique has been
revealed as a highly reproducible diagnostic tool with high
signal-to-noise ratio images. However, its critical limita-
tion is represented by the very long breath-hold duration
(at least 17 heartbeats), which may be difficult to obtain for
cardiopathic patients. Furthermore, if there is not enough
time for complete magnetisation recovery, the T1 values
will be heart rate dependent. For these reasons, the original
MOLLI sequence has been modified several times[14-16].
“Shortened” modified Look-Locker technique (shMOLLI)
represents one of the most popular variations of MOLLI
sequence, which consists in a 5(1)1(1)1 protocol where the
last magnetization inversions may not be complete depend-
ing on T1, and T1 is therefore determined by a “conditional”
fitting routine [15]. “Conditional” refers to the fact that the
data from the last 2 Look-Locker cycles are only used if the
T1 is short enough to allow for near-complete relaxation
recovery after the second and/or first Look-Locker cycle.
The main advantages of ShAMOLLI sequence are the very
little heart rate dependence and the short breath hold. Due
to the presence of residual heart motion, even during breath-
holding, the application of nonrigid registration techniques
proves to be instrumental in enhancing the robustness and
clinical efficacy of the method. [16]. However, the two
described techniques could still slightly underestimate T
because the image readouts during the inversion recovery
can be influence by other factors such as T2 [17].

Saturation Recovery-Based Techniques

A second option to IR sequences is represented by SR tech-
niques that may possibly determine T1 value with more
accuracy [18]. Since a saturation radiofrequency pulse can
null the longitudinal magnetization, independently of its
state before the saturation pulse, it is not necessary to wait

for T1 recovery between the pulses, and this cancels the
problem of heart rate dependence for the calculated T1s
[18]. The most critical disadvantage of SR method is that
a saturation preparation results in one-half of the dynamic
range of an inversion preparation; using a preliminary unper-
turbed image and acquiring data at consecutive heartbeats
by saturation recovery over RR period at diverse saturation
times, this method could lower the precision of T1 values
evaluation. Nowadays, the most used SR technique is known
as SASHA,; it acquires data at consecutive heartbeats by sat-
uration recovery over RR period at diverse saturation times,
using a preliminary unperturbed image [19].

T1 Mapping in Ischemic Heart Disease

An overview of the main studies with T1 mapping/ECV in
ischemic heart disease is presented in Table 1.

Acute Myocardial Infarction

In patients presenting with ST-segment elevation myocar-
dial infarction (STEMI), one-year mortality remains high
despite revascularization by primary percutaneous coronary
intervention (PCI) [24]. The immediate identification of this
group of high-risk patients is fundamental to guarantee their
selection for tailored therapy program, and therefore reduce
their major adverse cardiac events (MACE) risk, improv-
ing prognosis. CMR represents the best imaging modality
for characterizing the tissue heterogeneity of an infarcted
myocardium, being able to distinguish among all the dif-
ferent shades of myocardial injury such as necrosis, edema,
microvascular obstruction and hemorrhage. [25]. In acute
MI, native T1 reach a very high values, while ECV values
are among the highest (0.585 +0.076) of all cardiac diseases
[20]. This probably represents the consequence of the loss
of integrity of the myocytes membrane which determines
an expansion of the distribution volume of gadolinium-
based contrast agents. It is important to underline that the
presence of intramyocardial hemorrhage and microvascular

@ Springer



Current Cardiovascular Imaging Reports (2024) 17:1-19

TINL dtuoIyd yyra sjuaned

S[onuod Ayieay

TN Y sjuoned

SOSEISIP OBIPIED SNOLIEA Y3IMm sjudned,,

juauwddueyua

winruropes e[ FOH7 Te[NOLIUSA 1JO] A7 ‘UOHONI)SO JB[NOSLAOIIIW (A Y ‘9OUBUOSAI JNAUSEW OBIPIEd YD) JUSWAOURYUS ISLNUOD 7)) ‘UONOIBJUI [RIPIEIOAW JJ4 ‘QWIN[OA JR[N[[OBNX ADHT

eisejdejowr £)3e] pojeIOOSSE ST A1)

J1 TN OTUOIyD 109)p A[Io1Ipul Aewr Inq SISoIqy
Juowaoe[dar Suro9iap je Jood st Surddew 11, aaneN

DT 10 PAIeJIPUIENUOD T8 OYM [N JTUOIYD

i sjuanied ur SurSewr Jeos J0§ SATBUISNE 9[qEIA

® SIJT ‘Yons se pue ‘AoeInode Jo 92139p Y31y Ym
TN o1uoayo a3ewr 03 pasn 2q ued Surddew | 1-oAnEN

uonosaep OAN
ur AoeInooe o1ysouderp Y3y pamoys sonfea 1.J, pue

Surddew [ 1, gD-uou JO SOIWOIPEI JO UOHBUIQUO))
SISOIO[AWIE Ty PUE TN U 10YSTY sem ADH
uedJA "A)[IqeLIeA dy109ds-9seasIp pue S[enpIAIpul
[BULIOU UT SQOUAIJJIP IOPUAT SMOYS ADH [BIPIBOOAA

% 08
§tIe

SIc

89
%18
v 0T

#7761

191U J[3urs ‘9andadsorq

I2)UdT[NW ‘9A10ddsoIq

19Ju0 9[3urs ‘0Andadsonay

191U 9[3urs ‘oandadsorg

TIAL d1UOIYO WOy SULIAYNS S[e
-npraIpur Suowe s1s0Iqy juawade[dar [erpredcoAur
Suruoosip ur Surddew [, 9Aneu jo AoeInooe

o uo ersejdejowr £ney jo j0edwr oY) A101dx2 o,

TIAL dTUOIYO 9ZLId)ORILYD 0] [, ¢ 1B

sdew-1 1, oAneu 3ursn sjuoFe ISeNUOd paseq-wnt
-urjopes noyIm YD Jo AN[IqISe] ) SSAsSe 0],

[N ur An(ur ferpiescoAu jo sisou

-3erp oy 10§ SurSewt YD jo sdew 11, gD-uou
Uo SISATeUE 2IM)X9) JO AJ[IQISLI) AY) AJeN[eAd O],

ReN:EN

SBIPILO UI PUB [I[BIY UI JOYIRWOI] [BJIUI]D © S
‘ADH TBIPIEO0AW JO 9OUBOYIUTIS AY) SSASSE O],

2207 [€2] "Te 10 yoruemeoey|

020¢

10T

(4114

[2c] Te 1o Suepmy

[e12] TE I BN

[02] 'Te 10 opes

QWIOdINO UTeN

az1s o[dureg

u3isop Apmg

Apms oy} jo wiry  Jeak uoneorqng

JOYINE JSIL]

QSBOSIP 1189y OTWAYIST JIUOIYD pue 9jnoe ur A DH/Surddew 1,1, yirm sIpnis Urew 9y} Jo MIAIOAO UY | d|qe]

pringer

Qs



Current Cardiovascular Imaging Reports (2024) 17:1-19

obstruction (MVO) could determine pseudo-normalization
of T1 values. T1 can even be reduced because of the accu-
mulation of methemoglobin [26, 27]. As known, LGE rep-
resents the gold standard to evaluate scar burden in stable
CAD [28]. However, in acute clinical scenario, its clinical
applicability and accuracy have been repeatedly challenged
[29, 30]. In patients with STEMI, it has been shown that
CMR acquisition of native T1 mapping can differentiate
reversible and irreversible myocardial damage; a cut-off
value of native T1 >of 1400 ms was a good indicator of
6-month wall thickening compared to LGE [31]. Another
study confirmed these results, demonstrating that hyper-
acute T1 values of the area at risk recorded within three
hours after PCI could predict a greater extent of the micro-
vascular obstructions and of infarcted myocardium volume
at both 24 h and six months follow-up [32]. More recently,
Ma et al. have shown that the combined use of radiomic
features and T1 values is capable to distinguish different
grades of transmurality of an infarcted myocardium wall
with a superior diagnostic accuracy than T1 values alone
(absence T1 value: 1264.3 +69.1 ms; presence T1 value:
1376.0+ 127.6 ms) [21e]. Moreover, this combination
could also predict the irreversibility of a segmental scar
with superior accuracy than T1 alone (reversible T1 value:
1268.4 + 81.3 ms; irreversible T1 value:1387.3 +133.6 ms)
as well as the recovery of regional left ventricular func-
tion at segmental longitudinal strain (SLS) (non-favorable
SLS T1 value: 1319.7 +134.5 ms; favorable SLS T1 value:
1291.6 +94.1 ms).

Chronic Myocardial Infarction

LGE represents the gold standard for accurately character-
izing a chronic myocardial infarction where an acute infarct's
necrotic and edematous myocardial tissue has been replaced
by a collagenous scar. For this reason, when compared to the
acute phase, chronic Ml is generally characterized by lower
and less extended T1 values. On this basis, native T1 has
been proposed as a good alternative to LGE for identifying
and characterizing chronic MI avoiding the administration
of a contrast agent. Wang et al. evaluated the performance
of native-T1 mapping and LGE at 3 T in chronic MI patients
[22]. In particular, they determined the T1 values within the
MI territory to be approximately 1621 + 110 ms, in contrast
to the remote territory, which exhibited T1 values averaging
around 1225 +75 ms. Their results showed a sensitivity of
88%, a specificity of 92%, and an AUC of 0.93 for identify-
ing MI location based on native-T1 mapping in comparison
to LGE. Native-T1 maps were comparable to LGE in meas-
uring infarct size and MI transmurality. For these reasons,
in chronic MI patients who cannot benefit from contrast
agents administration, T1 mapping could represent a great
option for scar imaging, even if the presence of lipomatous

metaplasia in the infarcted area could significantly reduce
T1 values [27]. Kaolawanich et al. recently demonstrated
that native T1 mapping can identify chronic MI better in
patients with fatty metaplasia than those without (85.6%
vs 13.3% sensitivity) [23]. However, in this subgroup, the
size of regions with elevated T1 significantly miscalculated
infarct size, while in patients without fatty metaplasia, the
lower T1 values seemed to be due to sub-chronic infarcts;
these results suggest that native T1 mapping could be use-
less in detecting replacement fibrosis but could indirectly
distinguish chronic MI if there is associated fatty metaplasia.

T1 Mapping in Non-Ischemic
Cardiomyopathy

An overview of the main studies with T1 mapping/ECV in
non-ischemic cardiomyopathies is presented in Tables 2, 3,
4 and 5.

Non-Ischemic Dilated Cardiomyopathy (NIDCM)

NIDCM is considered the end-stage of numerous non-
ischemic cardiac diseases. Even with the recent improve-
ment of treatment protocols, the mortality rate is still high
(nearly 20%) [46]. At CMR, the evidence of mid-wall LGE
predicts an augmented risk of MACEs in these patients [47,
48]; however, LGE sequences alone are not able to provide
an accurate quantitative measurement of diffuse myocardium
fibrosis that generally affects patients with DCM. Instead,
T1 mapping could represent a good, reproducible tool to
quantitative measure diffuse fibrosis in this setting[49, 50].
In a prospective longitudinal observational multicenter study
including 637 patients with NIDCM, Puntman et al. have
demonstrated that non-invasive evaluation of diffuse myo-
cardial fibrosis through T1 mapping is significantly predic-
tive of all causes of mortality (1.5 T T1 values: 1069 ms
(1036-1103), p<0.001 — ECV %: 30 (24-36), p=0.03;
3 T T1 values: 1183 ms (1126-1211) p<0.001 — ECV %:
31 (26-35), p=0.02) and of a composite heart failure (HF)
endpoint (HF death and HF hospitalization) in NIDCM
[33]; the predictive associations are independent of conven-
tional markers of function, structure, and regional myocar-
dial disease by LGE. These results are partially discordant
with another study where ECV was superior to T1 map-
ping to predict outcomes in NIDCM [51e]. After following
their patient for four years, they observed MACE in 15%
of the study group. In this subgroup, mean ECV demon-
strated strong association with MACE (p <0.001), superior
to native T1 and LGE. These discrepancies between the
two studies could be likely due to differences in the CMR
techniques and in the studies’ cohort and design. Moreover,
calculated ECV is a CMR tool used to describe myocardial
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Sample size Main outcome
Native myocardial T1 mapping detects cardiac ATTR

Retrospective, single center 172 #

Study design

To explore the ability of native myocardial T1

Publication year Aim of the study

Table 5 An overview of the main studies with T1 mapping/ECV in infiltrative cardiomyopathies

Fontana et al. [43] 2014

First author

@ Springer

and powerful measurement in the imaging assessment
of LVH and AFD

T1 mapping at both 1.5 T and 3 T can effectively detect
individuals with substantial iron loading, as defined
by the current gold standard T2* measurement at

disease tracking to AL amyloid. In individuals with
15T

established cardiac ATTR amyloidosis, the degree
of T1 elevation was comparatively lower than that

amyloid with similar diagnostic performance and
observed in AL amyloidosis

Noncontrast T1 mapping shows potential as a unique

52°
46 §
227
53 *
20°

Prospective, single center
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extracellular space, and even if in some papers it has been
adopted as a surrogate for histological collagen volume frac-
tion in cardiovascular diseases, it does not certainly correlate
well with histological fibrosis in DCM. This concept has
been clearly elucidated in a single-centre study including a
small sample size of NICDM patients where CMR results
have been compared to right-sided biopsies of the mid-inter-
ventricular septum [52e]. Furthermore, in a recent multi-
center study in which a group of 225 patients with NIDCM
was followed for two years, Cadour et al. stated that NIDCM
patients with HF-related or arrhythmia-related events had
higher native T1 and ECV values (Native T1 Z-score:
3.8+2.3,p=0.001; ECV%: 31.1 £4.3, p=0.001) compared
with NIDCM patients without MACEs (Native T1 Z-score:
2.7+2.2,p=0.001; ECV%: 28.7+3.8, p=0.001) [34]; non-
invasive measures of diffuse interstitial fibrosis by native T1
Z-score (p=0.008) and ECV (p=0.001) were significantly
predictive of MACEs; the unique significant independent
indicator predictive for both HF- and arrhythmia-related
events (HR 2.15 [1.14-4.07], p=0.018) was elevated ECV
(cutoff > 32.1%); increased native T1 Z-score (cut-off > 4.2)
was also an independent predictor of arrhythmia-related
events in NIDCM patients (HR 2.86 [1.06-7.68], p=0.037).

Takotsubo Cardiomyopathy

Takotsubo cardiomyopathy (TTC) is considered as an
acute cardiovascular syndrome which generally presents
as a temporary left ventricular dysfunction with a typical
cardiac kinesis pattern without the presence of CAD [53].
In subacute clinical setting, CMR plays an important role
in detecting TTC since LGE sequences typically show no
enhancement and this can be helpful in differentiate the dis-
ease from MI or acute myocarditis [24]. One of the most
important features of TTC is represented by diffuse myo-
cardial oedema, which generally involve the whole LV even
if it can be more intense in the hypokinetic segments. CMR
can easily detect oedema via T2W imaging using the short-
tau inversion recovery (STIR), however the introduction
of T1 mapping sequences could guarantee a faster (single
breath-hold) and quantitative evaluation of oedema without
the need of a reference ROI as for T2 STIR sequences. Fer-
reira et al. stated that high native T1 values in TTC affected
the myocardium as well as even in normal wall motion and
a negative correlation between baseline LV ejection frac-
tion (EF) and native T1 [54]. They found elevated T1 values
in patient segments with preserved and not preserved wall
motion when compared to the control group (1029 + 59 ms,
1113 +£94 ms and 944 + 17 ms, respectively; p<0.001) and
established that a T1 value cut-off >990 ms was optimal
to differentiate segments affected by oedema from normal
segments at 1.5 T, with a 92% sensitivity and specificity.
More recently, Aikawa et al. explored the clinical relevance
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of T1 mapping for the mid-term evaluation of myocardial
impairment in TTC [35]. During the acute phase, when
compared to the control group, TTC patients demonstrated
elevated native T1 (1438 162 vs. 1251 +90 ms, P<0.001),
ECV (35+5% vs. 29+4%, P<0.001), and T2 (90 + 34 vs.
68 +12 ms, P<0.001) for the entire heart. Importantly, they
observed that native T1 mapping outperformed conventional
T2 mapping for detecting myocardial oedema (AUC: 0.96
vs 0.86; P=0.005) and that a T1 cut-off value > 1339 ms at
three months follow-up scan was significantly correlated to
prolonged LV wall motion recovery.

Genetic Cardiomyopathies
Hypertrophic Cardiomyopathy

Hypertrophic Cardiomyopathy (HCM) is a condition in
which heart walls are thicker than normal and this anomaly
cannot be explained by abnormal preload or afterload [55,
56]; in 30-60% of cases, the disease is the consequence of
a sarcomere gene mutation inherited with autosomal domi-
nance and it is generally identified in younger patients with
family history of HCM [57]. Sudden cardiac death (SCD) is
the most feared complication of the disease and to establish
the risk of SCD is one of the most important objectives of
the clinical management in these patients [S8e]. As known,
CMR-LGE can non-invasively detect and quantify myocar-
dial fibrosis which possibly represent the basis for dangerous
ventricular arrhythmias (VA) [59, 60]. The American HCM
guidelines recommend LGE > 15% of LV mass as a marker
of SCD risk [55] and recently European guidelines for the
prevention of SCD confirm this indication [61]. However,
since a variable quote of LGE is present in 60-90% of HCM
patients, its value as a risk stratifier is quite weak [62]. An
accurate quantification of the LGE burden could reduce the
impact of this limitation, but the differences in LGE scan-
ning sequences and LGE quantification methods make the
clinical implementation of LGE quantification challenging.
Native T1 mapping and ECV could represent an interesting
alternative to LGE as they have shown a good correlation
with SCD risk for this disease; ECV also demonstrated a
good association with SCD independent of LVEF [63, 64].

Qin et al. explored the capability of native T1 mapping
and ECV to predict MACE in this category of patients
[63]. In their HCM-MACE subgroup, global T1 map-
ping (1341.2 +39.6 ms) values were significantly higher
than the HCM group that did not experience MACE
(1277.9 +£45.2 ms) and it was independently associated
with MACE (HR: 1.446; 95%; CI: 1.195-1.749; P <0.001).
Moreover, in a subgroup of patients with low SCD risk
established by conventional guidelines (T1 map not
included), statistical analysis showed that global native T1
mapping was independently associated with MACE (HR:

1.532; 95% CI: 1.221-1.922; P <0.001), highlighting that
it could improve and support the current guidelines in the
prediction of MACE.

More recently, it has been suggested that both native
T1 values and ECV can outperform LGE to discrimi-
nate between HCM and hypertensive heart disease [36].
In particular, Liang et al. observed that in their cohort
of patients, native T1 values were significantly higher in
patients with HCM (1293.6 +53.8 ms) than in patients
with HHD (1264.3 +67.7 ms) and in healthy controls
(1236.1 +42.6 ms) (P<0.001) [36]. Similarly, signifi-
cantly higher ECV percentages were observed in HCM
patients (34.9 +9.8%) when compared with HHD patients
(27.1+6.7%) and healthy controls (26.8 +5.8%) (P=0.001).
The Authors also identified a cut-off value of 28.8% for ECV,
which was able to distinguish between HCM and HHD with
85% sensitivity, 62.07% specificity, and an AUC of 0.772.
They demonstrated that these two methods can play an
important role in clinical discrimination between HCM and
HHD. However, the important overlap of native T1 values
between normal and pathological myocardium represents a
critical problem; for this reason, temporal or regional vari-
ations of T1 values in a single specific patient can represent
an essential clinical information while comparisons among
different patients could not be of value. Radiomics is a rap-
idly evolving field that uses data-characterization algorithms
to extract data from medical images [65, 66]. It has recently
been shown that radiomics phenotyping of native T1 map-
ping using machine learning could distinguish healthy ver-
sus hypertrophic myocardium and can also differentiate LVH
aetiology, including HCM or cardiac amyloid [67-69].

Arrhythmogenic Right Ventricular Cardiomyopathy

Arrhythmogenic Right Ventricular Cardiomyopathy (ARVC)
is a genetic cardiac condition in which the continuous fibro-
fatty replacement of the normal cardiomyocytes becomes
the substrate of VAs and SCD [70, 71]. ARVC diagnosis
has always been based on the presence of genetic mutations,
ECG abnormalities or VAs, but recently at least one mor-
pho-functional right ventricle (RV) or LV is necessary for
the diagnosis[72]. On this ground, CMR with cine sequences
and tissue characterization with LGE imaging has become
the leading imaging technique to detect the disease pheno-
type [72]. ARVC is increasingly recognized as a biventricu-
lar disease, and LV involvement is increasingly observed in
up to 80% of relatives of sudden death victims diagnosed
with ARVC on post-mortem examination [73, 74]. T1 map-
ping diagnostic potentials has been recently explored also
for this cardiomyopathy. Bourfiss et al. evaluated native
T1 mapping values and its dispersion in genotype positive
ARVC patients and their families, also in comparison with
control groups [37]. Their results demonstrated significantly
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(p=0.04) higher native T1 values (1067 +41 ms) for geneti-
cally confirmed ARVC patients where controls showed sig-
nificantly lower values (1038 +27 ms); these results also
suggest a critical role of LV replacement fibrosis in the
pathogenesis of the disease, maybe superior than fat infiltra-
tion. On the contrary, when compared with controls, a larger
T1 values dispersion has been found in genotype-positive
ARVC patients and their family members, that is probably
a consequence of regional microstructure changes. Some
Authors believe that native T1 variations can precede LV
focal abnormalities in ARVC, favoring an early detection
of these subjects and consequently improving prognosis. In
a recent study, Georgiopoulos et al. discovered that native
myocardial T1 values were higher than normal in 37% of
their ARVC patients (1.5 T: 977 £39 ms, n.v. 950+ 21 ms;
3 T:1189+102 ms, n.v. 1052 +23 ms), including a propor-
tion of patients who would have been otherwise classified
as normal using conventional methods [75]. Higher T1 val-
ues were also observed in 33% of first-degree relatives who
did not exhibit a cardiomyopathy phenotype after extensive
investigations. Their observation could suggest a critical role
for T1 mapping to early detect patients with ARCV.

Left Ventricular Noncompaction

Left ventricular non-compaction (LVNC) is a cardiomyo-
pathy whose pathogenesis probably resides in a failure of
myocardial compaction process during fetal development;
this mainly results in an excessive trabeculation of myo-
cardial walls, typically divided in a thick trabeculated non-
compacted layer and a thin compacted myocardial one [76,
77]. LVNC is probably due to specific genes mutations, with
a great genetic variability and since now no genetic test dem-
onstrated acceptable performance [78]. In some cases, other
systemic or cardiovascular conditions may develop in asso-
ciation with abnormal trabeculations [79]. Overall, LVNC
clinical manifestations can vary from no symptoms to SCD
[80]. Thanks to its spatial and contrast resolution, CMR is
generally requested to confirm echocardiographic findings,
providing better visualization of cardiac morphology, pre-
cise ventricular volumes and above all it can detect fibrosis
through LGE sequences [81]. Recently, Araujo-Filho et al.
have used T1 mapping in tissue characterization of LVNC
providing new insights into the pathophysiology of this dis-
ease and suggesting a myocardial extracellular expansion
by diffuse fibrosis [38]. LVNC patients presented a very
low increment of native T1 (1024 +£43 ms vs. 995 +22 ms,
P=0.01) with an elevated ECV (28.0+4.5% vs. 23.5+2.2%,
P <0.001) compared to controls. ECV was also indepen-
dently associated with LVEF and Vas, over and above LGE,
but not with the amount of non-compacted myocardium.
Even if these findings suggest that native T1 mapping can
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be used earlier than LGE for detecting myocardial fibrosis in
LVNC patients, the literature is still poor, and more research
is needed for its application in a clinical setting.

Inflammatory Cardiomyopathies
Acute myocarditis

Acute myocarditis (AM) is an inflammatory myocardial dis-
ease that may be the underlying basis for approximately 10%
of dilated cardiomyopathies; furthermore, it is the leading
cause of SCD in young people. Although the molecular and
cellular pathophysiology may differ between different eti-
ologies, cellular infiltration, oedema, necrosis and (in later
stages) fibrotic scars are standard features [82]. The refer-
ence standard for diagnosing AM is endomyocardial biopsy.
However, CMR, with the aid of the Lake Louise criteria,
proposed in 2009 [83] and updated in 2018 [84], is widely
used to guide clinical decision-making [85] and has become
a non-invasive alternative to confirm the presence of disease.
The introduction of T1 mapping increased diagnostic accu-
racy, discrimination of stages and activity of disease [86].
The Lake-Louise Criteria represented a first step towards a
non-invasive diagnosis, while T1 and T2 mapping represent
a step forward through a robust, short and quantifiable imag-
ing application [87].

In a first exploratory study Ferreira V et al. compared
native T1 values obtained through shMOLLI sequences
with the T2wMRI sequences in patients with myocardial
oedema [88]. They proved the excellent capability of native
T1 sequences in detecting acute myocardial oedema (cut-
off > 990 ms) (AUC: 0.94) when related to the use of skeletal
muscle referencing (dark blood T2, AUC: 0.89; bright blood
T2, AUC 0.84), or remote myocardium referencing (dark
blood T2, AUC 0.58; bright blood T2, AUC 0.72). In 2013,
the same group demonstrated that in their cohort of patients
with clinical myocarditis, native T1 quantification (using the
ShMOLLI sequence) had sensitivity, specificity and accuracy
of 90%, 91% and 91%, respectively, while LGE sequences
showed a specificity of 97% and a sensitivity of 74% [89].

In a recent meta-analysis on studies of patients with myo-
carditis, the Authors discovered that MRI-T1 values pub-
lished in the selected papers had a specificity of 87% and an
overall sensitivity of 82% in detecting the disease, resulting
as the most sensitive MRI parameter [90]. However, regard-
ing CMR predictors of prognosis in myocarditis, the Authors
reported that the only independent predictors of MACE were
LGE and baseline LVEF.

In another meta-analysis, Kotanidis et al. analysed a dif-
ferent set of studies and reported a diagnostic accuracy for
T1 quantification that was superior to all other MRI param-
eters (AUC:0.95) [91]. Of note, they report an AUC for the
original LLC criteria of 0.81.
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In a recent prospective single-centre study, Kersten et al.
evaluated the importance of CMR in the diagnosis of myo-
carditis, with particular consideration to absolute T1 values
[92]. They discovered a good diagnostic performance of T1
mapping (cutoff > 1019 ms) in recognizing acute myocar-
ditis patients from healthy subjects (AUC: 0.835, sensitiv-
ity 73.7%, specificity 72.4%); however, in a sub-cohort of
patients where myocarditis was excluded, the established
cutoff value had a false-positive rate of 56.6%. The group
concluded that T1 mapping could play an important role in
the diagnosis of myocarditis; however, the disease should
always be diagnosed based on clinical and imaging factors.

Early post-gadolinium chelate—enhanced T1 mapping val-
ues have not yet been integrated into the most recent update
of Lake Louise criteria because of their limited robustness
compared with the other criteria [93], but recently it has
been shown that it is a specific marker of acute myocar-
dial inflammation, allowing a pixel-wise quantification of
myocardial hyperemia and may potentially improve car-
diac MRI accuracy in the diagnosis of acute myocarditis,
once integrated with Lake Louise criteria [39]. Among a
wide range of cardiovascular manifestations, AM is a pos-
sible complication of the severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2) infection responsible for the
current COVID-19 pandemic [94, 95]. Myocardial native
T1 and T2 measures provided the best discriminatory value
against healthy controls and risk factor—-matched controls
for exclusion of any myocardial disease or confirmation of
COVID-19-related involvement, respectively [40]. How-
ever, more recently, it has been shown that T2-mapping
values increase is the prevalent imaging biomarker of myo-
cardial involvement in active COVID-19 [41].

Cardiac Sarcoidosis

Sarcoidosis is a systemic, inflammatory condition character-
ized by non-caseating granulomatous infiltration of many
different organs. When cardiac involvement is present,
patients can experience many different manifestations which
can vary from an asymptomatic condition to heart failure
and SCD. First line exams such as ECG, electrophysiology
testing, echocardiography, and even myocardial perfusion
imaging are often not capable to identify this condition
because of its patchy nature that is its tendency to affect
only some part of the myocardium without impairing LV
function. During the last decades, CMR has played a pivotal
role in identifying CS, and recently the Heart Rhythm Soci-
ety has indicated non-ischemic myocardial LGE pattern as
an important diagnostic criterion for CS [96]. Unfortunately,
in CS regional scar formation is a late-stage consequence
of myocardial injury and recently, it has been shown that
quantitative CMR may help to detect diffuse fibrosis and
inflammation using T1 and T2 mapping [42].

In a recent study, Puntmann et al. evaluated the capa-
bility of native T1 and T2 to distinguish patients with car-
diac sarcoidosis from healthy controls [42]. In their results,
T1 and T2 mapping showed a better diagnostic accuracy
(AUC: 0.96 and 0.89, respectively) in detecting CS patients
(T1:1139 + 65 ms; T2: 54+ 8 ms) from control subjects
(T1:1052 + 34 ms; T2:45 +7 ms) when compared with the
standard diagnostic criteria (AUC <0.67). Native T1 was
the independent discriminator between health and disease
(specificity, 90%; sensitivity, 96%; accuracy, 94%). Further-
more, they also observed a significant reduction of native
T1 and T2 in a follow-up subgroup of patients who under-
went treatment (z score: -3.72 and -2.88; P<0.01). T1 and
T2 mapping may enable noninvasive detection of cardiac
involvement and activity of inflammation in patients with
systemic sarcoidosis.

More recently, Cheung et al. explored the diagnostic per-
formance of Hybrid cardiac '*F-fluorodeoxyglucose (FDG)
PET/MRI with T1/T2 mapping in the detection of suspected
CS [97]. FDG uptake (69%), FDG uptake co-localizing with
LGE (76%) and elevated T2 (79%) reached a specificity of
69%,7 =% and 79% respectively; while sensitivity was high-
est for LGE, elevated T1 and ECV (100%). Moreover, native
T1, FDG uptake, and elevated T2 and resulted being signifi-
cant predictors of MACE. In Authors opinion, FDG-PET/
MRI with T1/T2 mapping could provide important com-
plementary information and predict MACE in patients with
suspected CS.

Infiltrative Cardiomyopathies
Cardiac Amyloidosis

Cardiac amyloidosis (CA) is a rare infiltrative disorder in
which abnormally folded proteins are deposited within the
myocardium, and it can be regarded as the exemplar of an
interstitial disease [98]. LGE is one of the first histologi-
cally proven methods for non-invasively detecting CA, and
it occurs when gadolinium contrast distributes into the extra-
cellular space without entering intact myocardial cells [99].
Patients with CA present circumferential subendocardial LGE
in 80% of cases, particularly evident at the base and mid-ven-
tricle segments, while the rest shows various LGE patterns.
The characteristic diffuse LGE enhancement makes nulling
of normal myocardium particularly difficult, often leading
to confusion in interpretation [100, 101]. T1 mapping, cir-
cumventing the limitations of myocardial nulling, provides
a quantitative assessment of diffuse extracellular expan-
sion and is a viable option in renal failure, common with
amyloid. When conducted sequentially, this approach can
serve as a valuable method for tracking treatment responses
and shifts in myocardial burden over time [102]. Fontana
et al. demonstrated that both types of CA show markedly
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elevated native T1 values (ATTR T1 values: 1097 +43 ms),
higher than normal subjects (967 + 34 ms) and HCM patients
(1026 + 64 ms) (p<0.0001) [43]. However, in established
cardiac ATTR amyloidosis, T1 elevation was not as high as
in AL amyloidosis (AL 1130+ 68 ms; p=0.01). Through
these observations, the group demonstrated how, using native
T1, cardiac amyloidosis could be reliably diagnosed and dif-
ferentiated from other aetiologies of LVH, such as HCM,
a clinically relevant differential diagnosis. The widespread
infiltration of the interstitial space by the folded proteins in
cardiac amyloidosis is the cause of the extremely high ECV
values (0.466), more than in other cardiomyopathies [103].
A recent meta-analysis by Pan et al., compared diagnostic
and prognostic performance of Native T1, ECV and LGE
for CA [104]. Their results suggest that ECV may have better
performances than LGE, while T1 mapping was comparable
to other modalities in terms of sensitivity and specificity for
diagnosing CA without requiring contrast material.

Anderson-Fabry Disease

A complete or partial a-galactosidase A enzyme deficiency
is the cause of Anderson-Fabry disease, (AFD) a multisys-
tem lysosomal storage condition transmitted via X-linked
inheritance; the enzyme deficiency determines progressive
intracellular accumulation of glycosphingolipids in multiple
organs [105]. Long-term accumulation of glycosphingolip-
ids in the myocardium causes LVH and myocardial fibrosis,
which led to different symptoms and complications, such as
arrhythmias, valvular dysfunction, and CAD [106]. CMR
represents the best imaging modality for a comprehensive
evaluation of cardiac involvement in this condition [107,
108]. LGE sequences can identify and quantify myocardial
fibrosis which is considered an essential prognostic factor to
provide risk stratification in AFD patients [109]. However,
LGE cannot be considered a very early biomarker to be used
for the identification of myocardial involvement in AFD and
to start treatment with the recombinant enzyme.

Sado et al. have shown a low mean septal T1 in AFD [44].
They explored the potential of noncontrast T1 mapping to
detect early cardiac involvement and distinguish AFD LVH
from other causes. Beyond AFD patients they recruited
patients affected by left ventricular hypertrophy of different
aetiologies (hypertension, aortic stenosis, HCM) and healthy
controls. Compared with controls (968 + 32 ms), septal T1
was lower in AFD (882 +47 ms) and higher in other diseases
(1018 +74 ms; P<0.0001). Furthermore, in patients with
LVH, T1 absolutely distinguishes AFD from other common
causes with no apparent overlap. Noncontrast T1 mapping
septal assessment could represent a simple, safe, quick, and
useful tool in the diagnostic workup of LVH and the detec-
tion of early cardiac involvement in AFD, with potential for
therapy monitoring [44]. These results have been confirmed
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by a recent metanalysis by Ponsiglione et al. aimed to deter-
mine the weighted mean native T1 values of AFD patients
[110]. Overall, the weighted mean native T1 value was
984 +47 ms in AFD patients and 1016 +26 ms in healthy
subjects (P <0.0001). These findings confirmed a reduction
of native T1 values in AFD patients compared to healthy
volunteers, even if there is a need to standardize threshold
values according to imaging equipment and protocols.

T1 values in the infero-lateral wall are frequently higher
than in ‘remote’ myocardium (i.e. myocardium not including
the infero-lateral wall), probably because the inferolateral
wall myocardium in AFD undergoes a 4-phase transition
from normal value (pre-detectable storage) to a low-value
(storage) to pseudonormal value (storage + fibrosis) to a high
value (fibrosis) [44]. It has been recently shown that the use
of hybrid PET-MR imaging in AFD patients allows to detect
different stages of disease progression [111-113].

Cardiac Siderosis

Cardiac siderosis or myocardial iron overload is a rare car-
diac condition, but it can occur in states such as thalassemia
or hemochromatosis; without treatment, it is associated with
a significant risk of death and heart failure [114]. To date,
T2* has been the most used technique to assess cardiac iron
load non-invasively; T2* would be normal above 40 ms-
but in practice, a threshold of 20 ms is used to avoid false
positives [115]. Some researchers have explored T1 map-
ping in cardiac siderosis in-vivo, demonstrating superior
inter-study reproducibility and T1 reclassification of a sig-
nificant proportion of patients as having mild iron overload
[45, 116]. Alam et al. compared the established 1.5 T BB
T2* technique against native T1 values at 1.5 T and 3 T in
cardiac siderosis patients and in healthy controls [45]. Iron
overload patients (1.5 T T2* values <20 ms) demonstrated
native T1 values<939 ms at 1.5 T, and< 1056 ms at 3 T,
while controls presented a median native T1of 1014 ms
(939-1059 ms) at 1.5 T and of 1165 ms (1056-1224 ms)
at 3 T. Associations between T2* and T1 were found to
be moderate, and T1 reproducibility appeared higher than
T2*. The group concluded that T1 mapping has the poten-
tial to identify patients with significant iron overload. How-
ever, there is a significant scatter between results, probably
because of measurement errors, interactions between T1
and T2%*, or T1 could have a different sensitivity to iron
chemistry. The scanner inter-center variation in absolute
T1 values and the lack of calibration against human myo-
cardial iron concentration are some of the limitations that
slow its clinical application. Recently, similar results were
obtained by another research group that compared T1 map-
ping using ShAMOLLI with a T2* technique [116]. Native
T1 was lower in iron overload patients than healthy controls
(836 £ 138 ms vs. 968 +32 ms, P<0.0001). Even in this
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case, interstudy reproducibility of native T1 was signifi-
cantly superior to T2*, with the results suggesting T1 has
potential implications for clinical trial design and therapeu-
tic monitoring. More recently, it has been suggested that
in the T2* 20-30 ms range, there might be iron load that is
still undetected by this method; in this scenario, T1 meas-
urement at 3 T could be capable of identifying even small
amounts of iron accumulating in the heart [45, 117].

T1 Mapping in Valvular Disease

An overview of the main studies with T1 mapping/ECV in
valvular disease is presented in Table 6.

Aortic Stenosis

Aortic stenosis (AS) stands out as one of the prevalent val-
vular disorders, associated with elevated mortality rates
[120]. Prolonged pressure overload on the left ventricle
(LV) ultimately results in the deterioration of cardiomyo-
cytes and the emergence of reactive fibrosis. The extent
of myocardial fibrosis closely aligns with the progres-
sion of the disease and serves as a reliable predictor of
adverse clinical outcomes in AS [121]. While LGE is a
recognized marker of replacement fibrosis, it falls short in
identifying the diffuse interstitial fibrosis associated with

left ventricular decompensation in AS. Additionally, accu-
rately quantifying LGE in cases of diffuse fibrosis poses
challenges. To address these limitations, CMR T1 mapping
techniques have been devised in AS setting [118, 122].

Lee et al. in their prospective study assessed whether
native T1 values could predict clinical events in 127
patients with AS compared to 33 matched controls who
underwent CMR imaging [118]. The Authors showed AS
patients had higher native T1 values compared to controls
(1232 vs. 1185 ms; p=0.008). Elevated native T1 values
were associated with an increased risk of clinical events,
even when LGE was considered.

In a more recent multicenter, prospective investigation,
Everett and colleagues aimed to explore the relationship
between ECV fraction (ECV%) and markers of left ven-
tricular decompensation in patients with severe AS, as well
as its impact on post-intervention clinical outcomes [122].
The results indicated that ECV% was associated with vari-
ous markers of LV decompensation, including LV mass, left
atrial volume, New York Heart Association functional class
III/TV, LGE, and reduced LVEF. Importantly, ECV% inde-
pendently correlated with cardiovascular mortality and all-
cause mortality during a median follow-up of 3.8 years, even
after adjusting for factors such as age, sex, EF, and LGE.

Mitral Prolapse

Mitral valve prolapse (MVP) is a relatively common condi-
tion typically associated with a favorable overall prognosis,

Table 6 An overview of the main studies with T1 mapping/ECV in valvular diseases

First author Publication year Aim of the study

Study design

Sample size Main outcome

Lee et al 2018
[118]

To investigate whether the
native T1 values of myocar-
dial tissue, as assessed by
CMR, could predict clinical
events in patients with
significant AS

Pavon et al. [119] 2021 To explore the relationship
between the severity of
MAD and myocardial inter-
stitial fibrosis in patients
with MVP, and the asso-
ciation between interstitial
fibrosis and VA

Prospective, single center

Retrospective, single center 30°

127 # Elevated native T1 values rep-

334 resent an independent pre-
dictor of adverse outcomes
in patients with AS

Elevated basal segments ECV
14 * is evident in MVP-MAD
10§ patients, even when LGE

is not present, and this
elevation is associated with
the length of MAD and

an elevated risk of out-of-
hospital cardiac arrest

CMR cardiac magnetic resonance; AS aortic stenosis; MAD mitral annular disjunction; MVP mitral valve prolapse; VA ventricular arrhythmia;

LGE late gadolinium enhancement

#patients with AS

~healthy controls

°patients with MVP and MAD

“patients without MVP, with mitral regurgitation

Spatients without MVP and mitral regurgitation
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showing an approximate prevalence of 2% in Western popu-
lations [123]. However, recent discoveries have indicated a
potential link between MVP and VA, along with an elevated
risk of SCD [124]. Consequently, terms like "arrhythmic"
or "malignant" MVP have been introduced to characterize
this new aspect of the condition [124]. Fibrosis affecting
the papillary muscles and the inferolateral LV wall, pos-
sibly induced by the stretching caused by the prolapsing
leaflets, is believed to serve as the structural foundation for
ventricular arrhythmias [125]. Guglielmo et al. in their sin-
gle center prospective study aimed to assess the use of T1
mapping and CMR feature tracking (CMR-FT) techniques
in detecting subclinical myocardial structural changes in
73 MVP patients compared to 42 matched control subjects
[126]. MVP patients exhibited lower global circumferential
strain and longer global native T1 (nT1) values compared to
controls (1124.9+97.7 ms vs. 1007.4+26.1 ms, P<0.001).
Furthermore, MVP patients displayed reduced radial and cir-
cumferential strain in the basal and mid-inferolateral walls.
The same regions also exhibited longer nT1 values.

In a more recent investigation, Pavon and colleagues
explored the relationship between the severity of mitral
annular disjunction (MAD) and myocardial interstitial fibro-
sis in patients with MVP, as well as the association between
interstitial fibrosis and the occurrence of ventricular arrhyth-
mic events [119]. The retrospective study included 30 MVP
patients with MAD, 14 patients with mitral regurgitation
(MR) but no MAD, and 10 patients with normal CMR. LGE
was observed in 47% of MVP-MAD patients, and ECV of
the basal segments (ECVsyn) was higher in MVP-MAD
patients (30+3% vs 24 +3% MR-NoMAD and vs 24 +2%
NoMR-NoMAD, all P<0.001) even those without LGE.
Furthermore, patients with high ECVsyn were at increased
risk of out-of-hospital cardiac arrest.

Conclusions

Tissue characterization through T1 mapping with CMR
imaging has emerged as a crucial tool with broad implica-
tions for diagnostic, therapeutic, and prognostic decisions
in various cardiac diseases. Native T1 mapping allows
continuous monitoring of myocardial tissue changes over
time, making it valuable for patients with cardiomyopathies.
Importantly, it offers a suitable alternative for patients with
poor renal function or those on dialysis who cannot receive
gadolinium-based contrast agents. Studies have consistently
highlighted the clinical utility of T1 mapping, particularly
in cardiac diseases associated with diffuse fibrosis. Addi-
tionally, T1 mapping, often combined with ECV measure-
ment, serves as an adjunct in cases where LGE imaging
results may be ambiguous. However, challenges persist in

@ Springer

interpreting T1 and ECV values, given their overlap between
different cardiomyopathies and normal values. Interpreta-
tion must be context-specific, considering clinical factors,
pre-test probabilities, and complementary CMR techniques
like LGE. To further unlock the potential of T1 mapping and
ECV measurement, ongoing research aims to standardize
acquisition protocols across different vendors and institu-
tions. These efforts seek to establish normative values and
pathological thresholds, making T1 mapping more consist-
ent and widely applicable in CMR centers.
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